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Abstract

This thesis outlines the development of two platforms for integrating
microfabricated sensors with high pressure feedthroughs for application in hostile
high temperature high pressure environments. An application in oil well production
logging is explored and two sensors were implemented with these platforms for

application in an oil well.

The first platform developed involved microfabrication directly onto a cut and
polished high pressure feedthrough. This technique enables a system that is more
robust than the wire bonded silicon die technique used for MEMS integration in
pressure sensors. Removing wire bonds from the traditional MEMS package allows
for direct interface of a microfabricated sensor with a hostile high pressure fluid
environment which is not currently possible. During the development of this
platform key performance metrics included pressure testing to 70MPa and
temperature cycling from 20°C to 200°C. This platform enables electronics
integration with a variety of microfabricated electrical and thermal based sensors

which can be immersed within the oil well environment.

The second platform enabled free space fabrication of nickel microfabricated
devices onto an array of pins using a thick tin sacrificial layer. This technique allowed
microfabrication of metal MEMS that are released by distances of 1cm from their

substrate. This method is quite flexible and allows for fabrication to be done on any



pin array substrate regardless of surface quality. Being able to place released MEMS
sensors directly onto traditional style circuit boards, ceramic circuit boards, electrical
connectors, ribbon cables, pin headers, or high pressure feedthroughs greatly

improves the variety of possible applications and reduces fabrication costs.

These two platforms were then used to fabricate thermal conductivity sensors that
showed excellent performance for distinguishing between oil, water, and gas
phases. Testing was conducted at various flow rates and performance of the
released platform was shown to be better than the performance seen in the
anchored sensors while both platforms were significantly better than a simply
fabricated wrapped wire sensor. The anchored platform was also used to
demonstrate a traditional capacitance based fluid dielectric sensor which was found
to work similarly to conventional commercial capacitance probes while being

significantly smaller in size.



Preface

The introduction provided in Chapter 1 contains three parts. First it explains the
application of sensors in oil well production logging and the need and justification
for miniaturization. Second it provides a review of metal MEMS devices that have
been fabricated and their current applications. And finally it outlines the
requirements for incorporation of MEMS devices with a high pressure feedthrough
to enable the use of micro sensors in the high pressure high temperature oil well
environment.

The experimental techniques used in this work are explained in Chapter 2 which
outlines metal deposition, device patterning, and materials characterization.

In Chapter 3 high pressure feedthroughs will be discussed in detail and a technique
developed for cutting, polishing, and fabricating directly onto a high pressure
feedthrough will be outlined. Several methods for preparing and then subsequently
improving the surface of a cut high pressure feedthrough will be discussed.
Patterned electrode and beam structures were then fabricated on these prepared
substrates using modified MEMS fabrication techniques.

Chapter 4 reveals a unique substrate free process flow to fabricate released MEMS
devices directly onto a vertical array of pins. These pins could be an electrical
connector, a circuit board header, or a high pressure feedthrough. The challenges
overcome in the development of this process will be outlined as well as a discussion
of different methods attempted to achieve this goal. Topics discussed will include
sacrificial layer materials selection, thin film adhesion, and electrochemical etching.

Chapter 5 contains characterization of the two sensor systems developed in
Chapters 3 and 4 for application in an oil well logging environment. Two phase
identification methods were tested with the developed sensor platforms: thermal
conductivity measurement, and dielectric constant measurement. The two
different architectures of sensors will be compared and their suitability for oil well
logging applications discussed.

Chapter 6 is my first author paper published as a conclusion to work conducted in
the first two years of my degree on electrocatalytic hydrogenation of bitumen
distillate fractions.

Chapter 7 is a summary of the materials development and characterization work
that | conducted in order to fabricate nickel iron alloy NEMS devices for magnetic
sensor experiments in the Freeman research group. This metal NEMS development
work is closely related to the fabrication of metal MEMS sensors onto high pressure
feedthroughs but was much simpler due to the ability to conduct fabrication on
perfect silicon substrates.



Acknowledgements

Many people have taught me and helped me through my PhD. Foremost, | thank
David Mitlin for guiding my work, giving me freedom to explore ideas, and making
my project possible. | have learned so much from you ranging from microscopy to
management to materials design and as a result | have a much better understanding
of the research world. Almost every week of the last five years | have learned
something new or been able to share in an exciting discovery thanks to my research
group peers. Itis so much fun to explore together and create new ideas. Looking at
eggshell membranes with Zhi Li, searching for graphene flowers with Zhanwei Xu,
seeing amorphous cluster hopping with Jacob Burgess, and learning to make
supercapacitors with Huanlei Wang has been awesome! It has been a great privilege
to be part of the world of materials creation and design these last years. My whole
group has been so helpful in guiding me, teaching me, and giving advice; thank you
Mohsen Danaie, Julian Haagsma, Chris Harrower, Peter Kalisvaart, Reza
Mohammadi, Brian Olsen, Babak Shalchi, Xuehai Tan, Ben Zahiri, Elmira
Memarzadeh, and Erik Luber.

Thank you to the summer students that | have worked with who have helped me
with my research: Tyler Stephenson, Mike Hazelton, Matt Amyotte, Matt Yaychuk,
and Allan Beaudry.

Especially | would like to thank Li Zhang for teaching me how experimental design
should be conducted in combination with hard work. Colin Ophus, thank you for
making research fun! Your general excitement and kindness in helping me when |
joined the group will remain a highlight of my time as a student. Your work and
accomplishments set a great goal for me to aspire to.

Jaron Van Dijken for setting a great example to follow; it was fun to follow your solar
business venture. Thank you John Kwan for showing me the lighter side of graduate
life and being a great friend. Thank you Katherine Gagnon for teaching me how to
collaborate and letting me see the coolest scientific equipment on campus.

Mark Hartwell, Thank you for supporting my research and always being available to
go waterskiing. And thank you Solomon Ssenyange for helping me with my
electroplating problems and keeping me up to date with your exciting adventures.

Paul Eaton you set a great example for me to follow in my coming years. It has been
extremely exciting to fuse my sensor background with your fouling experience. It
has been a great privilege to have the chance to learn from you Murray Gray. | have
gained so much from watching you present, listening to your input on my projects,
and learning from your experience.



Ray Lemieux, | have truly enjoyed your stories over the last years and have gained
much from listening to you. | look forward to working with you over the next year
as | start a new company under your MNTorship program.

Mostly importantly, | thank my wonderful family for supporting me throughout my
life in my scientific endeavors. And Ashley, you are wonderful, your laughter and
happiness has truly enriched my life.



1

Contents

INEFOAUCTION ...ttt st s 1
1.1 Oil WEll SENSOIS ..ottt 1
1.1.1 Fluid Identification Techniques in an Oil Well ........ccccoevvvveviierviercieennen. 3
1.2 MEtal MEMS ..ottt s 6
1.2.1  Metal MicromachiniNg ......cccceeveeiiiee e 6
1.2.2 Metal Micro Electro Mechanical Systems (MEMS) ........cccccevvveevieecreennen. 9
1.2.3  Metal MEMS materialS........ccccriiniiiiiiniiinicee e, 12
1.3 Harsh Environment SENSING .......oevcuiieiiii et 14
1.3.1 Feedthrough INtegration .........ccecueeieeiieeiiceese e 14
1.3.2  Freestanding SENSOIS.....cccivciiiierierieeseesteesree e s te e e seesee e e sseesnneens 18
1.4 CONCIUSION ...ttt st sttt st sb e st b e 20
Experimental TEChNIQUES ......ccveiviiiieieee et 22
2.1 Deposition TEChNIQUES .....cccveiiieecee et 22
255 0 R =1 U= or Yo [T o T 1=y [ o I 22
2.1.2  Magnetron SPULLEIING ....ccovvvieiiiiiiiee et vaee s 24
2.1.3 Radio Frequency (RF) SPULLEring ......cccceeeieviieeiiesee et 25
2.1.4  Reactive SPULLEIING.......ceiiiiieiiieee e 26
2.2 Patterning TEChNIQUES .....cccoveeiceiecree ettt et e eaee e b e e saree e 26
2.2.1  PhotolithOZraphy......ccoceieiieeceec ettt e e 26
2.2.2 Electron Beam Lithography ......cccccoeeierccii e, 28
2.2.3  LIfOff e 28
2.2.4 Photo-electroforming.......cccceceeecii i 29
2.3 Characterization........coceiirienieicseeeee e 31
2.3.1 Scanning Electron MiICrOSCOPY ...cccvterreeeiveeiireeesireresreeeeteeesreeesaresennnees 31
2.3.2 Energy-dispersive X-ray SPECIrOSCOPY ....covverervrererererireeeireresereeenreeennnens 32
2.3.3  Optical Profilometry ....ccccoeeeceiiciei et 32
2.3.4  X-Ray DiffraCtion ....ccceeccreiiiieecieie ettt et 32
Fabrication 1: Microfabrication on a High Pressure Feedthrough ............. 34
3.1  Fabrication of a High Pressure Feedthrough ..........ccccoeeviieecericiiecieeee 34
3.2  Cutting of a High Pressure Feedthrough.........cccccccovreiiiniiiiiien e 35

3.3  Feedthrough PoliShing.......ccceeeciiicie e 37



3.4 Glass SUIrface MoOdifiCatiON ......eeeee e e e e as 44

3.4.1 Fox-25Flowable Spin 0N Glass.......cccecuerreeneiniienieenie e 45
3.4.2 Aremco Silicone Magnesia Low Melting Point Glass.........c.ccceeeuveeenneen. 48
3.4.3  Aremco LMP GIass.....ccoveeiiriiiiiieiiiiciseeeeee e 50
3.4.4 Lead Borate Solder GIass.........cccoeeviiriininiiininicneecce e 54
3.4.5 Glass Coating SUMMAIY ......c.ceeceiricieeiiee e e s 54
3.5 Sensor Device Material Selection .........ccccoveverieiinieneneeeecee 57
3.5.1 Feedthrough device over-plating........ccccceveerieriieiniinieeeenee e, 57
3.5.2  Electroplating Chromium .......ccceriiiieiieenienie e 57
3.5.3  Electroplating Nickel.......oouvriieiiiiiiceceeece e 58
3.6 Diffusion Barrier COatings ........cccveeevieeiieeiieniecieesee e see e s 59
3.7  Final Implementation ......ccccuee i s 65
3.8 CONCIUSION. ...ttt 67

4  Fabrication 2: Phase Change Release Fabrication for Free Standing MEMS69

4.1.1 Concept for free standing devices using a thick sacrificial layer.......... 69
4.1.2 Physical requirements for a sacrificial layer material...........cccceuenene. 70
4.2 Material SEleCtion........ccoviiiiriirieee s 71
4.2.1 Material 1: Sample Mount EPOXY .....ccceeveeriieriieeneenieeseeseesieeseee e 71
4.2.2 Material 2: Crystal BoONd.......coccoeeeiiircie et 73
4.2.3  Material 3: SOIAEr .....ccoiviiiiiiiiieie e 74
4.2.4 Selective Electrochemical Etching of Tin ......cccceeevieeceiecieecceecee e, 78
4.2.5 Material 4: INdiUm .....cocooiiiriii e 84
4.2.6 Material 5: Pressed PUre Tin .......ccccoceerereneneneneeeeeeeeeeeee e 84
4.2.7 Material 6: Melt Cast PUre Tin ......ccoceeererenincneneeeeeeeeeeeeeee e 84
4.2.8 Adhesion of metal devices to Inconel pins.......cccccveeeeeeeveeeccerercreeennen. 85
4.2.9  SPULLEred DEVICES.....ciicieeeceeecee ettt et e et e e et esneeas 87
4.2.10 Nickel OVEr-Plate ........ccoceiieiiiiiiieiieieneee e 88
4.3 Final Implementation ........ccocceeeiiie i s 89
A4 CONCIUSION.....eiiiiiiiiieiee e st 90

5 Results and Discussion: Sensor Testing for Oil Well Logging Applications. 91

5.1  Thermal Conductivity Sensor Characterization ........cccceeevveeeeeercrererreeenne. 91
5.1.1 Materials Selection for Thermal SENSING ......cccceevrerervveeccereiireeecree e, 91
5.1.2 Thermal characterization of a fully released nickel beam structure ... 93



6

5.1.3 Thermal characterization of an anchored nickel beam structure........ 99

5.1.4 Thermal Conductivity Measurement with Miscible fluids................. 100
5.1.5 Thermal Conductivity Measurement with emulsion stabilization..... 102
5.1.6 Effect of current and duty cycle time on heating and cooling
DENAVION ... e e 103
5.1.7 Sensor Resistance COMPONENTES.....cccvvveiiiiiieeeiiiieeeenrieee s srireeessveeees 112
5.1.8 Thermal Transient Response of SEeNSOr.........ccccecveeieeiieecieeseesieeiean, 114
5.2  Dielectric constant measurements with a comb style capacitor............ 117
T8 T o] o Tl [V 1] o] o FOU SRR 119

Electrocatalytic Hydrogenation of 2-cyclohexen-1-one in a High Sulfur

Environment Using a Carbon-supported Nanostructured Tungsten Sulfide Catalyst

8

121
6.1 ADSTrAC....iiiiieieceee e e e 121
6.2 INErOAUCTION ...t e e 121
LT T o (o T=Y T o T=T | | 122
6.4  Results and DiSCUSSION .....ccceeeivierieiiinieie et 125
6.5  CONCIUSIONS ..ottt 128
Nickel Iron MEMS and NEMS Fabrication .........cccccoeevenienineenenecnienen 129
7.1 INErOAUCTION ettt 129
7.2 EXPErimMENTAl....cccoceiiciee ettt e 130
7.3 RESUIES o s 134
7.3.1 XRD ittt 134
7.3.2  Average Film StresS....ci ettt e 136
7.3.3  MagnetiC Properti€s .....cccvcieee it siee e s sveee s s sveee s 137
7.3.4  Surface Morphology ......ccccueeeciie e e 138
7.4 DISCUSSION ...oiiiiiiiiiiiiiiicic s 140
7.4.1  NiFe MEMS Fabrication ........ccocovireninnneneseseneeee e 140
7.4.2  NiFe NEMS Fabrication .......c.ccoceeerereneneneneneseseeeeesese e 145
7.4.3 NEMS Resonant Properties......cccoeeeeeeiecciiiiieeee e eeccveeeeee e 146
7.5 CONCIUSION.c..ciiiiiitieie e 148

Conclusion and FUTUIE WOTK ......eeeeeeeeeeee e 149



List of Figures

Figure 1.1: lllustration demonstrating difference between conventional production
using multiple vertical wells (above) and modern production using a single
horizontal well (below). The Grey regions show depletion zones. ...........ccccueenee.e. 2

Figure 1.2: a) 3D Copper RF component fabricated with the Polystrata process[68],
b) diagram and false colored SEM of probe card springs by FormFactor[69], c-d) SEM
images of a nickel gyroscope fabricated using the EFAB process[63].........cccccueu.... 11

Figure 1.3: a) lllustration of traditionally accepted integration of a MEMS device with
a high pressure feedthrough involving wirebonds. b) A higher magnification of the
MEMS pressure sensor with gold bond pads wirebonded to the feedthrough pins

Figure 1.4: Photograph of the IBM SLT module[98] and a magazine ad highlighting
the revolution caused by this integration[99]. .......ccccvvveeieeeciiie e 16

Figure 1.5: Figures from Schlumberger patent 7392697 that show a method of
integrating MEMS sensors with a high pressure feedthrough[12]. a) is an isometric
view and b) shows a cross section View Of @). .....cecceveriieneriineeneniereneresee e 16

Figure 1.6: Images of the high temperature SiC based pressure sensor developed by
the Glenn research centre. a) A photo of the sensor element and a diagram of the
sensor integrated into a high pressure feedthrough using the DCA process[101]. b)
shows a cross section SEM image of the DCA between the Contact wire and the SiC
sensor[100]. c) Sensor elements integrated with high pressure fittings in the final
product that could be used for conducting high temperature tests[100]............... 17

Figure 1.7: Diagram of flow velocities in a pipe in laminar flow. ......c...cccceeeureenneen. 18

Figure 2.1: Electroplating system used for nickel depositions. a) A schema of the
system labeling the critical components. b) A solid model of the electroplating
system designed for depositions in this work showing the major components. .... 23

Figure 2.2: a) A schematic of a sputtering machine showing confocal sputtering
sources and an inverted rotating feedthrough substrate. b) A detailed diagram
showing the magnetron sputtering source. c) A 3D representation of the sputtering
chamber showing a co-sputtering configuration.........cccceevveeeceieiceecnieec e, 25

Figure 2.3: Diagram of the main components required for optical photolithography
EXPOSUNE. cettteeeeeeeeieuetteeeeeeeeesaaasteeeeeaesaaaaasseeaeeeeessaaaanseeesaeeessesaasssseseeeessanannssnnneeseesenannes 27

Figure 2.4: The lift off procedure showing a) deposition and patterning of the
photoresist and b) deposition of a thin material to be patterned by lift off. c) The
remaining film after the photoresist is removed. d) A higher magnification of the



deposited film profile that results from shadowing during deposition. This
shadowing assists in the lift off Process.......cccevuvrveeiiecce e, 29

Figure 2.5: a) Schematic of photo electroforming showing nickel only electroplating
in the exposed areas of substrate. b) SEM micrograph of a released beam structure
formed by electroforming. c) Diagram of photoresist and substrate covered with a
thin metal seed layer and subsequent electroplating on the seed layer. d) SEM
micrograph showing structure of device formed using this technique (photomask
used Was the SAME @S TN D). ueiiiieiiieeiiei ettt e sbe s e eereees 31

Figure 3.1: a) Fixture used for firing of a high pressure feedthrough. b) photograph
of a HCC Ametek high pressure feedthrough before cutting. .......cccccovcvvrcivrieennnnnne. 35

Figure 3.2: A diagram of the belt fed grinding station used by HCC Ametek to try to
provide a smooth surface on a high pressure feedthrough. .......cccccvviviniiiinnnenns 36

Figure 3.3: a) Gravity fed South Bay Technology Saw. b) High speed precision saw by
K] 1 g UL PRSP TPUTPPI 36

Figure 3.4: a HCC high pressure feedthrough a) cut with a gravity feed slow speed
diamond saw. b) cut with a high speed automatic feed diamond saw and c) cut with
a high speed SICWHEEL. ..o e e 37

Figure 3.5: a) High pressure feedthrough after being cut with a diamond saw at
3000RPM b) after being polished with 600 grit sand paper for 1 minute c) after being
polished to 2400 rit SIC PAPEL ..eevcveecieeie et seeseeens 38

Figure 3.6: Pictures of a HCC all glass high pressure feedthrough that has been cut
with a diamond saw and polished with 4000 grit SiC sandpaper. Notice the large
bubbles located at the pins, cracking around the pins and spherical defects on the
surface in (b) and (c). The cross section shown in blue is shown Figure 3.12. ....... 39

Figure 3.7: SEM images of various feedthroughs, showing the size and extent to
which the defects are present across the surface. a) and b) Low magnification
images of the glass surface between two metallic pins. c) A large pit next to one of
the pins. d) Alarge ~ 400 um diameter Pit. ..c.cecveeeiceeerree et 40

Figure 3.8: SEM images of a feedthrough cut at the interface between two glass frits
with higher than normal defect density. a) A cluster of ~50 um pits present on the
feedthrough surface. b) Low magnification image showing large defects. c) 100 um
defects between two metallic pins. d) Numerous defects, ranging in size from 20
ST g1 (o Tt 000 1 U o o DO PP U PPPPP 41

Figure 3.9: a) Scanning electron micrograph of a typical feedthrough surface. b)
Filtered image showing dark spots the same size as the defects. c) Size distribution
of the filtered image defects showing a high number of smaller defects but a
significant number of defects in the 40-60M range. ......ccccceveerierieenieniecseesee e 42



Figure 3.10: Height profiles of various defects present on the surface of cut
feedthroughs. a) A cluster of 100um sized defects. b) Dense cluster of smaller sized
defects. c) Two smaller defects present on the feedthrough surface. d) Shallow
defects, all under 60 pm in depth. ......cccueeiieiiee e 43

Figure 3.11: Representation of two different bubble cross sections. a) Cross section
at the top of a bubble showing sharp transition from surface to defect. b) Cross
section at the bottom of a bubble showing a much more gentle transition from the
flat surface to the defect. ..o 43

Figure 3.12: Diagram of defect correction process (schematic from the region
marked in blue on Figure 3.6). a) Shows the as cut and polished surface with fine
and large cracks and bubbles on the surface, b) shows the surface after a spin on
coating and firing of a glass layer and c) shows the surface after a back polish to
reveal the feedthrough pins. ..o 44

Figure 3.13: Four possible stages of HSQ curing. Note the temperature ranges for
each stage, and the associated chemical reactions[141]. .......ccccceveeeerveeercreeerrenenne. 46

Figure 3.14: Thick coatings of Fox-25 deposited onto a high pressure feedthrough
after curing process of 170°C for 30min and 350°C for 30minutes. ........c.ccceeuneeee. 47

Figure 3.15: a,b) Optical micrograph of chromium devices fabricated on a high
pressure feedthrough coated with a thin layer of cured spin on glass. No cracking is
evident, but feedthroughs still have very clear large defects on the surface. c) Image
of devices fabricated on a feedthrough with thicker spin on glass showing significant
Lol 1ol TV -SSR 48

Figure 3.16: Photograph of feedthroughs coated with Aremco Silicone Magnesia
Low Melting Point Glass before firing. ......cccveecieeece e, 49

Figure 3.17: Optical micrographs of feedthroughs with chromium devices fabricated
on them after surface treatment with Aremco silicone magnesia low melting point
glass. Image d) shows three large defects mostly filled with glass and the rough
texture of glass in the defect area........ccvvceveciee e 50

Figure 3.18: Low magnification SEM micrographs of Aremco low melting point glass
melted on a glass slide at 450°C a), 475°C c) and 500°C e), and higher magnification
images of the same in b), d), and f)...c.cooveieiiiicie e 51

Figure 3.19: Very large defects successfully filled with low melting point glass after 1
coating in a) and c) and after two coatings in b) and d). Inset of b) shows a 100um
size feature perfectly filled with glass. ........cocviiiiric e, 53

Figure 3.20: Low magnification scanning electron micrograph overview of a high
pressure feedthough with a large number of defects mostly corrected with a surface
treatment with low melting point glass. ......ccccve e 53



Figure 3.21: a) Cut and polished feedthrough b) PbO based glass melted then
polished back c) Spin on glass coated and polished back d) Aremco coating covered
and Polished BAaCK. .....ccueiriee e e s 54

Figure 3.22: a) Cut and polished feedthrough b) PbO based glass melted then
polished back c) Spin on glass coated and polished back d) Aremco coating with MgO
filler covered and polished DacK...........cccveveeiiiiiieiiece e 56

Figure 3.23: Results from first chromium electroplating test. a) The feedthrough
after two of the beams were electroplated b) the appearance of the Cr under layer
before deposition c) the appearance of the device after 100 seconds of
electroplating at 20mA d) after extended electroplating for 10 min at 20mA, the
surface stress resulted in the bulk of the chromium flaking off of the surface....... 58

Figure 3.24: a) Optical micrograph of a beam electroplated with nickel for 10 minutes
at 2mA b) SEM of a beam electroplated with nickel for 20 minutes at 2maA .......... 59

Figure 3.25: Fabrication procedure for anchored devices on a high pressure
feedthrough. b) finished feedthrough device with two comb structures and one
beam structure. c) finished device with three beam structures..........cccocveeverennenn. 60

Figure 3.26: Resistance vs. Temperature calibration graph for a feedthrough with
three beam structures. Furnace was heated and cooled three times with resistance
and temperature measurements recorded during cycling. .....cccccecvervverrceeecieeenee, 61

Figure 3.27: Monomers of the four types of Parylene: a) Parylene N. b) Parylene C.
c) Parylene D. d) AF —4, SF, HT[143]..uuui oottt ettt sree e re e sbee e e 61

Figure 3.28: Chemical stability of Parylene C at room temperature in various
solvents. Time of exposure was ~60 hours. All samples were dried, coated with a
thin layer of g2old and iIMaged. ......ccceieiiiiiiei e 64

Figure 3.29: Implementation of the high pressure feedthrough in a down hole oil
well tool. A) The integration of the feedthrough sensor in an inconel housing that
surrounds the sensor circuit boards. b) Images of the fabricated circuit boards for
interfacing an AD7746 capacitance to digital converter to the sensors. c) Photograph
of the finished sensor device soldered to the measuring circuit board. ................. 67

Figure 4.1: Free standing devices removed from silicon wafer using scotch tape.
Devices were rigid and did not bend much when removed from the tape. This
indicated that the devices could work well if fully released on pins. ...................... 69

Figure 4.2: Process flow for fabrication of fully released devices. a) shows the starting
high pressure feedthrough device b) shows filling of the space between the pins with
a sacrificial material c) shows what the device looks like after being cut and polished
d) After photolithographic patterning of devices. e) After removal of the sacrificial
YT TS 70



Figure 4.3: Problems that can occur during the cutting and polishing step if material
properties are not ideal for the sacrificial layer. ........ccveeieeiieieeieeceeece e, 71

Figure 4.4: Feedthrough with sample mount epoxy sacrificial layer at process step
before electroplating and after photolithography.......c.cccceeeeeiieiiecciiieecieeies 72

Figure 4.5: Epoxy remover release issue: a) shows the feedthrough with completed
devices electroplated on the pins that is ready for release b) after the assembly is
immersed into epoxy remover the epoxy starts to swell and this applies pressure on
the electroplated devices c) the devices eventually pop off of the pins due to the
SWEIIING EPOXY. eeureiitieitie ettt sttt ettt ste et e e be e satesbeesseesaaeeseesaeesane 73

Figure 4.6: Feedthrough with crystal bond melted into the space between the pins.
The red plastic is a cup to hold the crystal bond in place as it cools and solidifies. 74

Figure 4.7: a) Mild steel mold used to hold feedthroughs in place for molten solder
to be poured over the pins. b) Feedthrough with a block of solid tin surrounding the
pins with microfabricated devices 0N tOP. ....cccceeceeivieeiierie e 75

Figure 4.8: Cutting step of preparing the feedthrough in a gravity fed slow speed
QIAMONG SAW ...t sttt st b e b e s e e e be e aee e 75

Figure 4.9: SEM images of the nickel electroplated structures on top of the prepared
solder surface showing a) a top down view of the devices and b) a higher
magnification at a high angle showing the thickness of the electroplated nickel... 76

Figure 4.10: a) Photo of feedthrough after the majority of the solder has been
removed. b) Top down SEM image of the devices coated with a thin layer of solder.
c) Magnified section of b showing a section that is partially free from tin. d) EDAX
map of tin in for the magnified area e) EDAX map of nickel for the magnified area.

Figure 4.11: SEM Images of a nickel device fabricated onto a high pressure
feedthrough after a failed etching attempt to remove the remaining tin coating the
BVICES. ..ttt sttt st sb e st e st e bt e st e et e e ae e s ateebeenaeesaes 78

Figure 4.12: Pourbaix diagrams for nickel (a) and tin (b) in water[148]. ................. 79

Figure 4.13: CV at 100mV/s and linear sweep voltammetry at 2mV/s for the Sn
electrode in 4M NaOH. Potential is shown vs. MSE and the electrode is 2mm in
Lo T T a L1 =] RS0 ] R 80

Figure 4.14: Shows the current response with time as the electrode is held at -1.44V
vs. MISE for 2000 seconds in 4M NaOH solution. The transient behavior in a shorter
time scale is shown as an inset. The electrode is 2mm in diameter[150].............. 80

Figure 4.15: CV recorded at a sweep rate of 10mV/s in 1M NaOH at 25°C for a nickel
MESH ElECLIOTE[L5L] .. uiiiiiiiieie ettt ettt e ebee e e sebr e e e e eabeee e senbaeeesensbeseesans 81



Figure 4.16: Linear Sweep Voltammetry conducted in 2M NaOH all potentials
reported vs Ag/AgCl reference electrode. A) shows a sweep from -0.8V to 0.2V for
pure nickel. B) shows a sweep from -1.2V to -0.2V for tin based solder. C) Shows a
and b plotted on the same scale showing the dramatically lower currents seen for
nickel. Highlighted in all is the selected voltage region for selective electrochemical
etching. D) The current drop during a long term electrochemical etch of tin based
solder covered NICkel dEVICES. ......c.eiviiriiiiieiee e e 82

Figure 4.17: a) high angle SEM of feedthrough after 5.5hour etch b) top down view
of same feedthrough c) combined EDX map of partially covered pin red is Ni, blue is
Sn, green is Cu. d) EDX map for Nie) EDX map for Sn......ccceeeevceeceeceeccieceece 83

Figure 4.18: Photograph of a feedthrough etched overnight at -0.7V vs. Ag/AgCl in
2M NaOH until the current reached zero. .........coccevceeeeiee e 83

Figure 4.19: Diagram of the over-plating process. a) The devices after being released
and cleaned showing in light blue the released beam and in purple the inconel pins.
b) The same device but coated with a thin nickel over-plate (green). c) A magnified
view showing the nickel over-plate attaching the beam structure to the Inconel pins.

Figure 4.20: Finalized fabrication procedure for producing cm scale released Nickel
Y1 Y Y 4 0 Tt (U= PR a0

Figure 5.1: Resistance vs. temperature graphs for a sputtered nickel thin film cycled
in air (a) and capped by SiO in argon (b)[158]. ....ccceeceeeieeieeeereeee e 93

Figure 5.2: a) Resistance with time recorded for the feedthrough as the oil bath
temperature was adjusted to 10 different set temperatures. b) Plot of two successive
calibrations of the same beam of temperature vs. beam resistance. ..................... 94

Figure 5.3: Resistance of a released beam vs. time as the current pulsed through the
beam is pulsed to a high value then to a low value in a square wave pattern. High
current corresponds to the heat section and low current corresponds to the cool
1<l 1 o] o AT PP ST ORI TRPPOPPPP 94

Figure 5.4: Photographs of the experimental setup to test transitions between air,
oil and water. A computer controlled linear actuator sets the position and speed of
the feedthrough and a hotplate controls the fluid flow and temperature.............. 95

Figure 5.5: Figure of beam temperature vs. time with a square wave current. The
transition sequence is air, oil water, 0il, @il ....ccccccveeiciii i, 96

Figure 5.6: a) magnified section of an oil to water transition of the sensor. Resistance
of the beam is plotted vs time as the beam is pulsed with a square wave current.
The orange amplitude is in oil and the green amplitude is in water. Inset (b) shows
he last 10 point in a cycle and a thick blue line denoting the value achieved when



taking the average of the last ten acquired data points used in deriving the
temperature ampPlitude. ..o e 97

Figure 5.7: The calculated amplitude vs cycle number from the data in figure 5.5.
The amplitude changes significantly for the three fluids tested. ..........cccccveenenen. 98

Figure 5.8: a) amplitude vs time for the sensor as it moves through the fluids at
3mm/sec. Three stirring speeds and still fluid are plotted. b,c) same plot at a speed
of 6mm/sec and 12mm/sec respectively. d) photograph of the fluid stack at each of
the three Stirring SPEEUS.....covii it sae e 99

Figure 5.9: Temperature amplitude vs cycle number for three transitions from air to
oil to water to oil to air for an anchored nickel beam. On the last transition water
was detected as the oil film on the sensor surface broke. .......ccocveveeviivcvciiveerenenn. 100

Figure 5.10: Amplitude of heating and cooling waveform in several different
mixtures of IPA and Water tested in three separate trials plotted on the same figure.

Figure 5.11: Amplitude of heating and cooling waveform in eight different mixtures
of partially stabilized emulsions of oil and water.........ccccccveiieeeriicceeceeceee, 102

Figure 5.12: Test data from a released nickel beam tested in a matrix of five different
high currents, five different low currents, and three different pulsing times. a)
Measured voltage vs time. b) Set current vs. time. c) Measured resistance vs time.
d) Calibrated temperature vs. time. E) Magnified section of current vs. time (b). f)
Magnified section of resistance vs. time (c) measurements with the lowest currents
resulted in source meter giving incorrect resistance measurements resulting in off
scale measurements for resistance and temperature in some plots..................... 104

Figure 5.13: Response overlays of wire at different currents. a) heating at 800mA
after cooling at 100mA. b) Cooling at 100mA after Heating at 800mA. c) heating at
350mA after cooling at 50mA and d) Cooling at 50mA after heating at 350mA. . 105

Figure 5.14: a) pulsing current current used to heat and cool a released nickel beam
structure. b) the response of that beam resistance to the stimulus current. ....... 106

Figure 5.15: Raw data for the a frequency sweep from pulse times of 20ms to
100seconds of a released nickel beam in Air (green), Oil (purple), and water (blue).

Figure 5.16: Processed data showing the amplitude of the temperature swing vs
pulse period for a released nickel beam in air, oil, and water. .........cccccccuveennnnn.e 108

Figure 5.17: The amplitude of the temperature swing vs pulse period for 200um
diameter 2mm long 316 stainless steel wire in air, oil, and water. .........c.cccvee.n.... 109



Figure 5.18:The amplitude of the temperature swing vs pulse period for an anchored
on feedthrough nickel beam in air, oil, and water. .......cccoeoeeieececce e, 110

Figure 5.19: The amplitude of the temperature swing vs pulse period for an
anchored on feedthrough nickel beam coated with 30um of Parylene in air, oil, and
1T L= (PP P PP PPPPPPPPP 111

Figure 5.20: Diagram of the different geometries tested for thermal response to
current pulsSing in this WOrK. .......ooueiiiiiiini e 112

Figure 5.21: 3D drawing of the fabricated released nickel beam structures showing
the different resistances that are measured by the attached 4-wire source meter.

Figure 5.22: Calculated thermal response of nickel MEMS beams and larger inconel
pins when immersed in a high temperature fluid. When 6/ 6;is -1 the beams/pins
are at their initial temperature. When 6/ 6; reaches 0 they have reached
equilibrium with the bath temperature.........coceoeeeceeec e, 116

Figure 5.23: Resistance response of anchored and freestanding devices when rapidly
(o110 0= 0=To I Yo o T A O A G | S 116

Figure 5.24: a) Cross section of the comb capacitor showing the interdigitated teeth,
the expected electric field and the critical dimensions of the comb capacitor. b) A
figure showing a coating that is thinner than the expected penetration depth of the
electric field. C) A 3D model of the comb capacitor showing the overall dimensions.

Figure 5.25: The response of the comb capacitor coated with 30um of Parylene to
several different mixtures of IPA and water in sequence. The inset is the generated
calibration curve of capacitance vs. water content. .......ccccceceeeecieecceeecceeeccree e, 119

Figure 6.1:Cross-section schematic of the symmetric opposing electrode
electrochemical reactor used for the experiments. .......ccccecveeeveercee e e, 123

Figure 6.2: A) XPS scans of pre- and post-sulfided electrodes in tungsten binding
energy range. B) XPS scan of post-sulfided electrodes in sulfur binding energy range.
C) SEM images of various thicknesses of W catalyst on vitreous carbon, after
(oo Ta] o] [=T 0=l U] o 1oV 126

Figure 6.3: Product yield of cyclohexanone and cyclohexanol versus nominal catalyst
thickness after a 90 minute hydrogenation of 2-cyclohexen-1-one under applied
potential of - 1.3V versus Ag/AgCI(sat’'d). ....c.cceevueeeeireeeeireceeceeeee e 127

Figure 7.1: Process flow for fabrication of micrometer scale devices. Sputtered
permalloy is patterned with a HPR 504 photomask and a chemical etch and the
patterned devices are released using a XeF2 dry etch......ccooveceeceececcieceee 131



Figure 7.2: Process flow for fabrication of submicrometer scale devices. Sputtered
permalloy is patterned with a dual layer PMMA photoresist in a lift off process and
then the devices are released using a FeCl saturated BOE solution and a pentane
o] [V o] o IR o = g 1) =Y TSRS 133

Figure 7.3: System used for resonant testing of the NEMS cantilever structures. The
inset is a scanning electron micrograph of a released beam 300nm wide and 2um
oY o T B o1 [l o F- T 1 0 [0 ] o TS 134

Figure 7.4: Phase diagram for the Ni-Fe System[199]. .......ccceviriininiieneniecnenene 135

Figure 7.5: X-ray diffraction of 200nm thick co-sputtered Ni-Fe thin films deposited
at a) room temperature and b) 200°C. Indexed peaks are for face centered cubic
(1[0 (=] TR 136

Figure 7.6: Average thin film stress for 200nm thick co-sputtered Ni-Fe thin films
measured by an in-situ Multi-beam Optical Stress Sensor........cccccceecvveeecveecieenee. 137

Figure 7.7: Magnetic hysteresis loops acquired using MOKE of Ni-Fe thin films
deposited at a) room temperature and b) 200°C . ......cceeeieiieeiiece e 138

Figure 7.8: Scanning electron micrographs of a 200nm thick NiggFezo thin film with
different thermal treatments. a) Film deposited onto a 200°C heated substrate, b)
Film deposited onto a room temperature substrate, and c), d) room temperature
deposition followed by a 300°C and 200°C two hour anneal respectively. e) A
magnified section of a fracture in a 200°C annealed device after release. ........... 140

Figure 7.9: Stress model in a thin film including the first two terms of equation 2.1.

Figure 7.10: End of cantilever images of 200nm thick NigoFezo structures released
with XeF, deposited at a) 200°C, b) 25°C and annealed at 300°C (c) and 200°C (d).

Figure 7.11: Released singly clamped cantilever structures fabricated from 200nm
thick Ni80Fe20. Blue circles are drawn to match the radius of curvature of the
released structures. These beams curled and then fell over onto the substrate
dUring the release ProCESS .....cciiiicieiiicie et et e e e s bee e sateeeneeas 143

Figure 7.12: Sequence of magnifications of a circle (a,b,c) showing that a large curl
radius is hard to notice on a small length scale. d) A thin NiMo beam that is only a
few micrometers long showing very little curvature. e) 500 um long beams made
from the same material showing significant curvature........ccccccoeveiercencceeennen. 144

Figure 7.13: Released Ni80Fe20 structures showing a) longer curved beams touching
the substrate and beams less than 50um long (b) showing very little curvature. 145



Figure 7.14: NEMS devices fabricated from nickel iron thin films. a) A doubly clamped
beam, b) a singly clamped cantilever, and c) a lower magnification view of the array
of NEMS structures. The structure in the foreground is a wirebond used to
electrostatically actuate the devices. ....oocvereeiicei e, 146

Figure 7.15: Resonant frequency of an array of singly clamped beams ranging from
4um to 2um in length. Inset is the frequency response of a 5um long beam. .... 147



List of Tables

Table 2.1: Bath composition used in this work for deposition of nickel thin films.. 23

Table 3.1: Composition of Aremco low melting point glass as determined by XPS.50

Table 3.2: Summary of tested planarization materials. .........ccoceeeceeicieeiceeecceeee, 56
Table 3.3: Specifications and general properties of Parylene C[144]...................... 63
Table 3.4: Change in mass of Parylene C samples after exposure to various solvents
O 24 IS, s 63
Table 3.5: Summary of sensor device material combinations. .........cccccceevvverieenenns 65

Table 5.1: Temperature Coefficient of Resistance for several metals as bulk
measurements and measurements of thin films deposited by sputtering and
LAV ToTe] =Y o o] 1Y < PO TR 92

Table 7.1: Comparison of the surface tensions of water, isopropyl alcohol, and
pentane as reported by RAcCUrt[195]. ...ccoovvieiiiie et 132



1 Introduction

1.1 Oil Well Sensors

Production logging is a global oil-services industry where down-hole information
(such as temperature, pressure, phase identification, and fluid flow) is gathered
from already producing wells to assess their health and condition[1, 2]. Data
gathered from a well can be used to make important decisions on well maintenance
and modifications to improve production[3]. The field of well logging has gone
through two major revolutions in the last thirty years. The first revolution in this field
was the implementation of smart electrical sensors in a down-hole environment in
the 1980s. By doing some signal processing down-hole it became possible to
acquire readings from several different sensors at one time from a well. The
resulting tools were very large and complicated, often tens of meters tall and
hundreds of kilograms in weight. In the 1990’s, the implementation of then-modern
microelectronics allowed these tools to shrink considerably in size and weight (to
about 50 Kg). The tools have not fundamentally evolved since then. Micro-machined
technology is almost ubiquitous in modern society, comprising many of the core
sensors in automobiles, aerospace, home entertainment and biomedical
applications. However, such technology has achieved almost no ingress into down-
hole sensing. This is due to the inability of conventional micro-machined materials
to survive the extremely harsh well environment which combines high temperatures
(up to 180 °C), high pressures (up to 100 MPa), and corrosive fluid media. Traditional
packaging of MEMS devices using wirebonding is not compatible with this hostile
environment and typical MEMS plastic encapsulation techniques are also not
suitable. A number of textbooks on packaging of MEMS sensors exist but none
address a solution that is compatible with oil well logging applications[4-6]. Some
patents by Schlumberger outline methods for implementing MEMS sensors into a
down hole tool but are quite complicated and proprietary[7-12]. Developing a
platform for integrating MEMS sensors into a down-hole environment could bring
about a third major revolution in down hole logging technology and be quite
disruptive in the field.

Horizontal well drilling and completion is becoming more and more common.
Horizontal well drilling, though more expensive than conventional well drilling, can
often provide substantially increased production and reduces the number of wells
required per oil reservoir. Figure 1.1 illustrates the advantage of horizontal drilling in
reducing the number of wells required to produce from an oil reserve. A standard
vertically drilled oil well only has access to petroleum reserves immediately adjacent
to the well bore. If a petroleum reserve is spread out horizontally new wells have to
be drilled adjacent to the first to gain access to the entire reservoir. Using horizontal



drilling one can access the entire reservoir with only one well instead of multiple
vertical conventional wells.

Figure 1.1: lllustration demonstrating difference between conventional production using multiple vertical
wells (above) and modern production using a single horizontal well (below). The Grey regions show depletion
zones.

These horizontal wells have significantly different flow properties compared to
vertical wells. Oil, water, and gas phases separate more easily across the well bore
in horizontal wells. It then becomes important to have an array of sensors to
discretely measure each of these phases. Conventional large production logging
tools are only able to measure a single fluid property at the center of the well bore.
This single sensor works well in vertical wells but will miss critical information in
horizontal wells where an array of sensors are required to get all of the flow
information. Currently only two companies (Schlumberger and Sondex — a division
of General Electric) have the technology to deploy an array of site-specific sensors
across a given well bore and neither of these companies have yet incorporated
MEMS sensor technology into their commercially available tools.

The motivation for fabricating multiple MEMS sensor elements onto high pressure
feedthroughs is to make a smaller oil well production logging tool capable of
measuring multiple fluid properties at a single location in the wellbore. Current
tools successfully measure multiple oil well fluid properties but at different locations
in the well bore with each sensor only measuring a single parameter at a single
location. The existing technology for detecting fluid properties to distinguish oil
water and gas in a producing oil well has been established for nearly 25 years and
has been focused on using a combination of dielectric constant measurement with
differential pressure density to identify the fluids present in an oil well. The
techniques using optical and acoustic density are relatively new, being developed in
the last five years in order to address needs for fluid identification in highly deviated
and horizontal wells.



1.1.1 Fluid Identification Techniques in an Oil Well

Below is a list of parameters that are currently used for phase identification in oil
well production logging. A short discussion is also included for each method
outlining the suitability of the technique for incorporation into a microfabricated
platform. The existing commercial technologies for phase identification (water, oil,
gas) include the following:

Phase ID - Capacitance (Dielectric constant)

The phases of interest have the following dielectric constant (a unitless multiple of
the value in a vacuum)

Woater = 34-78
Oil=2-4
Air=1

The capacitance between two parallel plates of area A at a distance d from one
another, with a material of dielectric constant k in between, can be determined from
the following equation.

Capacitance = kE;A Eq.1.1

The constant gois the permittivity of space. The large variation in capacitance values
between water and air/oil allows for a good approximation of water content in fluid
contacting the sensor. The closer the two electrodes are to one another the larger
the capacitance reading and the easier it is to electrically detect changes in the
value. Microfabrication is an excellent technique for precisely fabricating a structure
with a very small d value on the order of a few um. Current large scale devices
compensate for a large electrode spacing by making the sensor quite large and
increasing the electrode area. Using microfabrication it is quite possible to shrink
the size of this sensor.

Phase ID - Differential Pressure Density

The phases of interest have the following densities (psi/m)

Water=1.4

Oil=1.2

Gas =0.0016

Distinguishing liquid and gas is easy using this technique as the difference in density
is so large. The variation between oil and water is also significant. Using the
difference in pressure between two points on a long tool (oriented vertically) will
give a good reading of the density of the fluid. The further the sensors are vertically
separated the better the data gathered from this type of sensor. In the case of
measurement in a horizontal well this vertical distance is reduced to a low value and
sensing density in this fashion is no longer possible. Because of the intrinsic



requirement of this technique to vertically space two sensors from one another, it is
not possible to miniaturize this technique.

Phase ID - Optical

The phases of interest have the following optical refractive indices

Water =1.33

Oil=15

Gas = 1.0004

This detection method uses a specially shaped silica probe that measures the
refractive index of a fluid by means of total internal reflection. The intensity of the
reflected light from the tip of the probe directly corresponds to the refractive index
of the fluid surrounding the tip. The system requires a photo-diode for detection
and a light emitting diode for producing the light. There are significant challenges
in finding a monochromatic light source and detector that work reliably in the
downhole environment. This technique is inherently quite small and only requires a
single optical fiber exposed to the wellbore fluid. Schlumberger is the only company
to use this technique for phase identification in their downhole tools and they have
patented its use[13].

Phase ID - Acoustic Density

This method uses the damping effect of a dense and viscous material on a
resonating structure to measure the difference between phases. The density
difference between water, oil, and gas is shown in the differential pressure density
section. The damping of the resonating structure causes a shift in the structures
resonant frequency which can be measured with a piezoelectric driving device and
a piezoelectric sensor. By coupling this sensing circuit and driving circuit in a phase
locked loop the resonant frequency can be detected with surprisingly high accuracy.
This method of density measurement is well established in other fields, such as in
bio-detection or micro-fluidics[14] and has recently been incorporated into
commercial down-hole sensors[15, 16]. The structures fabricated in this work that
are released fully from the substrate would be excellent for this type of fluid
identification. Brueckner et al. demonstrated a technique for resonating an
electrically conducting free standing beam using a short current pulse through the
beam in a strong DC magnetic field[17]. The Lorentz force would start the beam in
motion and then the resonating beam in a magnetic field would generate a
measurable AC current in the wire that could be detected with an amplifier and an
oscilloscope. The frequency of the generated current is at the resonant frequency
of the released beam and could be used to determine the density of a fluid.
Schlumberger has conducted a significant amount of work on a sensor using this
actuation technique but at a larger scale for fluid property measurement at high
pressure and temperature[18]. The mechanical requirements for this type of sensor



are met using the freestanding beams developed in this work. This technique lends
itself to improvement through microfabrication.

Phase ID — Thermal Conductivity

Thermal conductivity is a technique that was developed in this work that is not
currently used in oil well production logging but performs quite well at
distinguishing between water, oil and gas. The thermal conductivities are
dramatically different for these three materials:

Water = 0.6W/mK
Oil =0.126W/mK
Gas = 0.024W/mK

The use of an electrically heated wire to measure thermal properties of materials
was started in the 1950s by a number of researchers in different fields. The growing
availability of precise electronic equipment for measuring current and voltage as
well as the use of electrical switching apparatus that allowed for pulse heating and
fast switching for voltage measurements from a thermocouple led to the
development of these new techniques. This in turn enabled materials property
measurement and observations to be conducted at extremely high temperatures.

Ordway conducted experiments observing the crystallization and melting behavior
of glass mixtures using a heated platinum wire[19]. Experimental difficulties
encountered while operating at temperatures above 1000°C led him to develop a
new technique based upon a pulse heated thermocouple. Electrical current was
pulsed through the thermocouple 50% of the time and the other 50% of the time
the voltage from the thermocouple was measured. Using this technique he was
able to control the temperature of a glass sample to within 0.1°C at temperatures
ranging from room temperature to above 1000°C[19]. This technique was expanded
and refined by Welsh who used a 5% rhodium-platinum/20% rhodium-platinum
thermocouple to expand the operating temperature up to 1750°C[20]. In a similar
timeframe to this work a pulse heated wire technique for measuring a wire’s heat
capacity was developed by Pochapsky that pulsed a thin platinum wire with current
and measured the resistance change using an oscilloscope[21]. This technique was
also used for measuring heat capacity and thermal diffusivity in silver bromide. This
technique is frequently used to find the heat capacity and thermal conductivity of
liquid samples[22].

Recently a number of MEMS based sensors have incorporated heated wires for both
material characterization [23-26] and measurement of flow rates [27-29]. Heated
wire flow sensors are quite useful because they are very simple, robust, do not
contain moving parts, are sensitive to small flow variations and can measure a wide
range of velocities. Most commercial mass flow controllers use a heated wire
technique for flow measurement because of these advantages. Thermal based flow
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sensors are also used in hostile environments where a spinning turbine structure
would not survive. Using microfabricated structures for thermal properties
measurement has allowed for an interesting development of a new method called
microcalorimetry that allows for extremely high heating and cooling rates of a
sample under test. The larger the ratio of surface area to volume for an element the
faster it can be cooled by thermal convection[30]. Greve et al. made a micro
calorimetric sensor from a silicon nitride beam with doped silicon heaters and
temperature sensors on top with dimensions of 400um long, 100um wide, 400nm
thick. They estimated that the thermal mass of their bridge was 30nJ/K and were
able to heat their beams from 20°C to 500°C in 30ms by applying a voltage ramp to
their heating elements[31].

1.2 Metal MEMS

Traditional MEMS microfabrication materials and methods are not compatible with
the down hole oil well environment. Silicon is brittle and has poor fracture
toughness, gold wirebonds are fragile and suffer dramatic degradation at high
temperatures, and aluminum has poor corrosion characteristics when exposed to
H,S. Most of the traditional materials used for MEMS device manufacturing are
unsuitable for fabrication of a robust sensing platform for an oil well logging
environment. The field of metal MEMS addresses many of these limitations.

Many different metal MEMS devices have been demonstrated and the field is well
developed. Most initial work involved creating purely physical devices such as tiny
gears, springs and levers. This initial work then progressed to exploit a key material
property advantage of metals over silicon: electrical conductivity. Silicon micro
devices require a separate doping or metallization process step in order to integrate
electrical actuation or measurement. Metal devices because they are electrically
conducting do not require this extra processing step. Below is a brief outline of
metal micro-fabrication followed by a discussion on the development of this field
into electrically integrated metal MEMS devices.

1.2.1 Metal Micromachining

The most established manufacturing process for fabricating metal micro structures
is called LIGA (A German acronym for lithography, electroplating, and polymer
replication). The LIGA process flow involves patterning a thick resist, using X-ray
lithography, on an electrically conducting substrate and then electroplating a metal
into the lithographically patterned mold. The mold is then removed and the
resulting structure can either be used directly or as a template. This process was
first reported in 1982 for the application of fabricating metal nozzles for the
enriching of uranium[32]. A review of LIGA technology applications by Malek et al.
in 2003 identified over 100 different applications in the four categories of fabrication
of MEMS and high precision parts, Micro-Opto-Electro-Mechanical Systems



(MOEMS), Microfluidics and bio-MEMS[33]. A book on “LIGA and its applications”
is also available and explains some of the history and challenges of this
technique[34]. Most successful applications of LIGA involve making two dimensional
physical parts with features smaller than can be obtained using precision machining.
These parts typically are not used for sensor or electronic applications and are purely
physical in their implementation as gears, springs, latches or other moving
mechanisms.

Current LIGA fabrication processes requiring X-ray lithography of Polymethyl
methacrylate (PMMA) resists are expensive and slow and limit application of this
technique. Using intermediate molds with conducting bases can help improve the
throughput of this technique creating devices up to 250um thick but require post
processing involving polishing[35]. The use of SU-8 photoresist instead of PMMA can
reduce the exposure time required in X-ray lithography by a factor of ~300 resulting
in a dramatic decrease in cost per exposure and increase in throughput of an X-ray
lithography system[36]. SU-8 can also be used with a conventional UV or deep UV
exposure system further reducing the cost of the LIGA process[37]. Unfortunately,
UV exposed SU-8 sacrifices the resolution of X-ray lithography and the attainable
device aspect ratio is lower and these are the two principle advantages of the LIGA
process over traditional machining.

A critical advantage of LIGA and electroforming methods is the improved resolution
possible with the technique, this advantage in resolution was quite significant 25
years ago with LIGA being able to provide sub micrometer accuracy and devices
several millimeters thick. This advantage has been worn away over the last 25 years
as traditional machining has advanced significantly and the gap between LIGA and
machining is not as significant. Precision waterjet cutting provides a processing
accuracy of approximately 100um, laser cutting can provide accuracy reaching
50um, and a combined Laser MicroJet cutting process by Synova has pushed this
accuracy to better than 5um[38]. Laser cutting technology reaching such high
accuracies limits applications of LIGA technology to spaces that require sub 5um
features. Meanwhile advances in thermal stability, vibration control, and fabrication
of precision ultra-sharp cutting tools have allowed for CNC milling and lathe
mechanical machining processes to reach extremely high accuracies of better than
10um[39].

Traditional LIGA is called a 2.5D process as parts fabricated with this technique are
extruded 2D patterns and changes in features through the depth is accomplished by
adding layers. Significant work has been conducted towards extending the LIGA
style process to produce 3D metal structures by producing a 3D pattern in a
photoresist and then electroplating around this structure. Microstereolithography
has been used to pattern SU-8 resist in arbitrary 3D patterns, with a resolution of
5um, which can subsequently be filled with nickel using electroplating[40].
Multiphototon absorption polymerization has also been used to produce resin
structures which can be transferred to polydimethylsiloxane (PDMS) creating a mold
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that can be used to make 3D structures[41]. Exposing a photoresist in two
orthogonal directions can also allow for 3D patterns to be fabricated as
demonstrated by a microneedle array[42]. Taking advantage of the collimated
nature of the X-ray lithography process and the ability to have a large mask to
substrate distance allowed researchers to expose a cylindrical substrate coated with
resist to create a spiral pattern that could be used to fabricate electroplated copper
microcoils patterned with a pitch of 10um[43, 44]. These examples of extending the
LIGA process to create 3D metal structures show great promise for producing a wide
variety of interesting structures beyond the reach of traditional mechanical
machining.

Non-lithography based microfabrication techniques are typically serial in nature
involving deposition or etching through a physical, chemical, or electrochemical
process. Only a few non-lithographic techniques are capable of creating features
below 10um in size of which laser CVD forming[45], Focused lon Beam fabrication,
and electrochemical micro machining[46] are included. These techniques, although
very accurate and capable of creating extremely fine featured 3D structures, are
typically extremely slow requiring days to fabricate complicated structures in a serial
fashion.

Some specific examples of metal microfabricated mechanical structures are
expanded upon below including the fabrication of gears, mechanical munition fuzes,
and atomic force microscopy probes. These are three examples of where purely
mechanical microfabricated structures have been found to be useful.

The performance and cost of LIGA fabricated parts for application as watch gears
and precision micro motor parts was compared by the German ANKA institute in
2008. They showed that LIGA fabricated gears could reduce backlash in a motor by
30% compared to precision machined gears, unfortunately the limitation of using a
NiCo alloy vs high strength steel reduced the lifetime of these same gears by
half[47].

An excellent application of metal micro-mechanical structures in hostile
environments can be found in work by CH Robinson et al. to produce all metal ultra-
miniature safety and arming devices for munitions fuzes. Munitions fuzes, which
include multiple latches, springs and pins, are designed to survive firing from a
weapon and subsequently arm warheads after a set acceleration and rotational
velocity are reached[48]. It was found that completely removing silicon from the
fabrication process was necessary to prevent device failures from impact induced
fractures. They used a nickel based LIGA process on a metal substrate and found
that the transition to an all metal construction even allowed for re-use of the Fuzes
when used without explosives indicating that the devices survived firing, activating,
and landing[49]. Similar work has been conducted by multiple military entities to
improve the reliability and reduce the cost of weapons triggering mechanisms [50,
51].



Multiple applications in Atomic Force Microscopy (AFM) make use of all metal
microfabricated probes. Electroformed nickel probes with a gold coating have been
used for AFM based Nanolithography[52]. High resonant frequency probes made
from a Titanium/Gold bilayer with a silicon tip[53] provided excellent performance
as a scanning probe. A combined electroforming and adhesive transfer process
allowed for all metal AFM probes from different metals including gold, copper, and
nickel[54]. Metal probes enable additional applications due to their electrical
conductivity, are often more robust, and can have higher sensitivity than silicon
probes.

1.2.2 Metal Micro Electro Mechanical Systems (MEMS)

More recently, metal MEMS structures that are interfaced with electronics resulting
in intelligent structures that can be used as sensors have been created. Fabrication
of electroplated structures that are interfaced with electronics involve challenges as
the requirement for electrical current to electroplate also means that all of the
plated parts must be electrically connected during plating, additional patterning or
processing must then be done as an additional step to electrically isolate the plated
devices.

When these micro-machined devices are integrated with sensing and driving
electronic circuits a much wider list of possibilities is enabled. These applications
for electrically interfaced high aspect ratio metal MEMS include high reflectivity
movable micro-mirrors, high current micro-relays, high mass accelerometers, and
low thermal expansion micro-optical devices[35]. The multi-step processing
required to enable complicated multi part metal MEMS devices has limited the
number of demonstrations of metal MEMS devices shown in literature. Differential
thin film stress and electroplating reliability issues also work against designers who
wish to fabricate metal MEMS devices. A recent example of these hardships can be
seen in an impressively unsuccessful attempt to make deformable micro mirrors
using three different commercial metal micro fabrication processes[55]. Three
commercial processes for fabricating electrically interfaced metal MEMS devices
exist: MetalMUMPS which offers a single 20um thick electroplated nickel layer that
can be released, Polystrata which provides a multi-layer copper process for
fabricating 3D structures and EFAB which allows for up to 50 layers of electroplated
nickel to be deposited. These methods relate closely to the microfabricated devices
in this work and will be briefly outlined below.

A single layer commercial multi-user nickel MEMS process is offered by a publicly
traded European company MEMSCAP called MetalMUMPS. It offers an
electroformed nickel process step integrated with signal and oxide isolation layers.
The nickel devices are 20um thick and can be released by 25um through a KOH
etching step[56]. This process is available to educational and industrial clients at a
fixed price per 1cm x 1cm die in lots of 15. A number of papers have recently been
published based upon this open process involving metal relays[57], gyroscopes[58],
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inductors[59, 60], tunable capacitors[61], and a voltage doubler[62]. The residual
stress in the nickel layer that these structures are made from limits the structures
that can be successfully implemented as long released beams tend to bend
considerably[63].

A technique developed by the company Micro-fabrica called Electrochemical
FABrication (EFAB) expands typical LIGA processing techniques to allow for truly 3D
fabrication through the use of successively electroplated and polished layers. By
using up-to 50 layers between 2-45um thick, that can be precisely controlled in 2
dimensions, many different 3D structures are enabled with a demonstrated total
device thickness of just over Imm. This process uses nickel devices surrounded by
copper in a layer by layer additive method. At the end of the additive process the
copper can be selectively etched away leaving complex freestanding nickel
structures. This process is limited by registration between layers and stress
gradients in the nickel layers causing device buckling and bending [64-66]. Very
complex metal MEMS structures have been demonstrated on the EFAB process
including an all nickel micro-gyroscope shown in Figure 1.2c and d[64]. The EFAB
technique depends upon a highly selective chemical etch that allows for a significant
amount of copper to be etched away while the nickel device remains. Another
technique that depends upon this Cu-Ni etch selectivity involves micro-milling a
mold in copper followed by electroplating nickel into this mold and then machining
this electroplated nickel further. This leaves a 3D nickel part anchored into a copper
mold that can be selectively etched away[67].

The Polystrata process by Nuvotronics allows for a multi-layer 3D copper devices
using a sacrificial photoresist layer that is removed at the end of the process that
serves a very similar function as the copper in the EFAB process[68]. This process
flow has gained significant traction for fabrication of Radio Frequency (RF) passive
components like combiners, filters and splitters[69]. An example of a 3D radio
frequency component almost 1mm thick made using the Polystrata process is
shown in Figure 1.2a.
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Figure 1.2: a) 3D Copper RF component fabricated with the Polystrata process[69], b) diagram and false
colored SEM of probe card springs by FormFactor[70], c-d) SEM images of a nickel gyroscope fabricated using
the EFAB process[64].

One significant application for larger metal MEMS devices can be found in the
semiconductor probe card manufacturing industry. Probe cards are used by
semiconductor manufacturing companies to enable electrical testing of integrated
circuits before they are diced and packaged. These probe cards consist of arrays of
metal contact springs that make electrical contact with the bond pads of an
integrated circuit to connect the circuit to electronic test equipment. A diagram of
the contacts and a falsely colored SEM image of a probe card from FormFactor are
shown in Figure 1.2b. Chips that do not pass electrical testing using a probe card
can then be thrown out and the cost of packaging defective chips is saved. This
probe card market, based upon the implementation of metal micro spring contacts,
was approximately $913 million a year in 2011[70]. A world leader in this
technology is Form Factor who is one of the top 10 MEMS manufacturers in the
world and specializes almost exclusively in metal MEMS[71-73]. Several other
groups have done work in this field. Bong-Hwan Kim et al. produced probe cards
consisting of an electroplated Ni-Co beam and tip bonded to an electroplated nickel
post using an Au-Sn solder paste and a flipchip bonding process[74]. A number of
techniques have been shown in literature to make probe card like structures
including: internal differential stress curled nickel beams[75], flip chip bonding of
high aspect ratio nickel devices[76], and through wafer electroplating and
etching[77]. All of these processes share the use of electroplated metal in their
fabrication and involve quite complex fabrication processes involving flip chip
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bonding or though wafer etching. Probe cards can also be fabricated using silicon
MEMS processing to form silicon probe structures and then coating or patterning
onto these structures with 1-20um of metal to reinforce, improve fracture
resistance, and increase electrical conductivity of the probes[78, 79]. One of the
simplest techniques for fabricating metal probe cards involved physically bending
the probe contacts and annealing the bent beams using electrical current to retain
the out of plane shape but this technique only achieved 1mm pitches and produced
very rough electrical contact points[80]. These probe card examples demonstrate
thicker metal MEMS structures with some depths over 1mm enabled through
bonding process steps.

1.2.3 Metal MEMS materials

Many metal MEMS examples in literature are fabricated from nickel or alloys of
nickel. The mechanical and materials characterization of nickel electroplated thin
films specifically for MEMS applications have been addressed by some research
groups. Luo et al. explored the Young's modulus of nickel sulfamate bath
electroplated nickel using micro-cantilever structures and showed some
dependence of Youngs modulus on the bath temperature and plating current
density[81]. Son et al. fabricated tensile testing coupons from electroplated nickel
and used these to generate stress strain curves and conduct fatigue testing. They
found, for their nickel sulfamate bath electroplated nickel, an average yield strength
of 480MPa, a tensile strength of 1.2GPa, an elongation of 0.33, and a fatigue
strength of 143MPa[82]. The measured fatigue strength of their nickel films was
lower than expected. Tensile testing of structures between 50um and 200um thick
showed no thickness dependence on film mechanical properties[83]. Tungsten has
been alloyed with electroplated nickel by adding sodium tungstate to the
electroplating bath resulting in a higher ultimate tensile strength of between 1100
and 1400MPa and better thermal stability (maintaining hardness after annealing at
temperatures up to 700°C)[84].

One serious problem found in nickel electroforming is caused by incomplete filling
of high aspect ratio and complex geometries with the plated metal. Some
improvement with respect to this issue has been found by using a low stress nickel
chloride bath and implementing ultrasonic agitation either before or during
plating[85, 86].

Electroplated nickel has generally been shown to work well for MEMS devices with
its combination of low film stress, high strength, rapid deposition rate, good film
uniformity/smoothness, and the ease and simplicity of the deposition technique
compared to CVD and PVD deposition methods.

Other materials have been used for metal MEMS devices and are discussed below,
the development of new materials for micro applications is a developing field and
much research has been conducted in this area.
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Creep resistant alloys of aluminum were developed by Texas Instruments in the
1990s for application in micro-mirror devices. The mechanisms of creep and fatigue
in metal MEMS was discussed in a review by Merlijin et al. where they explained
that creep is not significant when the temperature is maintained below 0.3 T, and
fatigue in thin metal films is less significant than what would be expected from bulk
material analogs[87]. Fatigue properties of thin film metals are expected to behave
significantly differently than bulk materials due to the small number of grains that
would span the thickness of the film[87]. Movement of dislocations to the surface
of the material results in dislocation pileup resulting in fatigue crack formation. In
thin films the quantity of dislocation movement to the surface is lower due to the
small number of grains across the thickness of the film making it difficult for
dislocation density to reach a level high enough for fatigue cracks to form[88]. This
result contrasts with findings by Son et al. [82] which showed lower than expected
fatigue strength for electroplated nickel structures, but in this case the
microstructure and scale were significantly different than those studied by Texas
Instruments in their micro-mirror devices.

Sandia has developed a Molded Tungsten based MEMS process (MOLTUN) that
creates free standing devices above a silicon substrate. The process uses PECVD SiO;
as a sacrificial layer and a CVD deposited W layer as a structural layer. Devices have
a 1lum lateral resolution, allow for aspect ratios of 5:1, are approximately 1um thick
and are released by a distance of approximately 1um[89]. This process has been
used for building ultra-high pressure (GPa) sensor arrays and photonic crystals[90,
91].

One drawback of nickel MEMS devices is the lower hardness and wear-resistance of
electroplated nickel vs silicon, ceramic, or high strength steel materials. This
limitation has been overcome by the use of metallic glasses as a construction
material for micro devices. By using nickel, alumina, or silicon molds fabricated using
lithography, bulk metallic glasses can be patterned with a micromolding process to
make a wide variety of micro devices with excellent mechanical properties[92, 93].

The Mitlin research group at the University of Alberta has conducted significant
work in the field of alloy design for micro and nano-mechanical applications. They
developed a methodology and used it to find composition regions in three alloy
systems where metallic glasses would form. Then these metallic glass materials
were used to fabricate extremely small size and low thickness released metal beams
with excellent mechanical properties. The explored alloy systems included Al-
Mo[94], Ni-Mo[95], and Cu-Hf[96].

Although high hardness, corrosion resistance, and high strength are possible with
metallic glasses, the limitations of being brittle, having poor thermal stability, and
possessing a very low Temperature Coefficient of Resistance (TCR) removed metallic
glasses as candidates for the sensor platform developed in this work for a downhole
phase identification sensor. The surface of a high pressure feedthrough is quite
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dynamic during temperature cycling from 20°C to 200°C as the feedthrough glass
and the inconel body/pins have different thermal expansion coefficients. The metal
coating that bridges the interface between the pins and the glass must have some
ductility in order to accommodate this strain without cracking.

1.3 Harsh Environment Sensing

Central to all data acquisition and sensing applications in the oil well environment is
a device called a high pressure feedthrough. Feedthroughs are required because
electronics and battery systems used for measuring electrical signals from sensors
are not able to survive the high pressures seen in an oil well. The high pressure
feedthrough allows for the sensor element to be kept in the fluid environment at a
higher pressure than the sensor electronics which are protected by a pressure tight
housing. By integrating sensors directly into a high pressure feedthrough, electrical
connections in the hostile oil well environment can be avoided and the electrical
sensing circuits can be more closely integrated with the sensor elements
themselves. The idea of this tight integration and the potential increase in sensor
durability and decrease in sensor size was the motivation for exploring the possibility
of microfabricating sensors directly onto a high pressure feedthrough.

1.3.1 Feedthrough Integration

An example of MEMS integration into a down hole environment is available in a
pressure transducer fabricated by KELLER AG fir Druckmesstechnik. They integrate
a piezoresistive pressure sensor that is microfabricated out of silicon with a high
pressure feedthrough and protect the sensor with an inconel bellows structure. A
cut away of one of their sensors is shown in Figure 1.3 where the inconel bellows
that physically protects the sensor has been cut away. Inside of the sensor is a firmly
mounted silicon chip with a microfabricated pressure sensor membrane. The silicon
chip is electrically connected to the high pressure feedthrough with thin gold
wirebonds. This delicate system works because the sensor does not need to be in
direct contact with the oil wellbore fluid. Pressure is transmitted through the
inconel membrane due to elastic deformation and the sensor remains immersed in
clean oil during operation. This architecture would not work for a sensor system
that needed to be exposed directly to a wellbore fluid. Two aspects of this design
need to be altered in order to improve durability: Removal of the delicate
wirebonds, and replacement of the brittle silicon sensor element with one based on
tougher materials.
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Figure 1.3: a) lllustration of traditionally accepted integration of a MEMS device with a high pressure
feedthrough involving wirebonds. b) A higher magnification of the MEMS pressure sensor with gold bond
pads wirebonded to the feedthrough pins

Three examples showing the removal of wire bonds and a transition to a more
durable materials platform will be outlined below. It is interesting that these
objectives existed for a different electrical platform in the 1960s. Prior to the 60s
electronic transistors were packaged in TO-5 glass sealed hermetic cans where
wirebonds attached the individual silicon based transistors to the pins in the TO-5
can packages. The structure was not unlike what is shown in Figure 1.3b where a
single silicon chip is glued in the center and wirebonded to the pins in the package.
The wire bonds introduced two problems: they slowed production as they had to be
manually placed in sequence, and they dramatically reduced reliability. In 1964 IBM
removed the need for wirebonding in packaging and allowed for multiple transistors
and resistors to be placed in the same packaged module with their Solid Logic
Technology (SLT)[97]. SLT allowed for multiple electrical devices to be packaged
together dramatically improving the transistor density for computers, lowering
timing delays in circuitry, reducing cost, and improving reliability[98]. One of these
modules is shown in Figure 1.4 along with an advertisement of the time
demonstrating the impact of the technology on computers. This packaging was
enabled by the ability to “print” electrical traces and resistors directly onto ceramic
substrates with holes for electrical interface pins that could be installed in a later
step.
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Figure 1.4: Photograph of the IBM SLT module[99] and a magazine ad highlighting the revolution caused by
this integration[100].

More recently Schlumberger, realizing the advantages of integrating MEMS sensors
with high pressure feedthroughs to enable advanced fluid diagnostics in oil well
environments has created a platform for feedthrough integrated MEMS devices
based on ceramic printed circuit board technology[12]. Shown in Figure 1.5a is a
high pressure feedthrough module that allows for MEMS sensors to be placed in a
high pressure oil well environment and Figure 1.5b is a cross section of this device.
Marked 142 is where the MEMS devices would be located and 104 is the ceramic
feedthrough structure. The building of such a large, custom machined, cylindrical,
and multi-layer ceramic element is a very complicated process. The system requires
multiple seals and due to the large ceramic component it is not expected to be very
robust.
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Figure 1.5: Figures from Schlumberger patent 7392697 that show a method of integrating MEMS sensors with
a high pressure feedthrough[12]. a) is an isometric view and b) shows a cross section view of a).

The NASA Glenn research centre has a division dedicated to the building of high
temperature sensors and electronics for hostile environments for application in
deep oil well monitoring, jet engine monitoring, nuclear reactor pressure
monitoring, and a potential in situ science mission to Venus (where the surface
temperature is 470°C)[101]. They have developed a platform including SiC based
Metal Oxide Semiconductor Field Effect Transistors (MOSFETS), Junction Field Effect
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Transistors (JFETS), sensors, and packaging that can all survive temperatures of
above 500°C[102]. The Glenn centre has patented a Direct Chip Attach (DCA)
process for creating a reliable electrical connection between a SiC based pressure
sensor and a high pressure feedthrough that can survive high temperatures (600°C)
and pressures up to 500psi[101]. This DCA process does not involve wirebonding
which was recognized by the researchers to be unsuitable for hostile environments
and high temperature operation. Figure 1.6a shows a diagram of a SiC based
pressure sensor integrated with a high pressure feedthrough showing the “contact
wire” directly attached, with the DCA process, to a SiC sensing element. Figure 1.6b
shows a SEM image of the contact wire making direct contact with the SiC sensor
die and the low melting point glass used to seal the connection and sensor to the
feedthrough. Finally Figure 1.6c shows what the sensor elements look like when
integrated with a high pressure fitting in an integrated sensor ready for application.
These sensors were tested for 360 hours at 600°C at pressures up-to 500psi and
found to function properly with drift less than +/- 20%[101].
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Figure 1.6: Images of the high temperature SiC based pressure sensor developed by the Glenn research centre.
a) A photo of the sensor element and a diagram of the sensor integrated into a high pressure feedthrough
using the DCA process[102]. b) shows a cross section SEM image of the DCA between the Contact wire and
the SiC sensor[101]. c) Sensor elements integrated with high pressure fittings in the final product that could
be used for conducting high temperature tests[101].

The two solutions shown from Schlumberger and NASA for integrating MEMS
sensors with a high pressure feedthrough are either extremely complicated and
delicate (Schlumberger) or not capable of operating at oil well pressures (NASA). No
other wirebond free solutions for MEMS integration with a high pressure
feedthrough exist. There remains a demand for a solution that provides a wirebond

17



free IBM SLT like platform for MEMS sensor integration with a high pressure
feedthrough that is simple and robust.

1.3.2 Freestanding Sensors

There are several significant advantages to having MEMS sensor elements released
from a surface by a significant distance of approximately a centimeter. The best
thermal conductivity or thermal flow rate sensors involve released structures with a
low thermal mass.

In a flowing liquid there is an advantage of placing the sensors above the surface
boundary layer. The flow rate of a fluid at a boundary is zero which results in poor
transport of the fluid to be measured across the sensor surface. By placing the
sensors farther into the fluid flow a better representation of the bulk liquid is
possible and flow rates past the sensor are higher as shown in Figure 1.7.

Sensor embedded  Sensor released
on a surface and in flow

Figure 1.7: Diagram of flow velocities in a pipe in laminar flow.

A second major advantage for having a centimeter scale release of the sensor
devices arises in two phase flow measurements with water and oil. Surface wetting
of the sensor by oil and water when making two phase measurements can cause
issues with a traditional device that is close to a surface. If a flat sensor is covered
by a thin film of oil that wets the surface well, it will be difficult for this thin layer to
be removed if the sensor is then brought into contact with water. It is possible that
the sensor would then only read the presence of oil for the remainder of the logging.
Vice-versa, it could also be possible to cover the sensor with water and it would no
longer detect an oil environment. The response rate of the sensor when
transitioning between water and oil phases depends on this wetting behavior and
the flow rate. While this problem can be somewhat mitigated by using a detection
technique that can measure some distance above the sensor element like a
capacitance sensor, the best case is to have the sensor released and allow for
significant flow around the whole sensor element resulting in a washing effect thus
reducing the chance of surface wetting based masking.

The third major advantage is dramatically increased sensitivity for thermal
measurements due to more thermal contact with the fluid and a reduced thermal
mass of the sensing element. When a temperature sensor is anchored to a surface,
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not only does the element need to heat itself, but also the surrounding support. If
the beam is released, only the beam’s thermal mass needs to be heated and the
support has little effect on the response rate of the sensor.

These three significant advantages make fabricating a three-dimensional released
sensor highly desirable and the larger the release distance the better these
advantages become. Releasing MEMS devices a full centimeter from the substrate
would make for a fantastic fluid sensor platform. The ability to reach sensors beyond
the stationary boundary layer of a surface, the avoidance of sensor masking in mixed
oil water flow, and the dramatic decrease in thermal mass allow for a new class of
MEMS sensors.

Several examples of thick sacrificial layers exist in the MEMS literature. Maciossek
et al. produced several different micro structures with release distances up to
100um using AZ 4500 series photoresist and electroplated copper[103]. Cui et al.
used a 4um thick sacrificial layer from AZ4562 photoresist to release thick
electroplated nickel devices[104]. Another example of a thick sacrificial layer for the
fabrication of half-coaxial transmission line filters used a 100um thick layer of JSR
THB-151N photo resist and removed the layer with oxygen plasma ashing. Their
removal rate was only lum/minute and the removal process caused thermal
damage to the devices and left significant residue behind[105].

One major limitation of the etching technique is that most chemical etches are quite
slow. In the etch rates for micromachining processing handbook several common
etchants are described and their etch rate for a variety of materials are listed. The
fastest chemical etches listed, of aluminum in KOH (30% by weight in
water)12,900nm/min and vanadium in Si Iso Etch (126 HNOs : 60 H,0 : 5 NHs F).
9,600nm/min would still take an extremely long time to etch through 1cm of
material 775min or 1041min respectively[106]. Etching and ashing of sacrificial
layers is intrinsically slow when working with thicknesses approaching 1cm.

The freestanding devices developed in this work use a sacrificial tin scaffolding
surrounding an array of pins instead of a traditional substrate for supporting MEMS
devices. For traditional MEMS manufacturing techniques, the surface quality of the
substrate is of utmost importance: Most fabrication is started on a silicon wafer
surface that is free from defects and perfectly flat,[107, 108] while other devices
start with polished glass or silicon carbide[109-111]. Fabrication on other surfaces
such as titanium and creating freestanding structures using soft lithography is also
done[112, 113]. If the surface is not flat and free from defects, then yield of the
fabrication process will suffer dramatically. Creating a new substrate with a
sacrificial layer on a surface that ordinarily would prohibit lithography based
fabrication is a new concept that is developed in this work.
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1.4 Conclusion

This thesis outlines the development of two platforms for integrating
microfabricated sensors with high pressure feedthroughs for application in hostile
high temperature high pressure environments. A specific application in oil well
production logging is explored and two sensors were implemented with these
developed platforms for application in an oil well.

The first platform developed, involving microfabrication on a cut and polished
feedthrough, is more robust than the wire bonded silicon die technique used for
MEMS integration in pressure sensors and therefore allows for direct interface of a
microfabricated sensor with a fluid environment which is not currently possible.
Two solutions for removing these wirebonds from a hostile environment sensor
platform have been developed by NASA and Schlumberger. The NASA solution has
only reported operation at pressures of 500psi (not high enough for oil well
application) and the Schlumberger solution involves a multilayer machined ceramic
circuit board which is complicated, proprietary and may have poor durability. My
platform takes up less space than the Schlumberger platform, and provides an
extremely simple integration with a high pressure feedthrough. The platform
developed within has been pressure tested to 10,000psi and temperature cycled
several times from 20°C to 200°C. This platform is simpler than the Schlumberger
feedthrough, more robust than the NASA feedthrough, and enables electronics
integration with a variety of electrical and thermal based sensors within the oil well
environment.

The second platform developed, involving free space fabrication of nickel
microfabricated devices onto an array of pins, enables for the very first time
microfabricated metal MEMS that are released by distances of 1cm from their
substrate. Multiple examples of sacrificial layers and release processes for metal
and nonmetal MEMS devices exist, but the largest distances reported are
approximately 1mm (Polystrata, EFab) while the majority of examples claiming large
release distances involve sacrificial layers of less than 100um. Larger structures can
be fabricated using bonding processes but it is difficult to precisely and with good
repeatability bond small structures to pins. No examples of MEMS devices with sub
50um features and heights of 1cm were found in literature making the structures
fabricated in this work unique.

The released MEMS sensor process flow allows for fabrication to be done on any pin
array substrate regardless of surface quality. By fabricating a new surface the
problem of MEMS substrate selection is avoided. Being able to place released MEMS
sensors directly onto traditional style circuit boards, ceramic circuit boards, electrical
connectors, ribbon cables, pin headers, or high pressure feedthroughs greatly
improves the variety of possible applications and reduces fabrication costs.
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These two developed platforms were then used to fabricate thermal conductivity
sensors that showed excellent performance for distinguishing between oil, water,
and gas phases. Thermal conductivity sensors are not currently used for phase
identification in an oil well, making these sensors unique in the production logging
field. Larger macro machined sensors do not respond quickly enough to be used in
a flowing environment and use a significant amount of electrical power to heat
making their implementation in oil well production logging impossible.
Microfabrication enables application of this type of sensor by improving response
time and reducing power consumption. Testing was conducted with the two
platforms at various flow rates and performance of the released platform was
shown to be better than the performance seen in the anchored sensors while both
platforms were significantly better than a simply fabricated wrapped wire sensor.
The anchored platform was also used to demonstrate a traditional capacitance
based fluid dielectric sensor which was found to work similarly to conventional
commercial capacitance probes while being significantly smaller in size.
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2 Experimental Techniques

This chapter outlines basic theory regarding the experimental techniques used to
accomplish the goal of fabricating MEMS devices onto high pressure feedthroughs.
Deposition, patterning, and characterization are covered in the following three
sections.

2.1 Deposition Techniques

Predominantly two thin film deposition techniques were used in this body of work:
electrodeposition and magnetron sputtering. Both techniques will be covered
briefly below. Electrodeposition is an extremely versatile technique allowing films
to be grown from sub-nanometer thicknesses to thicknesses over 1mm.
Electrodeposition requires an electrically conducting substrate for deposition to
take place, somewhat limiting the ability to coat insulating substrates without
pretreatment. Sputtering on the other hand will coat almost any solid material that
is high vacuum compatible including glass, ceramics, and plastic substrates.
Magnetron Sputtering is typically limited to much thinner films (less than 1 um) due
to its slow deposition rate.

Originally in this project it was expected that only magnetron sputtering would be
required to deposit the sensor devices, but electrodeposition was later used to allow
for creating thicker (~20 um thick) devices.

2.1.1 Electrodepostion

Electrodeposition involves ionic migration, electron transfer, and incorporation.
First hydrated metal ions M* move towards the cathode through diffusion,
convection, and through the applied potential gradient. Once the hydrated ion
reaches the cathode surface and enters into the diffusion double layer it loses its
hydration shell and adsorbs to the cathode surface where it can be neutralized by
electrons provided from an external power supply. This adsorbed atom can diffuse
on the surface of the cathode until it is incorporated into the growing film lattice.

For electrodepostion a pair of reactions happens at the two electrodes involved. At
the positively biased electrode (counter electrode) a corrosion process occurs where
the counter electrode metal is dissolved into solution i.e. Ni -> Ni?* + 2 e". At the
negatively biased electrode (working electrode) electrodeposition takes place
where ions are reduced into a deposited film i.e. Ni** + 2 e -> Ni. A potentiostat is
used to control the current in this system and therefore the plating rate. By plating
at a constant current the growth rate of the thin film is constant and a precise control
of the film thickness is possible. In the case of nickel plating, sometimes a secondary
reaction of hydrogen evolution can happen at the negatively biased electrode as
hydrogen ions are reduced on the electrode to become adsorbed hydrogen atoms
and eventually hydrogen gas. This reaction leads to a current efficiency of nickel
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plating of less than 100% as some electrons are used to drive the reaction 2H* + 2e
-> Hy. The current efficiency is typically between 90-100% for nickel plating
depending on the plating solution[114]. A basic electroplating system is shown in
Figure 2.1a.
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Figure 2.1: Electroplating system used for nickel depositions. a) A schema of the system labeling the critical
components. b) A solid model of the electroplating system designed for depositions in this work showing the
major components.

This system consists of a working electrode where the film will be deposited, a
counter electrode that is often anodically dissolved as plating takes place, a solution
containing a metal salt, and a power supply. For this work a nickel sulfamate
electroplating bath was used with a sacrificial nickel counter electrode. The bath
composition was as follows:

Table 2.1: Bath composition used in this work for deposition of nickel thin films.

Chemical Concentration (g/L)
Nickel Sulfamate 320

Boric Acid 38

Nickel Chloride Hexahydrate 22.5

MC-3760 Anti-Pitter 3

Several different plating baths have been developed that are used for different
functional applications as coatings ranging from decorative to functional (corrosion
protection and mechanical properties improvement) and for electroforming to build
structures directly. Nickel sulfamate baths are most commonly used for
electroforming applications because they produce deposits with low internal stress
and they allow for very high deposition rates[114]. For a practical electroplating
system several aspects must be controlled. The spacing between the counter
electrode and the working electrode should be kept constant, and the two
electrodes should be parallel. If the spacing varies between the two electrodes the
deposition rate will be significantly higher where the two electrodes are closer. The
counter electrode should be larger than the working electrode. The bath should be
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clean and free from particles and organic contaminants. Many commercial
electroplating systems have extensive filtration facilities for their baths in order to
ensure a clean plating solution, but in our case the plating solution is small enough
that a clean fresh bath can be prepared for each deposition and filtration is not
required. Gentle agitation is recommended to ensure good ion transport in the
solution; in this work the electroplating system used a small magnetic stir bar.
Temperature control is very important as plating temperature has a significant effect
on film mechanical properties. A temperature controlled hotplate with a Teflon
thermocouple is used to keep the bath at a constant 54°C during plating. A rapid
prototype electrode holder was fabricated to ensure consistent positioning of the
electrodes for electroplating. The holder was manufactured with threads so that it
could screw onto a glass jar and allow for quick setup for plating and be replaced
with a simple threaded lid for quick storage of the electroplating solution after
plating was completed. The finished electroplating apparatus is shown in Figure
2.1b and can be used to quickly plate a single high pressure feedthrough based
sensor device.

2.1.2 Magnetron Sputtering

In basic sputtering, a target material is bombarded with argon ions that are
generated in a plasma discharge. These accelerated argon ions hit the target surface
and initiate a collision cascade that often results in the ejection of a target atom into
the deposition chamber. This process is called sputtering. These atoms travel away
from the target towards a substrate where they condense and form a thin film of
the same material as the target. During this sputtering process, secondary electrons
are also produced from the target surface and help to maintain the plasma. A
variation in basic sputtering involves introducing a magnetic field above the target
material to help trap secondary electrons close to the surface of the target. These
trapped secondary electrons increase the probability of a collision between Argon
atoms and electrons that would result in an ionization event producing Ar*. This
increased ionization efficiency leads to a denser plasma above the target and
increased ion bombardment of the target surface. This dramatically increases the
deposition rates possible. The increased ionization efficiency allows for the plasma
to be maintained at lower operating pressures and at lower voltages[115]. A
simplified diagram of the AJA orion 8 magnetron sputtering chamber is shown in
Figure 2.2a which is a “sputter up” layout.
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Figure 2.2: a) A schematic of a sputtering machine showing confocal sputtering sources and an inverted
rotating feedthrough substrate. b) A detailed diagram showing the magnetron sputtering source. c) A 3D
representation of the sputtering chamber showing a co-sputtering configuration.

A substrate is held and rotated above 6 sputtering guns, each equipped with a
shutter and computer controlled power supply. The sputtering guns are each aimed
at the substrate at an angle of 10° from vertical. A configuration showing 4
sputtering guns is modeled in Figure 2.2c. Figure 2.2b shows a cross section of one
of the magnetron sputtering sources, with the magnet array underneath the target,
the shield which is held at a grounded potential and the target which is biased
negatively using a high voltage power supply. The magnet array is arranged with a
single rare earth magnet in the center of the gun with the north side up and a ring
of magnets around the perimeter of the gun with the south side up.

2.1.3 Radio Frequency (RF) Sputtering

Direct Current (DC) magnetron sputtering can only be used to deposit from
electrically conducting targets. When the target is not electrically conducting, a
radio frequency (RF) power supply can be used for deposition. The RF power supply
varies the voltage applied to the target at a frequency of 13.15MHz allowing for
accumulated charge on the surface of the target to be dissipated. The deposition
rate obtained with an RF power supply is significantly lower than what is observed
with DC sputtering but electrically insulating materials can be deposited. Also in the
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application of reactive sputtering, an RF power supply results in significantly less
sensitivity to the poisoning effect.

2.1.4 Reactive Sputtering

Reactive sputtering involves the deposition of materials in the presence of
chemically reactive gasses that react with the sputtered material as well as the
surface of the target. The reactive gas can include oxygen for depositing oxides,
nitrogen for depositing nitrides, or H.S for depositing sulfides. In this work oxygen
was used as a reactive gas for depositing oxides. By controlling the partial pressure
of oxygen during deposition the stoichiometry of the oxide being deposited can be
carefully adjusted. For example, it is possible to controllably deposit NbO, NbO,, or
Nb;Os by varying the flow rate of oxygen into the chamber while keeping the
deposition power constant[116]. Reactive sputtering requires some process
optimization to ensure that the target does not become “poisoned” during the
deposition. Near the poisoning transition where the oxygen partial pressure is high
enough to completely oxidize the sputtering target, the deposition rate drops
significantly, the cathode voltage required to maintain the same power increases,
and the oxygen partial pressure rises significantly as a result of the reduced
sputtering rate. Ideally the system is operated in a region where most of the target
remains metallic rather than being oxidized. Three methods used to maintain this
condition during reactive sputtering are outlined in a reactive sputtering review by
Safi: dramatically increase the chamber pumping speed so that most of the oxygen
introduced is consumed by the pump rather than through gettering on the
substrate, increasing the distance from the target to the substrate and lowering the
deposition rate, and obstructing the reactive gas flow to the target so that the
reactive gas is higher in partial pressure at the substrate[117]. In this work the AJA
Orion 8 sputtering machine incorporates all of these design considerations and
works quite well in providing stable conditions when conducting reactive sputtering.

2.2 Patterning Techniques
2.2.1 Photolithography

Patterning in this project was done using contact optical lithography. Optical
lithography depends upon a surface being uniformly coated with a photosensitive
material called photoresist. The photoresist is either hardened and resists washing
away in a developer when exposed to light (negative) or becomes soluble in a
developer when exposed to light (positive). By coating a thin layer onto a surface
and then exposing the surface to collimated Ultra Violet (UV) light through a
patterned photomask a thin patterned polymer can be placed onto this surface. This
process has a close analog in print photography where the negative is similar to the
mask and the photographic emulsion on the print is similar to the photoresist[118].
The process of exposing a surface through a mask is shown below in Figure 2.3. Here
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collimated light is projected through the mask and the shadowed areas on the
substrate are clearly visible. If a positive resist is used these shaded areas will remain
after developing and will be protected by a thin polymer layer.

————— Mask Aligner
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- \‘/\)/ </ Pattern
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Figure 2.3: Diagram of the main components required for optical photolithography exposure.

A simple mask aligner light source is typically made up of a mercury arc lamp light
source, a parabolic mirror to produce a collimated light source, filters to isolate the
365nm emission line from mercury, reflectors and lenses to project the light onto
the wafer[119]. In this work three types of photoresists were used: AZ4620 (positive
resist), HPR 504 (positive resist), and KMPR 1000 (negative resist). AZ4620 and HPR
504 were used for patterning sputtered devices using a lift off process and are
approximately 10um thick and 1um thick, respectively. This thickness can be
adjusted slightly by changing the final spin speed during photoresist deposition.
These resists can be used for lifting off sputter deposited films less than 500nm thick
quite consistently. The KMPR resist is significantly thicker and is ideal for producing
molds for electroplating. In this work the KMPR resist is ~50um thick. Only single
mask processes were used and only simple alignment was needed in this body of
work. An excellent resource outlining all of the process steps involved in
microfabrication lithography can be found in “Microlithography” written by David
Elliott[120].
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2.2.2 Electron Beam Lithography

Electron beam lithography (EBL) uses a focused electron beam that is moved over a
surface to expose a resist instead of light directed through a mask as in
photolithography. Because the focused electron beam is very small and can be
precisely controlled, very high resolution is possible with this technique.
Unfortunately, because the small beam must be steered to every area on the surface
where the resist is to be removed (positive resist) or remain (negative resist)
sequentially, this technique is only suitable for exposing small areas of a surface.
Exposing an entire wafer using this technique would be very difficult, expensive and
time consuming. This technique was only used for the fabrication of metallic NEMS
in chapter 7 in order to define device structures with dimensions less than 1um.
More information regarding this technique can be found in Electron-beam
technology in microelectronic fabrication by Brewer[121].

2.2.3  Liftoff

The liftoff technique for patterning deposited thin films is extremely simple and
versatile. It involves masking a substrate with photoresist prior to the thin film
deposition in all the areas where the thin film deposition is not wanted. Once the
photoresist is patterned (Figure 2.4a) the wafer is inserted into a thin film deposition
instrument (typically sputtering/evaporation) and the thin film is deposited onto the
entire wafer coating both the masked and exposed areas of the substrate (Figure
2.4b). The photoresist typically has to be thicker than the deposited film to achieve
reliable lift off of the film. The wafer is then submerged in a bath that dissolves the
photoresist and this physically detaches or “lifts off” the film from the photoresist
masked areas. Often ultrasonic agitation can be used to help improve the removal
of the photoresist which takes with it the deposited film. After liftoff the thin
deposited film remains attached to the substrate in all of the areas that were not
coated with photoresist (Figure 2.4c). Often some remnants of the sidewall are left
behind resulting in a characteristic rough edge on features patterned with this
technique[122, 123]. During deposition of the thin film onto the profiled substrate,
often shadowing occurs where the thin film deposition flux is interrupted by surface
topography. Figure 2.4d shows a typical shadowing effect that would be expected
at the edge of a thick photoresist. This shadowing effect can result in the deposited
film being quite thin in concave corners and this significantly aids in the lift off
process providing a weak spot in the deposited film where it can cleanly break off.
Often a two layer photoresist is used in liftoff which provides an overhang that can
cause a gap between the deposited film on the substrate and on the photoresist. In
this case lift off works quite well and the rough lift off edge can be avoided[120].
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Figure 2.4: The lift off procedure showing a) deposition and patterning of the photoresist and b) deposition of
a thin material to be patterned by lift off. c) The remaining film after the photoresist is removed. d) A higher
maghnification of the deposited film profile that results from shadowing during deposition. This shadowing
assists in the lift off process.

Lift off removes the need for developing chemical etches for patterning thin films
using lithography. Often finding a selective etch that will cleanly remove a thin film
is quite difficult or impossible especially when working with corrosion resistant alloy
materials. Excellent resources for finding selective etches for pure metals are
available, but a good resource for etches of alloy thin films is not readily available.
Lift off provides a good solution to this problem. One significant disadvantage to
using lift off with a photoresist is that it is often not possible to deposit the thin film
onto a heated substrate, as heating the substrate would cause the photoresist to
degas and decompose inside of the high vacuum thin film deposition system. This
limits lift off techniques to room temperature depositions. It is possible to work
around this limitation by using a two-step process of patterning a metal that can be
selectively removed and then using this metal as the liftoff layer. This process was
used to pattern niobium oxide films deposited at 700°C with a chromium liftoff
mask[124].

2.2.4 Photo-electroforming

Electroforming is a process of fabricating patterned bulk materials through
electroplating into or onto a mold which is later removed to release the deposited
structures. A number of different molds can be used and in photo electroforming a
photoresist material is used as a mold to pattern the deposited material.
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An advantage of electroplating is that material is only deposited on surfaces that are
electrically connected to the working electrode; one can deposit material quite
precisely through masking. Areas covered with photoresist will not receive any
deposition flux because the photoresist is an electrical insulator and cannot provide
the electrons required to reduce the metal salts in solution. Further, by using a thick
photoresist, the electroplated material will remain confined to the photoresist mold
as it grows out from the substrate. Figure 2.5a, shows the concept of photo-
electroforming into a photoresist mold and Figure 2.5b shows an image of a nickel
device produced using this process. If the photoresist is covered with an electrically
conducting seed layer, the electroplated material will uniformly grow out from the
surface of the photoresist as well as the substrate leading to a plated structure as
shown in Figure 2.5c and d. This sidewall structure can sometimes be useful as it
allows for out of plane structural support structures to be created. Each of these
two methods of electroforming were used in this work with both insulating
photoresist used to shape the structures and metalized photoresist used to provide
conformal growth around the photoresist. The implementation of
photoelectroforming used in this work is similar to that used by Lee and Jiang in that
a thick KMPR photoresist was used as the electroforming mask and a nickel
sulfamate bath was used for depositing thick nickel layers[125].
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Figure 2.5: a) Schematic of photo electroforming showing nickel only electroplating in the exposed areas of
substrate. b) SEM micrograph of a released beam structure formed by electroforming. c) Diagram of
photoresist and substrate covered with a thin metal seed layer and subsequent electroplating on the seed
layer. d) SEM micrograph showing structure of device formed using this technique (photomask used was the
same as in b).

2.3 Characterization
2.3.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) involves scanning a highly focused electron
beam across the sample rapidly while a detector observes the emission of secondary
or backscattered electrons. Each location on the sample that the electron beam
scans over will have corresponding amplitude of detected electrons and an image
can be reconstructed by a computer. This technique can provide high resolution
images of the surface topography of samples. The S-4800 microscope used in this
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work can provide images with a resolution of ~10nm while the S-3000 microscope
in this work is limited to a much lower resolution. An interesting history of the
development of the SEM can be found in an article by McMullan [126] and a more
careful outline of the technique can be found in Physical Principles of Electron
Microscopy: An Introduction to TEM, SEM, and AEM by Egerton[127].

2.3.2 Energy-dispersive X-ray Spectroscopy

In Energy-Dispersive x-ray Spectroscopy (EDS), a high energy electron beam is
focused onto a sample and some of the electrons in the sample are excited into
higher orbitals or ejected from the atoms. When a higher energy electron falls into
the space made available by the excited electron a characteristic energy x-ray is
released. By analyzing the energy spectrum of released x-rays from the sample
when it is being bombarded with the electron beam elements can be identified by
their characteristic x-ray emission. The relative emission rates for different energy
x-rays can be used to quantify the concentration of different elements in the sample.
This technique is excellent for both identifying and quantifying the concentrations
of elements heavier than Be in an alloy. Although it is possible to detect B, C, N, O,
and F in a sample the quantification of these elements is difficult with EDS as the
energy of x-ray emission energy from these elements is low and these peaks often
overlap making deconvolution difficult. When used in conjunction with an SEM a
compositional map can be made of the surface of a material with a spatial resolution
of approximately 1um. More information regarding EDS can be found in the
Handbook of X-Ray Spectrometry by Grieken and Markowicz[128].

2.3.3 Optical Profilometry

This technique uses interference between a beam of light reflected from a sample
and a reference beam as the sample is moved vertically. The interference pattern is
recorded with a camera as the sample is moved and a computer algorithm is used
to generate a 3D map of the surface with sub 1 nm vertical resolution. The viewing
range of the Zygo optical profilometer used in this work is over 10mm with a
resolution of 10um which allows for surface reconstruction of a significant area of a
surface allowing for characterization over a wider area than is possible with atomic
force microscopy, stylus profilomety, or cross sectional microscopy. More
information regarding this technique can be found in a reference by Osten[129].

2.3.4 X-Ray Diffraction

X-ray diffractometry (XRD) uses a collimated single wavelength x-ray source to
irradiate a sample. The x-rays interacting with the sample are diffracted by the
sample atom’s electrons. If these atoms are arranged with long range order the
diffracted x-rays can be described by Bragg’s law. By rotating an x-ray detector
around the sample an intensity reading can be generated for each angle 26 between
the source and the detector producing a diffraction pattern that can be used to
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identify the crystal structure and lattice spacing of the sample. Information
regarding the crystalline grain size and local lattice strain can also be derived from
an x-ray diffraction pattern by analyzing the shape and position of the diffraction
peaks. XRD works quite well for analyzing films thicker than 50nm and uniquely
identifying phases present in a sample but does not have a high spatial resolution
and is not useful for composition mapping. Further information regarding XRD and
analysis of diffraction patterns can be found in Thin Film Analysis by X-Ray Scattering
by Birkholz[130].
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3 Fabrication 1: Microfabrication on a High Pressure
Feedthrough

3.1 Fabrication of a High Pressure Feedthrough

Hermetically sealed feedthroughs are used in multiple commercial applications
where a seal is required between different atmospheres in an electrical system.
They are found in sensors, valves, detonators and explosive actuators, aircraft,
missile and spacecraft instrumentation, and gyroscopes[131]. The feedthrough
used in this work is designed for “Ultra Harsh Environments” including temperatures
from -65°C to 427°C and differential pressures up to 69MPa (10,000psi)[132]. HCC
Ametek provides a traditional high pressure feedthrough part number X222012-6-
CC40-3 that is shown in Figure 3.1b. Below is a quick summary of knowledge
regarding the fabrication of this feedthrough obtained through two visits to the
facility where these feedthroughs are manufactured. This part consists of an outer
housing made of Inconel X-750 and a single body of “Durock” glass surrounding six
1mm diameter pins that travel from one end to the other of the feedthrough. The
“Durock” glass has the approximate composition in mol % of: 84.3% SiO,, 7.2% B,0s3,
3.6% Al;03, 2.2% Na0, 1.4% K0, and 1.4% CaO (Determined with XPS). This high
pressure feedthrough is made by placing the pins, glass and feedthrough body into
a graphite jig composed of three parts shown in Figure 3.1a. A base with alignment
holes for the body and pins, a sheath to hold everything concentrically and a cap
with a weight that is designed to fall a specified compression distance. Five glass frit
preforms (shaped like coins with six 1mm holes in them) are dropped into the
assembly around the pins and inside of the full body. These glass frit preforms are
prepared by physically pressing together a finely ground mixed glass powder with
an organic binder in a shaped metal die. Once pressed, the disks are fired at a
temperature that causes the binder to burn off and leaving a lightly sintered glass
preform. These glass preform disks are kept under pressure from the weighted cap
during the firing. The firing process is done in a production belt furnace with a
temperature of 980°C and a belt speed of 5cm per minute. The ends of the furnace
are open to atmosphere but the chamber is kept under a slight positive pressure of
nitrogen bubbled through water called “wet gas”. The hot zone is approximately six
feet long and provides a hot time of approximately 30 minutes. Surprisingly the
cooling section is not much longer than the hot zone resulting in a rapid quench to
room temperature in less than an hour. The thermal expansion coefficient of the
glass is less than that of the Inconel body and pins and upon cooling this results in a
large compressive force on the glass filler. This force holds the feedthrough together
and prevents the pins from pushing out when a large differential pressure is applied
across the feedthough.

The firing procedure causes all of the exposed Inconel surfaces in the feedthrough
to oxidize leaving a non-uniform pale green color surface finish. This surface is
cleaned by an acid dip and subsequently a thin gold coating is applied to the pins by
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electrodeposition. Each of the pins is wrapped with a fine copper wire and
connected to an electrode rack. This assembly is dropped into a plating bath and a
thin coating is uniformly applied to the pins everywhere except for the areas covered
by the wrap wire. The finished product provided by HCC Ametek is shown in Figure

3.1b.
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Figure 3.1: a) Fixture used for firing of a high pressure feedthrough. b) photograph of a HCC Ametek high
pressure feedthrough before cutting.

3.2 Cutting of a High Pressure Feedthrough

Cutting a high pressure feedthrough was significantly more challenging than
expected at first. The high pressure feedthrough is composed of two intimately
mated dissimilar materials. A ductile and high strength material: Inconel X-750, and
a brittle and hard material: “Durock” glass. These two materials would ideally be
cut by two different saws a high speed diamond/nickel saw for the glass and a
SiC/binder composite wheel for the Inconel. To tackle this problem, four techniques
were trialed and optimized for cutting of the high pressure feedthough to provide
the required surface for microfabrication. The first was a large industrial lapping
machine that belt fed jig mounted feedthroughs into a high speed tapered grinding
wheel shown in Figure 3.2.
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Figure 3.2: A diagram of the belt fed grinding station used by HCC Ametek to try to provide a smooth surface
on a high pressure feedthrough.

The next two techniques involved a precision high speed saw (Struers Secotom-10
Figure 3.3b) with a “soft” SiC wheel and with a “hard” diamond saw. The “soft”
technique was first recommended by Struers and the “hard” technique was tried
after the first failed. The final technique used a slow speed gravity fed diamond
wheel saw (South Bay Technology Model-650 Figure 3.3a).

Figure 3.3: a) Gravity fed South Bay Technology Saw. b) High speed precision saw by Struers.

The slow speed gravity fed saw provided the best surface finish of the four
techniques used. This surface was almost free from any surface cracking and
provided a surface finish that allowed for immediate polishing with 800grit sand
paper. Figure 3.4 shows optical micrographs of the feedthrough surface after cutting
with the last three techniques. Clear cracking is visible around the pinsin b and c
where the Struers Secotom saw was used. The belt fed lapping machine caused
severe cracking and damage after leveling the surface of the feedthrough and is not
shown as this was attempted at HCC Ametek and was unsuccessful.
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Figure 3.4: a HCC high pressure feedthrough a) cut with a gravity feed slow speed diamond saw. b) cut with a
high speed automatic feed diamond saw and c) cut with a high speed SiC wheel.

3.3 Feedthrough Polishing

Subsequent polishing was done with a simple polishing wheel (Allied High Tech
MetPrep 3). It was found that grinding with SiC paper with a lower grit than 800
resulted in cracking of the glass on the high pressure feedthrough. This was
potentially caused by lateral forces exerted on the feedthrough pins by the polishing
wheel causing vibration of the pins in the glass body of the feedthrough. If only 800
grit and above SiC paper are used at a rotational rate of 40rpm, no additional cracks
are introduced into the feedthrough surface during polishing. Using 800-1000-
1200-2400-4000 papers in sequence, results in a smooth surface only containing
fine polishing marks and the intrinsic bubble defects on the surface. The resulting
surface is shown in Figure 3.5.
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Figure 3.5: a) High pressure feedthrough after being cut with a diamond saw at 3000RPM b) after being
polished with 600 grit sand paper for 1 minute c) after being polished to 2400 grit SiC paper

Microfabricated devices on this cut and polished feedthrough surface can be
produced using a lift off and sputtering technique with good yield if the device
feature sizes are kept larger than 50um. Images of a fabricated beam structure on
the high pressure feedthrough are shown in Figure 3.6.
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Figure 3.6: Pictures of a HCC all glass high pressure feedthrough that has been cut with a diamond saw and
polished with 4000 grit SiC sandpaper. Notice the large bubbles located at the pins, cracking around the pins
and spherical defects on the surface in (b) and (c). The cross section shown in blue is shown Figure 3.12.

At this point a proof of concept for fabricating electrodes and conductive structures
directly onto a high pressure feedthrough was established and further work was
undertaken to test and optimize the surface for microfabrication processes.

Figure 3.7 shows several SEM images from the surface of a typical cross sectioned
feedthrough. The surface is covered with small craters ranging in size from 1um to
500um with the majority of the bubbles being less than 50um and only a few large
craters forming between the pins and the inconel body (Figure 3.7c) These craters
occur during cross sectioning of the feedthrough as a result of cutting bubbles in the
high pressure feedthrough in half. The glass is filled with many small air pockets as
a property of the high pressure feedthrough. According to an engineer at HCC
Ametek, the bubbles could act as crack termination points in the glass and are
important for the structural integrity of the glass. Discussions with HCC Ametek
regarding reduction of the number of bubbles did not yield much success; they
modified their process to reduce the number of larger bubbles (~*500um size) by
placing additional weight and compression distance in their firing jig design. They
suggested using an enamel or glass to fill the defects. The defects shown in Figure
3.7a) and b) allow for large feature size microfabrication on this surface and
generally devices with feature sizes larger than 50um in size have good yield on this
substrate.
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Figure 3.7: SEM images of various feedthroughs, showing the size and extent to which the defects are present
across the surface. a) and b) Low magnification images of the glass surface between two metallic pins. c) A
large pit next to one of the pins. d) A large ~ 400 um diameter pit.

Some of the feedthroughs showed substantially more defects when cross sectioned
and had a surface similar to that shown in Figure 3.8. In these cases several large
bubbles were present that were significantly larger than 100um in size. This
feedthrough would not allow for successful microfabrication of devices as the larger
bubbles would interfere with the lithography and thin film deposition processes. In
cases where the surface has this appearance, re-cutting the feedthrough at a slightly
lower depth reveals a surface with fewer bubbles. This suggests that these large
bubble regions are spatially confined to a thin layer in the feedthrough. It is
expected that this would correlate to a region between two of the pressed glass frits
used in fabrication of the feedthrough as shown in Figure 3.8 where more trapped
air, as expected at the interface between two frits, is shown in a cross section. This
effect at the interface between frits suggests that control over pore configuration in
the pre melted frits can have a significant effect on the post melt bubble structure.
It would be interesting to further study the effect of frit pressing and firing
procedure on bubble structure in the finished feedthrough but this work is difficult
to undertake without access to frit pressing equipment or the glass frit precursor
material at the supplier. Because of this lack of access work was conducted on a
post fabrication surface improvement process.
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Figure 3.8: SEM images of a feedthrough cut at the interface between two glass frits with higher than normal
defect density. a) A cluster of ~50 um pits present on the feedthrough surface. b) Low magnification image
showing large defects. c) 100 um defects between two metallic pins. d) Numerous defects, ranging in size
from 20 um to ~1000 pm.

In order to better quantify the surface defect distribution of these feedthroughs a
thresholding process was conducted in Gwyddion software to highlight the bubble
areas in a low magnification SEM image of the surface. The SEM image used is
shown in Figure 3.93, the extracted defects from this image are shown in Figure 3.9b.
From this mask, the defect distribution on the surface can be seen to mainly consist
of bubbles less than 20um in radius as shown in Figure 3.9c. There are a small but
significant number of defects between 20um and 60um in radius.
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Figure 3.9: a) Scanning electron micrograph of a typical feedthrough surface. b) Filtered image showing dark
spots the same size as the defects. c) Size distribution of the filtered image defects showing a high number of
smaller defects but a significant number of defects in the 40-60um range.

Surface profilometry was also conducted to confirm the shape and depth of the
surface defects using a Zygo Optical profilometer. Results from a feedthrough with
a large number of defects are shown in Figure 3.10.
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Figure 3.10: Height profiles of various defects present on the surface of cut feedthroughs. a) A cluster of
100um sized defects. b) Dense cluster of smaller sized defects. c) Two smaller defects present on the
feedthrough surface. d) Shallow defects, all under 60 um in depth.

It can be seen that the defects have a hemispherical shape and the depth of the
defects correlates with the expected depth profiles of various cross sections of
spheres. Some defects are shallow corresponding with a cross section near the
bottom of a sphere (Figure 3.11b) and other defects are quite deep with sharp drop
offs in height corresponding to a cross section near the top of a sphere (Figure
3.11a). These two types of cross sections can also be seen in the SEM images where
defects correlating to a cross section near the top of a sphere appear dark due to
the structure obstructing secondary electron emission from the bottom of the
sphere and shallow defects correlating to a cross section near the bottom of a
sphere appear lighter.

a)

Figure 3.11: Representation of two different bubble cross sections. a) Cross section at the top of a bubble
showing sharp transition from surface to defect. b) Cross section at the bottom of a bubble showing a much
more gentle transition from the flat surface to the defect.
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3.4 Glass Surface Modification

In order to improve the surface finish of the resulting high pressure feedthrough
platform, a process commonly used in multilayer semiconductor manufacturing
called planarization was used. It involves depositing a thicker than needed dielectric
layer and then back polishing this layer to the required thickness using a precision
polishing step. A schematic of this process to fill in the bubble defects on the cut
high pressure feedthrough is shown in Figure 3.12. First, the feedthrough is cut and
polished to a fine surface finish. Second, a thick layer of electrically insulating filler
is spread onto the surface filling the surface accessible defects. Finally, the
feedthrough is polished back to leave a surface with most of the defects completely
filled. In the figure one bubble is shown almost touching the surface, this bubble
would be exposed if the surface was polished back slightly more than level. It is
important when polishing back not to remove too much material as this will expose
additional bubbles close to the surface and create additional surface defects.

a)

e e
b)
c)

ST

Figure 3.12: Diagram of defect correction process (schematic from the region marked in blue on Figure 3.6).
a) Shows the as cut and polished surface with fine and large cracks and bubbles on the surface, b) shows the
surface after a spin on coating and firing of a glass layer and c) shows the surface after a back polish to reveal
the feedthrough pins.

Several different electrically insulating materials were tried to find a solution that
could provide surface quality improvements while maintaining surface robustness
in temperature cycling. The surface modification should strongly adhere to the glass
surface and must not crack, spall or delaminate when cycled between -40°C and
200°C. The surface coating should be electrically insulating, and should flow into all
of the different defect sizes on the surface of the glass.

By repairing these surface defects, yield can be improved in fabrication of electrode
devices on the feedthroughs and smaller feature sizes can be patterned on the
surface. The majority of the small defects could be repaired with a relatively thin
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dielectric layer deposition like spin on glass 100-500nm thick or sputtered or
evaporated glass 100nm-5um thick. The larger defects would require a significantly
thicker layer (~100um thick) in order to fill the entire voids (50-100um sized defects).
Spin on or dip coatings are ideal because they have the potential to preferentially
deposit in low lying areas and traps on the surface. The second most attractive
option is CVD coating that deposits on all surfaces at approximately the same rate
providing isotropic film growth[133]. Physical Vapor Deposition (PVD) coatings like
sputtering are least attractive because they deposit a lower amount in shadowed
pits on the surface than they do on high lying surfaces. An excellent review of the
different deposition techniques that can be used for depositing electrically
insulating dielectric films for semiconductor applications can be found in a
publication by Amick et al[134].

Spin coating is a common technique for surface planarization because it is simple,
can be done at a low temperature, and is effective[135]. Spin coat leveling involves
pouring a curable liquid over a spinning substrate to deposit a uniform film over the
surface, waiting for a leveling process based on capillary-driven flow and then curing
the liquid[136, 137]. Both polymers and spin on glasses have been used to
significantly improve the surface finish of microfabricated devices for optical
applications[135], and semiconductor planarization[138]. Dip coating has also been
used to fill porosity and surface damage with acetate functionalized alumina
nanoparticles[139]. Yasseen et al. used a technique very similar to that used in this
work for polysilicon surface micromachining involving spin coating of a low melting
point glass frit onto a surface followed by melting and back polishing[140]. This
technique was used again by Hollar et al. for filling of 50um deep trenches in a silicon
based micro robot fabrication process with good success. Hollar et al. noticed that
the molten glass contained small bubbles that could be minimized by heating for a
longer time and cycling the pressure of the furnace from 2 Torr to 760 Torr[141].

In this work several materials were tested for effectiveness in filling these surface
defects on the high pressure feedthroughs: Fox-25 flowable oxide, Aremco magnesia
filled low melting temperature glass with silicone binder, a low melting temperature
lead oxide based glass from Gunther, and a low melting temperature glass based on
bismuth oxide and zinc oxide from Aremco. Each of these materials was tested and
the results from their use as a planarizing dielectric will be briefly outlined below.

3.4.1 Fox-25Flowable Spin on Glass

Fox25 flowable oxide available from Dow Corning is a liquid solution of 22.5%
hydrogen silsesquioxane (HSQ) in a carrier solvent of volatile methyl siloxane. This
liquid has a thin consistency and can easily be spin coated onto a substrate. The spin
on glass has an expected thermal expansion coefficient that is quite large
(20ppm/°C) and is therefore expected to shrink more during cooling than the
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surrounding glass and the Inconel parts after firing. This thermal expansion
mismatch can lead to cracking in the HSQ coating layer if it is over a certain thickness.
Spin on glass is used for coatings thinner than 1um as a result of this cracking
tendency.

The procedure for curing in a HSQ film is as follows. First at temperatures below
250°C the carrier solvent is evaporated and the HSQ material is left uniformly
distributed on the surface. Second at temperatures from 250°C to 350°C there is a
process of cage-network redistribution in the HSQ layer. At temperatures from
350°C to 435°C Si-H bonds are broken resulting in hydrogen leaving the film and
leaving behind SiO; and Si. At temperatures above 435°C the cage structure of the
HSQ starts to collapse resulting in a higher density deposited film[142, 143]. This
process is outlined in Figure 3.13.

1. T=25°C-250°C

Solvent loss
2. T= 2500C_ 3500C [2HS]O3/2 - HZSiOZ/Z + 8104/2
Cage-network redistribution H,Si0,,, + HSiO3/,
— Si04/, + H3Si04 )/,
3. T=350°C-435°C H 3Si0,/, + HSi03,, = Si0,/, + SiH,

Si-H thermal dissociation and network
redistribution 3 4HSiO3/2 - 35104/2 + SiH4

4, T>435°C
Collapse of the cage structure

Figure 3.13: Four possible stages of HSQ curing. Note the temperature ranges for each stage, and the
associated chemical reactions[142].

The deposition of the HSQ was done with the following procedure: First the
feedthrough was cleaned with a five minute sonication in acetone followed by a five
minute sonication in isopropyl alcohol and finally rinsed with MiliQ water.
Immediately after drying, the feedthrough was placed into a spin coater and a thick
pool of Fox-25 was pipetted onto the surface (~100uL/cm?). The feedthrough was
spun for 15 seconds at 500rpm and then for 15 seconds at 1000rpm. After spin
coating the feedthrough was placed into an oven set to 170°C for 30 minutes and
then transferred to an oven at 350°C for 30 minutes. The feedthrough was allowed
to slowly cool to room temperature after the two baking steps. The resulting coating
was smooth and free from cracks when observed under an optical microscope.
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Coatings that were deposited at slower spin speeds resulted in a thicker edge bead
on the feedthrough that resulted in a thick HSQ layer that subsequently cracked
during the curing procedure. Using the fast second step spin removed most of this
edge bead and resulted in uniform and thin coatings without any cracking. Some of
this cracking observed when thick HSQ layers were deposited on the feedthrough
are shown in Figure 3.14.

Figure 3.14: Thick coatings of Fox-25 deposited onto a high pressure feedthrough after curing process of 170°C
for 30min and 350°C for 30minutes.

The thin coatings noticeably changed the appearance of the pits but did not
completely fill the pits. Any thicker coatings that were tried resulted in a
dramatically cracked surface that did not appear to be an improvement over the
original surface. A figure of some devices prepared after a thin spin on glass coating
are shown in Figure 3.15a and b and the dramatic cracking observed when using a
thick layer of spin on glass is shown in Figure 3.15c.
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Figure 3.15: a,b) Optical micrograph of chromium devices fabricated on a high pressure feedthrough coated
with a thin layer of cured spin on glass. No cracking is evident, but feedthroughs still have very clear large
defects on the surface. c) Image of devices fabricated on a feedthrough with thicker spin on glass showing
significant cracking.

Spin on glass was not used further for surface modification as it was concluded that
it was only suitable for filling defects smaller than 1um in size (using SEM and optical
microscopy) and could not help much with planarizing the larger defects on the
feedthrough surfaces for this work.

3.4.2 Aremco Silicone Magnesia Low Melting Point Glass

This coating is made up of a mixture of silicone, low melting point glass, and a
magnesia filler to adjust the thermal expansion coefficient to better work as a
corrosion coating for stainless steels and inconel materials (¥13x10°K1). The
silicone base allows the coating to be applied easily and gives a paint-like texture to
the coating that can be brushed onto a surface and dry to a sticky film that adheres
strongly to this surface. The suggested maximum processing temperature of this
coating is within the limit of the high pressure feedthrough and the consistency and
adhesion of the suspension allow for easy application via spin coating. This coating
was applied at various thicknesses by varying the spin speed used when applying
the liquid coating. The feedthroughs were first thoroughly cleaned using an
ultrasonic bath of acetone, IPA and MiliQ water in sequence. The coating was then
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applied using a spin coater with a two-step process, first a slower spreading step at
500-750rpm and then a faster spreading and drying step at 750-3000rpm. After spin
coating the feedthroughs had a uniform coating of the glass material that seemed
to form quite well to the feedthrough topography as seen in Figure 3.16.

L

Figure 3.16: Photograph of feedthroughs coated with Aremco Silicone Magnesia Low Melting Point Glass
before firing.

These coated feedthroughs were then air dried for 15minutes and then baked at
three steps of 100°C for 30 minutes, 260°C for 15 minutes, and finally 450°C for 30
minutes.

The speeds 750rpm-750rpm and 500rpm-3000rpm were selected as two example
coatings that worked well and had significantly different thicknesses; the 750rpm
final spin speed was many times thicker than the 3000rpm final spin speed coating.
Each of these coatings were then back polished using P-4000 grit sand paper until
the feedthrough pins and body were exposed and finally devices were patterned
onto the surface using a lift off process and sputtering. Optical images of these
devices are shown in Figure 3.17. Figure 3.17 a and b show images of the device
with the thinner coating of glass and Figure 3.17 ¢ and d show images of the
feedthrough with the thicker coating of glass. In both cases a large number of the
larger defects appeared to be partially filled in with material. The filled in pits still
appear to have a significant roughness. This roughness was caused by the MgO filler
material in the glass that was used to adjust the thermal expansion properties of the
mixture. The MgO filler does not melt at the maximum processing temperature of
450°C and remains as a rough powder in the molten glass when firing. When cooled
this powder remains in the glass and leads to a higher surface roughness after
polishing in the filled in defects. A significant number of the defects, especially the
smaller defects do not get completely filled in after this process, but a large number
of the ~100um scale defects do get filled in according to SEM observations.

49



Figure 3.17: Optical micrographs of feedthroughs with chromium devices fabricated on them after surface
treatment with Aremco silicone magnesia low melting point glass. Image d) shows three large defects mostly
filled with glass and the rough texture of glass in the defect area.

3.4.3 Aremco LMP Glass

This glass was obtained after discussions with Aremco regarding the roughness
observed inside of the filled defects. They then provided us with the same
composition coatings but without the MgO filler material. They also provided a third
coating that did not have the silicone binder material.

The composition of this glass material is shown in Table 3.1.

Table 3.1: Composition of Aremco low melting point glass as determined by XPS.

Glass constituent Mol %
Bi.Os3 36
Zn0O 57
Cao 3
NaO 4

The firing process recommended by Aremco involves a three step bake of 100°C for
30 minutes, 260°C for 30 minutes, and 538°C for 10 minutes followed by a slow cool
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to room temperature. The maximum cure temperature of 538°C recommended by
Aremco for melting the glass is significantly higher than the recommended
operating range for the high pressure feedthrough substrate (427°C). Because of
this temperature difference a set of three different maximum firing temperatures
were explored of 450°C, 475°C, and 500°C. Three samples were prepared on glass
slides and fired with the recommended firing times and temperatures except
replacing the final temperature step with the three lower values. These samples are
shown in Figure 3.18. All of the samples showed obvious signs of melting and
adhered well to the glass slide surface after firing. The appearance of the glass
changes significantly between the 450°C and 475°C firing temperature, becoming
significantly smoother, denser and a second phase approximately 5um in size
becomes visible in the higher resolution micrographs of the 475°C sample that is
also present in the 500°C sample. The sample melted at 450°C did not have any
defects in it larger than 10um in size and this temperature was determined to be
acceptable for filling in the feedthrough defects.

b)

Figure 3.18: Low magnification SEM micrographs of Aremco low melting point glass melted on a glass slide at
450°C a), 475°C c) and 500°C e), and higher magnification images of the same in b), d), and f).
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Initially thick coatings of the low melting point glass were applied to the feedthrough
surface in an attempt to fill all of the defects in one processing step. These thick
coatings all resulted in dramatic damage to the surface of the high pressure
feedthrough involving “chip-out” of large flakes of glass and large cracks. This
damage was initially thought to be caused by the high temperature of the firing
being slightly above the operating temperature of the feedthrough but it was later
found that uncoated feedthroughs did not crack at all when taken through the same
temperature cycle. Diffusion between the thick glass coating and the feedthrough
coating could cause expansion or contraction of the feedthrough glass leading to
cracking. It was not evident from observation of the cracked class weather or not
the cracking was due to expansion or contraction of the feedthrough glass caused
by diffusion.

After this discovery, only thin coatings of the low melting point glass were used for
coating the feedthroughs. Figure 3.19 shows a feedthrough that was severely
damaged by a thick coating of the glass and subsequent attempts to fix the damage
using thin coatings of the low melting point glass. It demonstrates that the low
melting point glass works quite well at filling large surface defects on the
feedthrough surface filling in a millimeter dimensioned chip-out with two coatings.
After the first coating (Figure 3.19a,c) a significant portion of the large defects are
filled in. After the second coating (Figure 3.19b,d) the feedthrough is quite smooth
and mostly repaired. Highlighted in Figure 3.19b is an inset that shows 10um cracks
and a 100um sized pit completely filled in with low melting point glass. Thin coatings
of this low melting point glass work well at filling in defects larger than 50um in size.
After two to three coat and fire steps, large surface defects can be completely
repaired.

52



Figure 3.19: Very large defects successfully filled with low melting point glass after 1 coating in a) and c) and
after two coatings in b) and d). Inset of b) shows a 100um size feature perfectly filled with glass.

A final example of this process doing an excellent job of filling in large surface defect
regions can be seen in Figure 3.20 where a poor surface quality feedthrough that
was cut in a region between two glass frits has been mostly repaired by a low
melting point glass surface treatment. Low magnification SEM shown in Figure 3.20
suggests that more than half of the defects between the size of 50um and 500um
have been successfully filled.

Figure 3.20: Low maghnification scanning electron micrograph overview of a high pressure feedthough with a
large number of defects mostly corrected with a surface treatment with low melting point glass.
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3.4.4 Lead Borate Solder Glass

Some feedthroughs were sent to a laboratory in Germany (Sensor Engineering)
where a lead borate solder glass was melted onto the high pressure feedthrough
surface. When the glass was melted on the surface of the feedthrough a rough
vacuum was applied to the glass to help with the removal of bubbles in the glass.
After cooling the feedthroughs were shipped back and then polished back to a
smooth surface finish. A very thick layer of solder glass was applied (~500um) and
no damage was caused to the feedthrough as was seen with the thick layers of
Aremco bismuth zinc oxide based glass. After polishing, the feedthrough surface
appeared as shown in Figure 3.21b with many of the defects being nicely filled in
but with the larger defects still having some small bubbles present inside of them.
This treatment successfully reduced 25um-100um sized defects to 5um size defects
and filled well over half of the surface topography.

Figure 3.21: a) Cut and polished feedthrough b) PbO based glass melted then polished back c) Spin on glass
coated and polished back d) Aremco coating covered and polished back.

3.4.5 Glass Coating Summary

The tested materials are briefly summarized in Table 3.2. Fox-25 spin on glass was
found to do a good job of filling very small defects but could not be used to fill in
larger defects because of its cracking tendancy at larger thicknesses. The Aremco
low melting point glass with MgO filler worked well but left a rough texture inside
of the defects that it filled due to the non-melting filler material MgO. To improve
the texture of the filled in defects a second low melting point glass without the MgO
filler was used and was found to do an excellent job of filling in defects in the size
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range of 20um to 100um and even showed some ability to fill in 1mm sized defects
on the surface of the feedthrough. Also tested was a lead borate solder glass that
showed good filling of defects but still contained some small pits in larger defects
that it filled. Both the Lead Borate and bismuth zinc oxide based low melting point
glass show promise for filling larger defects on the surface of the feedthrough. A
good material for filling in smaller defects less than 20um in size still needs to be
found. Summary images of the different tested materials are shown in Figure 3.21
and Figure 3.22 where the spin on glass, lead borate, and MgO filled coatings are
compared at two different magnifications.
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Table 3.2: Summary of tested planarization materials.

Surface modification Processing Temperature Result

Fox-25 spin on glass 250°C-435°C Thick = cracking
Thin = can’t fill large
defects

Aremco MgO coating 450°C Too coarse

PbO based low temp <500°C Good coverage  still

glass bubbles in large defect
sites

Aremco Bi;03 ZnO 450°C-538°C Good at filling defects
ranging from 20um to
100um in size

Figure 3.22: a) Cut and polished feedthrough b) PbO based glass melted then polished back c) Spin on glass
coated and polished back d) Aremco coating with MgO filler covered and polished back.
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3.5 Sensor Device Material Selection

In active service the sensors developed for this project will be exposed to pressures
up to 69MPa, temperatures up to 180°C, erosion from sand, and corrosive
environments containing CO,, H;S, and salt water. Temperature stability was used
as a first test to qualify the material that the sensors would be fabricated from.

In order to test the temperature stability of the devices, temperature cycling over
the range of 20°C to 200°C was used. Creating devices that can survive more than
one temperature cycle without failing or drifting was a significant unexpected
challenge in this project. The different thermal expansion properties of the multiple
components on the sensor surface cause stress in the metal film when the device
temperature is changed. This stress can lead to device failure by delamination from
the feedthrough, cracking and breaking of the micromachined devices. Sputtered
chromium devices, while having excellent corrosion resistance, fail consistently
when cycled in temperature from 20°C to 200°C. Over-plating was explored as a
solution to these device failures as it is a technique that can easily deposit thicker
metal layers and it is not affected by shadowing which creates thin sections in films
deposited by sputter deposition.

3.5.1 Feedthrough device over-plating

Both chromium and nickel were investigated for electroplating of the sensor devices
in order to improve the robustness of the structures on the surface. Because of
shadowing during sputtering, the deposition thickness in cracks and defects is
expected to be thinner than that on the majority of the surface. By electroplating
after forming devices using a sputtering and lift off technique, a thicker structure
can be built-up in these thin regions and a more robust metallic structure formed.

3.5.2 Electroplating Chromium

Chromium was tried first as an electroplating material as it is commonly
electroplated and known to be corrosion resistant in downhole applications.
Devices were first fabricated on the feedthrough surface from 300nm of sputtered
chromium. These devices were then submerged in a custom electroplating cell and
plated with the following conditions taken from Modern Electroplating[114].

Solution: 100mL H;0, 25g CrOs, 130ul of HS04
Temperature: 50°C

Stir speed: 200RPM

Current: -20mA

Anode: Pure Nickel

Cathode-Anode Spacing: 5mm
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After plating for 100seconds the surface texture of the device was significantly
different (Figure 3.23c) and a deposit is clearly formed on the chromium device.
Significant sections of the device peeled from the substrate and the previously
electrically continuous beam became open circuit. The second beam was plated for
10minutes to apply a significantly thicker chromium coating onto the device. In this
case a significant portion of the device was completely removed from the surface of
the feedthrough and only portions of the chromium coating were still visible with
SEM. Chromium electroplating consistently resulted in delamination of the sputter
coated devices from the surface of the feethrough. This is believed to be caused by
high thin film stress in the electrodeposited films causing delamination of the
underlying sputter deposited film of chromium.

S/

300nm Cr underlayer before plating

After 100sec Cr electroplate ;
test currents up to 20mA

Figure 3.23: Results from first chromium electroplating test. a) The feedthrough after two of the beams were
electroplated b) the appearance of the Cr under layer before deposition c) the appearance of the device after
100 seconds of electroplating at 20mA d) after extended electroplating for 10 min at 20mA, the surface stress
resulted in the bulk of the chromium flaking off of the surface.

3.5.3 Electroplating Nickel

Nickel was tried second as an electroplating material because it is known that nickel
electroplated from a sulfamate bath has extremely low thin film stress and can be
plated to significant thickness without cracking or delaminating. First, a seed of
300nm of chromium is deposited as an electroplating seed layer. Second, the
electroplating is conducted using a bath composition described in table 2.1 and a
current density of 0.4mA/mm?. The resulting devices were very nicely coated and
no additional delamination or breaking of the sputter deposited films was observed.
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Figure 3.24 shows two images of a beams plated for 10minutes (a) and 20minutes(b)
respectively. Pitting was observed in the deposits as can be seen in the figures, but
the devices were functionally improved showing more consistent resistances from
device to device, and better temperature cycling behavior. Adjusting of the
concentration of added anti-pitter to the plating solution was found to dramatically
reduce the number of pits in the plated devices.

Figure 3.24: a) Optical micrograph of a beam electroplated with nickel for 10 minutes at 2mA b) SEM of a beam
electroplated with nickel for 20 minutes at 2mA

By electroplating 5-10um of nickel onto the feedthroughs we could prevent
temperature cycling failures and stop the cracking and breaking of beam structure
sensors. The nickel coated beams did not fail after 5 temperature cycles to 200°C
and they had a monotonic and linear resistance vs temperature behavior.
Unfortunately they also had a continuous positive drift in resistance when exposed
to temperatures above 150°C. The room temperature resistance of a 100um wide
beam started at 80 Q and drifted to 800 Q after multiple temperature cycles.

3.6 Diffusion Barrier Coatings

3.6.1.1 Chromium Oxide Coating

The problem of resistance drift was solved by coating the devices with a 1.2 um thick
chrome oxide layer. This layer prevented the oxidation of the beam structure
sensors and resulted in a stable temperature sensor device that could be cycled
several times to 180°C without any significant drift. The combination of a chromium
device with thick nickel over-plating capped with a chromium oxide layer was stable
over the temperature range of interest and did not fail after multiple temperature
cycles. Chromium oxide is well known to be corrosion resistant in oil well
applications. Inconel, which is frequently used in down hole sensor applications,
naturally forms a chromium oxide passivation layer that provides excellent corrosion
resistance. Because of the prevalence of Inconel already used in down hole
applications it is expected that a chrome oxide protective layer on the micro sensor
provides sufficient protection in the oil well environment.

The chromium oxide coating acts as a barrier layer and slows diffusion of oxygen to
the nickel surface preventing further oxidation. The chromium oxide layer is also
chemically stable and quite hard thus providing protection to the sensor from
corrosion and erosion. The current process flow is outlined in Figure 3.25. Yield for
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this process is quite good with a production run resulting in 14/15 sensor elements
working on a batch of five feedthroughs.

1. Feedthough is precision cut and carefully polished to
a 1um finish

2. Alayer of AZ4620 photoresist is spun onto the
surface and cured

3. The photoresist is exposed and developed

A seed layer of chromium metal is deposited ontop
of the photoresist

5. Removal of the photoresist results in a “lift-off”
patterning of the sensor devices

6. Nickel is electroplated by electrical connection to
the sensor devices using the pins of the feedthrough

7. Athick layer of chromium oxide is deposited on the
entire surface of the sensor to prevent oxidation and
protect from corrosion and abrasion

L L

Figure 3.25: Fabrication procedure for anchored devices on a high pressure feedthrough. b) finished
feedthrough device with two comb structures and one beam structure. c) finished device with three beam
structures.

Figure 3.26 shows the temperature cycling data for three beam structures fabricated
with 300nm of chromium as a base layer with 1um of nickel electroplated on the
surface of the chromium. These beams were then sputter coated with 1.2 um of
chromium oxide. The oxide coating prevented the beams from further oxidation
and resulted in very little drift in the measurements with temperature cycling. This
is a demonstration that the coated sensors physically work, have good performance
as a temperature sensor with a significant linear increase in resistance with
temperature, and can provide repeatable, stable measurements even after being
exposed to a high temperature environment.
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Figure 3.26: Resistance vs. Temperature calibration graph for a feedthrough with three beam structures.
Furnace was heated and cooled three times with resistance and temperature measurements recorded during
cycling.

It was possible to damage the chromium oxide coatings with gentle scraping and by
tape tests. As a result other coatings were tried after proving that the diffusion
barrier of chromium oxide prevented resistance drift of the metal devices. It is
possible that further optimization of deposition parameters could improve adhesion
characteristics of this film and improve its durability.

3.6.1.2 Parylene Coating

Parylene, the generic name for poly-para-xylenes, is a conformal and chemically
resistant polymer coating. It is deposited via vapor deposition polymerization and
forms linear, highly-crystalline polymers. There are various types of Parylene; C, N,
D, SF, HT and AF-4 (SF, HT, and AF-4 being names of the same polymer). The

chemical structure of these monomers is shown below in Figure 3.27.
b)

a)
cl
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Figure 3.27: Monomers of the four types of Parylene: a) Parylene N. b) Parylene C. c) Parylene D. d) AF -4,
SF, HT[144]
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Parylene N is a completely linear and highly crystalline material[144]. Crystallinity
can range from 60% to 80% depending on deposition pressure and can be raised
further to 100% with post annealing[145]. The Parylene C monomer is identical to
that of Parylene N, except for the mono-chloro substitution. Parylene D has a di-
chloro substitution, which enables it to withstand slightly higher operating
temperatures when compared to the C and N variants. Parylene AF-4 has the a —
hydrogen replaced with fluorine; this version of Parylene is used in high temperature
applications. It is interesting to note that Parylene AF-4 is a Teflon
(polytetrafluoroethylene) analogue; both have the same aliphatic chemistry, the
repeat unit — CF,—. The high temperature stability of Parylene AF-4 is due in part to
the C—F bonds in the repeat units of the polymer.

A specially designed system is used to deposit Parylene. The dimer precursor is
loaded into the system, which is held under vacuum. The dimer is then vaporized
and the resulting gas is passed through a furnace. The dimer is cleaved at high
temperatures (600 — 700°C) to form the reactive Parylene monomers. The reactive
gaseous monomer is then passed into the deposition chamber, where
polymerization occurs. The deposition chamber and the sample to be coated are
held at room temperature. The reactive monomer disperses and polymerizes
spontaneously once it comes into contact with the room temperature surfaces.

The Parylene polymer deposition takes place on the molecular level and there is
little stress in the deposited film. Due to the monomers being in a gas phase prior
to deposition, no surface tension effects exist during deposition and there are no
risks of stiction. A dense and conformal polymer film is deposited on the sample.
The final thickness of the Parylene coating is determined by the initial amount of
precursor loaded into the system and coatings can range in thickness from 10nm to
30um.

To determine if a Parylene coating would work for our application, a ~30 um thick
coating of Parylene C was deposited on a number of feedthroughs with functioning
comb capacitors and beam structures. Some of the general properties and
specifications of Parylene C are listed below in Table 3.3.

Parylene C — Properties

Value ASTM Method
General
Density [g/cm] 1.289 D1505
Electrical
Dielectric strength (voltage breakdown) [volts/mil] 5,600 D149
Dielectric constant D150
60 Hz 3.15
1 kHz 3.10
1 MHz 2.95
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Volume resistivity (@ 23°C, 50% RH) [Q] 8.8x10® D257
Surface resistivity (@ 23°C, 50% RH) [Q] 1x10% D257
Mechanical

Tensile modulus [GPa] 3.2 D882
Tensile strength [MPa] 70 D882
Yield strength [MPa] 5.5 D882
Elongation to break [%] 200 D882
Thermal

Melting point [°C] 290

Glass transition [°C] 80-100

Linear coefficient of expansion [10°/°C] 3.5 D696
Thermal conductivity (@ 25°C) [Wm™K1] 0.082 C177

Table 3.3: Specifications and general properties of Parylene C[146].

Prior to deposition, an adhesion promotion step was carried out. The adhesion
promoter is a mixture of IPA, deionized water (DI) and A-174 Silane; the ratios being
100:100:1, respectively. The three chemicals were added to a beaker and stirred for
30 sec. After mixing, the solution is left to sit for 2 hrs to fully react prior to
immersing the samples. The samples are submerged for 30 mins, air dried for 30
mins, rinsed with IPA and then dried with N».

Parylene is resistant to many chemicals and is insoluble in most common organic
solvents up to 150°C[147], which makes it an ideal candidate for coating our sensor
devices. Parylene Cis known to be stable in 10% HCI, 10% H,S04, 10% HNOs, 10%
HF, 10% NaOH, 10% NH4OH, H,0,, n-Octane, toluene, monochlorobenzene,
pyridine, 2-propanol (IPA) and acetone for 2 hour exposure times. The chemical
resistance of our 30 um Parylene C coating was confirmed by exposing small samples
of the polymer to various solvents for 24 hrs. Acetone, IPA, tap water, crude oil and
37% HCl were all tested. Weight gain/loss after exposure was measured; the results
are shown below in Table 3.4. There was little change in the weight of the samples
after treatments and the samples appeared identical before and after testing.

Solvent Mass [mg]

Before After
Acetone 2.35 2.40
IPA 2.16 2.16
Tap water 2.44 2.40
Crude oil 3.40 3.36
37% HCI 2.80 2.80

Table 3.4: Change in mass of Parylene C samples after exposure to various solvents for 24 hrs.

SEM images of the surface of the Parylene samples after exposure to various
solutions are shown below in Figure 3.28, along with an image of an as-deposited
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sample. The surface of the coating is very smooth and no change is evident after
the solution treatments.

Acetone

Date 13 Aug 2012
Time :14:57:40

Crude Qil

Signal A = SE Date 13 Aug 2012
Photo No. = 3403 Time :14:52:02

Tap Water

Signal A » SE1
Photo No. = 3405

Date :13 Aug 2012 Date :13 Aug 2012
Time :15:00:27 Time :15:0329

37%HCI Untreated

Signl A= SE1 Date :13 Aug 2012 2 Oate 13 Aug 2012
Photo No. = 3407 Time 1150708 Time :15:10.04

Figure 3.28: Chemical stability of Parylene C at room temperature in various solvents. Time of exposure was
~60 hours. All samples were dried, coated with a thin layer of gold and imaged.

Parylene C was tested in our lab and found to be an excellent and stable barrier
coating. In the final implementation of the sensors it is expected that the higher
temperature variant (Parylene HT) would be used. In discussions with the supplier
Specialty Coating Systems it was found that they had significant experience
providing coating services for down hole equipment and sensor elements exposed
to the wellbore environment. They do not sell the equipment for depositing
Parylene HT but do offer a coating service for a fee.
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3.7 Final Implementation

A summary of several tested material combinations for fabrication of a thermal
sensing device is provided in Table 3.5 with the last entry being the solution that was
decided on for the final implementation.

Table 3.5: Summary of sensor device material combinations.

Device material selection Result summary

300nm Beams are electrically connected but have a non-

Cr monotonic resistance vs temperature graph
Thermal cycling to 200°C results in breaking of
beams and an open circuit condition.

500nm Cr Poor yield immediately after liftoff (open circuit
beams)

lum Cr Poor yield immediately after liftoff (open circuit
beams)

300nm Cr with All beams went open circuit and failed. Images

Chromium showed that stress in the deposited film led to

delamination from the substrate.

electroplating

300nm Cr with Nickel All beams seemed to work and resistance varied
electroplating from 0.3Q to 80Q depending on plating time.
Thermal cycling to 200°C resulted in an upwards
drift in the beam resistance making them
unsuitable for temperature sensors.

300nm Cr with nickel Five feedthroughs were manufactured using this
electroplate and Cr,03 material stack. Yield was good with 14/15 devices
protective coating functioning.

Thermal cycling showed nice temperature vs
resistance results with 1% drift observed after 6
cycles to 180°C. Electrical isolation of beams
from surroundings improved dramatically.
Adhesion of the first Cr,03 coatings is not ideal
and can be removed from the Inconel
feedthrough surface with Tape/Scratching.

50nm Cr 250nm Cu with 1um Nine feedthroughs were manufactured using this
nickel electroplate and Parylene material stack and the resulting device yield was
protective coating 100% with 27/27 devices functioning perfectly.
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Electrical isolation of the comb capacitance
structures worked perfectly allowing for
repeatable and reliable capacitance
measurements. Adhesion of the Parylene coating
was excellent and the resulting coating was very
durable resisting scratching/wiping/tape tests
and assorted hot solvents.

The final design of the feedthroughs uses an Aremco bismuth zinc oxide LMP glass
coating after cross sectioning to improve the surface finish of the feedthrough. After
this coating lift off is used to pattern a sputter deposited seed layer consisting of
50nm chromium followed by 250nm copper. These seed devices are then plated
with 1um of nickel from a nickel sulfamate bath. This feedthrough is then electrically
tested, pretreated, and coated with a parylene coating. Figure 3.29 shows a
completed sensor element attached to the circuit board that contains the
capacitance to digital measuring circuit. Figure 3.29a shows how the sensor
element would be integrated into an oil well logging instrument with the sensor
being pressed into an o-ring sealed seat and the electronics section protected by an
Inconel housing. Figure 3.29b shows the two level circuit board adapter developed
to integrate the feedthrough sensors with an Analog Devices AD7746 capacitance to
digital converter. Once interfaced measurements of the capacitance of the
microfabricated comb structures in different fluids could be conducted. And Figure
3.29c shows the sensor feedthrough soldered to the sensing circuit board in the final
implementation of this sensor package.
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Circuit Boards attachto
end of sensor pins
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sealed using an O-ring
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Attached circuit boards Sensor connection - AD7746 Capacitance

ready to be mounted to | circuit board. This measurement circuit
feedthrough connectsbehind the  board
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Figure 3.29: Implementation of the high pressure feedthrough in a down hole oil well tool. A) The integration
of the feedthrough sensor in an inconel housing that surrounds the sensor circuit boards. b) Images of the
fabricated circuit boards for interfacing an AD7746 capacitance to digital converter to the sensors. c)
Photograph of the finished sensor device soldered to the measuring circuit board.

3.8 Conclusion

Four different methods for cross sectioning high pressure feedthroughs were tested
and compared. A method of cutting using a low speed gravity fed saw was found to
cause the least amount of damage to the Inconel pin glass interface. Several
coatings were tested and compared for planarization effectiveness including: Fox
spin on glass, lead borate glass, and Aremco bismuth zinc oxide glass with and
without a MgO filler. Spin on glass was found to work for filling very small defects
on the surface of the feedthrough and all three of the other glasses were able to fill
in defects larger than 20um in size with the bismuth zinc oxide LMP glass working
the best. Sputtered chromium devices were found to not be stable during
temperature cycling due to delamination from the substrate. Reliability during
temperature cycling was considerably improved by using an electroplated nickel
coating on the devices patterned with lift off and sputtering. The stability of the
electrical resistance of the structures was dramatically improved with an oxygen
diffusion barrier of either chromium oxide or parylene. Both of these coatings are
expected to be corrosion resistant in the downhole environment. The finished
materials system, implemented as an electrode platform for microfabrication onto

67



a high pressure feedthrough, enables a variety of sensor structures to be fabricated
for use in the down hole oil well environment.
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4 Fabrication 2: Phase Change Release Fabrication for Free
Standing MEMS

The idea for fabricating cm scale released devices came from an electroplating
experiment where very thick nickel plating was being tested on silicon wafers. One
of the plated structures delaminated from the substrate and is pictured in Figure
4.1. This free standing nickel structure was surprisingly rugged and could be
handled, moved and washed while freestanding without breaking. The entire
structure was rigid and could be held from any edge without deforming or bending.
This demonstration of the ruggedness of the nickel plated structure enabled the
possibility of fabricating onto pins and creating an integrated freestanding sensor.

Figure 4.1: Free standing devices removed from silicon wafer using scotch tape. Devices were rigid and did
not bend much when removed from the tape. This indicated that the devices could work well if fully released
on pins.

4.1.1 Concept for free standing devices using a thick sacrificial layer

The proposed fabrication process for centimeter scale release of MEMS structures
is shown in Figure 4.2. This process depends on finding a sacrificial material that can
be used as a scaffolding support for the fabrication of microstructures onto a pin
array. After the microstructures are fabricated the sacrificial material must be
removable with high selectivity so that the microstrucutres are not damaged. The
finding of a suitable sacrificial material will be outlined below.
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Figure 4.2: Process flow for fabrication of fully released devices. a) shows the starting high pressure
feedthrough device b) shows filling of the space between the pins with a sacrificial material c) shows what the
device looks like after being cut and polished d) After photolithographic patterning of devices. e) After removal
of the sacrificial layer.

4.1.2 Physical requirements for a sacrificial layer material

Several properties are required to make a sacrificial layer that can be used as
described in Figure 4.2. These properties are outlined in this section.

The sacrificial layer material has to be a liquid (melted or uncured epoxy, melted
metal) that solidifies around the pins of the feedthrough. This material must cure
to be hard enough to allow for cutting and polishing. Adhesion to the pins during
curing is important, as separation between the sacrificial material and pins would
make fabrication impossible. If the material is brittle, vibrations during polishing will
break the sacrificial layer in the areas surrounding the pins as shown in Figure 4.3.
If the material is too soft it will wear away faster than the pins when polishing
resulting in a surface thatis not even as seen in the second part of Figure 4.3. Potting
materials used for metallography prep meet both of these requirements and are
designed to withstand cutting and polishing steps while strongly adhering to the
sample embedded within them.
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Figure 4.3: Problems that can occur during the cutting and polishing step if material properties are not ideal
for the sacrificial layer.

The material must also be free from bubbles or voids that will limit the resolution of
photolithography on the surface. Bubbles that cure in the body of the sacrificial
material will be cross sectioned and revealed during the cutting and polishing steps.
They result in a surface that is pockmarked with semispherical crater like defects.
These defects limit the resolution of successful photolithography that can be done
on the surface. If there are 10um sized craters in the surface then 50um resolution
lithography should still work, but it would be difficult to get a good yield of 10um
resolution devices on such a surface.

The material must be thermally stable up to 100°C as this is the baking temperature
for most photoresists that are used to pattern the devices. The material must be
chemically stable in acetone and IPA as the photoresist carrier solvent might attack
the surface of the material and this would result in a failure during photolithography.
Perfectly selective removal of the material after the devices are patterned must be
possible. To meet these requirements several materials were tried as described
below.

In conclusion the material must start as a liquid that can be poured into the pins of
the feedthrough, it must then solidify into a mass that is stable enough to allow for
cutting, polishing, lithography and metal deposition, and finally the material must
be easily removed after processing leaving behind the microfabricated devices.

4.2 Material Selection
4.2.1 Material 1: Sample Mount Epoxy

Allied High Tech EpoxySet sample mount epoxy was used first because it meets all
of the requirements for a sacrificial layer. It can be poured into the pins of the
feedthrough and it cures to 89 Shore D hardness, which is excellent for polishing. It
does not shrink when curing and adheres well to all surfaces of the feedthrough
pins.
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The epoxy was first mixed for five minutes in a 10:1 ratio of resin to hardener. This
mixture was placed in a wide and shallow container and heated slightly to 40°C to
aid in removal of bubbles from the mixture. This mixture was then carefully poured
while still warm into a cup mold surrounding the pins of the feedthrough, trying not
to introduce any bubbles. The feedthrough was then cycled twice to a rough
vacuum and back to atmospheric pressure using a vacuum desiccator connected to
a dry vacuum pump. This cycling helped to reduce the number of bubbles that cured
in the epoxy. Interestingly, if the epoxy is cured under a constant vacuum it will foam
and have significant porosity throughout. After curing for 12 hours the mold can be
removed and the epoxy remains as a block encasing the pins of the feedthrough.
This assembly is then mounted in a gravity-fed, slow-speed diamond saw and slowly
cut over an hour. The resulting flat cross sectioned epoxy is interrupted by the now
exposed pins of the feedthrough. This surface is then polished using silicon carbide
sandpaper over the sequence of 1500, 2000, and 4000 grits. The feedthrough is
then mounted into our thin film deposition magnetron sputtering machine where a
100nm layer of chromium is deposited over the epoxy encased pins and the
prepared, polished surface. Photolithography is then done to pattern a 50um thick
KMPR photoresist on this surface aligning the micro devices with the still visible pins
on the prepared surface. This feedthrough is then placed into an electroplating bath
and a 30um thick nickel plating is coated into the exposed areas in the photo resist
making up the micro beams. At this point the feedthrough looked as it does in Figure
4.4,

Figure 4.4: Feedthrough with sample mount epoxy sacrificial layer at process step before electroplating and
after photolithography.

The feedthrough was then placed in epoxy dissolver provided by Allied High Tech.
The removal of the epoxy started off looking like it would be successful, with the
thin chromium coating flaking off and leaving behind the thicker nickel MEMS
(Figure 4.5a). However, after approximately 10 minutes the epoxy was visibly
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swelled as seen in Figure 4.5b and after 15 minutes the nickel devices are physically
pressed off of the surface as seen in Figure 4.5c.

Nickel Electroplated MEMS Devices
Sacrificial Layer of Sample Mounting Epoxy

Inconel Pins of Feedthrough

[} R

Main Inconel Body of High Pressure Feedthrough

@

b ' ¢ ey

Figure 4.5: Epoxy remover release issue: a) shows the feedthrough with completed devices electroplated on
the pins that is ready for release b) after the assembly is immersed into epoxy remover the epoxy starts to

swell and this applies pressure on the electroplated devices c) the devices eventually pop off of the pins due
to the swelling epoxy.

Finally the epoxy starts to decrepitate and fall apart but the devices are no longer
attached to the pins of the feedthrough. This failure mode was found to be quite
reproducible and at this point the sample mount epoxy was abandoned as a
sacrificial support material for released MEMS Structures.

4.2.2 Material 2: Crystal Bond

Crystal Bond Adhesive from Pelco was tested as it is known to dissolve in acetone
without any noticeable swelling and it technically does not melt until 120°C. The
crystal bond was melted on a hot plate and the bubbles removed. It was then
poured into the molds around the feedthrough pins in a similar fashion to the
sample mount epoxy as shown in Figure 4.6.
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Figure 4.6: Feedthrough with crystal bond melted into the space between the pins. The red plastic is a cup to
hold the crystal bond in place as it cools and solidifies.

Upon cooling, it was found that the crystal bond was not hard enough to allow for
effective cross sectioning of the feedthrough with a diamond saw. The crystal bond
smeared instead of cutting leaving a very rough surface. It was also observed that
at temperatures above 50°C the crystal bond is extremely soft and would not remain
stable during lithography baking steps. At this point Crystal Bond was abandoned as
a possible sacrificial layer.

4.2.3 Material 3: Solder

Tin based solder was identified as a possible sacrificial layer after the previous
organic materials did not work. Molten metal casting is used in a large number of
commercial products and is a good technique for rapidly fabricating parts with low
requirements for dimensional precision. Often parts are cast first and then later
machined to shape in areas that require high precision. Working with a molten
metal instead of an epoxy required the use of a mild steel mold instead of the
original plastic mold. The mold used is shown in Figure 4.7a. The feedthroughs are
first pressed into the mold so that the tips of the pins are flush with the surface.
Solder is then melted into the cavity, dripping from a height of 20cm. The added
height results in a denser early distribution of solder around the pins of the
feedthrough. Once the cavity is completely filled the assembly is inserted into a tube
furnace and heated to 275°C under an argon atmosphere. Once at 275°C the
atmosphere is cycled twice between atmospheric pressure and a rough vacuum to
help remove trapped bubbles in the molten solder. The feedthrough is then cooled
to 200°C and removed from the tube furnace while the solder is still molten. The
feedthrough holder is tapped firmly on a surface to level the solder and allowed to
cool quickly in air.

A vice and a die are used to push the feedthroughs out of the holder. The solid
solder locks the feedthroughs into place and significant force is required to remove
the feedthroughs from the mold. An image of the feedthrough with solder filling one
end is shown in Figure 4.7b.
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Figure 4.7: a) Mild steel mold used to hold feedthroughs in place for molten solder to be poured over the pins.
b) Feedthrough with a block of solid tin surrounding the pins with microfabricated devices on top.

The feedthrough, now with solidified solder filling one side, is sectioned through the
solder surrounded pins using a gravity fed slow speed diamond saw, as shown in
Figure 4.8.

- WAL

Figure 4.8: Cutting step of preparing the feedthrough in a gravity fed slow speed diamond saw

The cutting takes approximately one hour with the saw speed set to 6 and no
counter weight. The remaining surface is quite smooth and requires only brief
polishing using 2000 and 4000 grit silicon carbide paper before starting the
lithography process. Photolithography is then done to pattern a 50pum thick KMPR
photoresist on this surface aligning the micro devices with the still visible pins on
the prepared surface. Next, the sides of the solder and feedthrough are masked off
for the electroplating process using a thin layer of two-part epoxy. This feedthrough
is then placed into an electroplating bath and a 30um thick nickel plating is coated
into the exposed areas in the photo resist making up the micro beams. At this point,
the feedthrough looks similar to Figure 4.7b. The feedthrough is then placed into a
bath of heated PG remover to remove the two part epoxy and the photo resist,
giving the feedthrough (pictured in Figure 4.9a) with thick nickel devices on top of
solder surrounded Inconel high pressure feedthrough pins. An SEM image of the
electroplated nickel devices on top of the prepared solder surface is shown in Figure
4.9.

75



a
Nickel devices

Tin support

Figure 4.9: SEM images of the nickel electroplated structures on top of the prepared solder surface showing
a) a top down view of the devices and b) a higher magnification at a high angle showing the thickness of the
electroplated nickel.

The next step in the procedure is the removal of the sacrificial solder layer. This is
done by submersing the feedthrough in a crucible of molten solder and letting it sit
for 20minutes to thermally equilibrate. Liquid solder has a high surface tension that
makes it difficult to completely remove from the feedthrough since it clings inside
of the space between the pins. This problem can be partially addressed by rapidly
accelerating the feedthrough after removal from the liquid solder crucible. This
physically removes most of the liquid solder leaving only a thin film of the solder
remaining on the surface of the devices as seen in Figure 4.10a-b. At this point, the
solder does not wet the nickel devices, but instead covers them with obvious air-
gaps between the tin coating the nickel devices. In the bottom right of Figure 4.10b
one of the nickel device pin contacts is not covered with tin after the phase change
release. From the higher magnification image in Figure 4.10c one can see that there
is a gap between the tin and the nickel and that the surface texture of the
electroplated nickel, including electroplating pitting defects, is still intact. The tin
did not wet the nickel surface making it quite easy to remove. Figure 4.10d and e
show the EDX maps of tin and nickel for the enlarged area shown in c. Itis clear that
the tin only coats the bottom and the beam structure in the image and that the
nickel pad contains very little residual tin.
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Figure 4.10: a) Photo of feedthrough after the majority of the solder has been removed. b) Top down SEM
image of the devices coated with a thin layer of solder. c) Magnified section of b showing a section that is
partially free from tin. d) EDAX map of tin in for the magnified area e) EDAX map of nickel for the magnified
area.

The remaining thin tin coating is removed in the final step. Initially a chemical etch
recipe that was reported (Haruta et al. [148]) to be highly selective for tin over nickel
was tried. A 100mL solution was prepared with 10g Sodium M-
nitrobenzenesulfonate, 10g glycolic acid, 1g sodium chloride, 40mL HNO3 and water.
The etch rapidly removed the tin coating in approximately 2 minutes, but
immediately after the tin was removed from the beam structures, the nickel devices
themselves were attacked. After 150 seconds, most of the nickel structures were
removed and the devices appeared as pictured in Figure 4.11.
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Figure 4.11: SEM Images of a nickel device fabricated onto a high pressure feedthrough after a failed etching
attempt to remove the remaining tin coating the devices.

An exciting aspect of the images shown in Figure 4.11a,c,d is that after this etch
there were partially dissolved beams that were still attached to the ends of the pins.
These structures, although severely etched, were free standing and released. They
resemble singly clamped “diving board” like cantilevers. The beam shown in Figure
4.11c is over 300um long, 50um wide and less than 20um thick. It is not curved or
curled as is common in released metal MEMS Structures[149]. This is a good
indication that there is not a significant stress gradient throughout the thickness of
the nickel devices. Accomplishing these released, cantilever-like structures was
quite encouraging as it suggested that if the selective etching could be overcome,
significantly high-aspect-ratio single-clamped beam devices could be fabricated.

4.2.4 Selective Electrochemical Etching of Tin

Sodium hydroxide was chosen as a potential candidate for selective etching of tin.
Pure nickel tubing and containers are suggested for industrial applications involving
sodium hydroxide. This was an early indicator that this etchant would work well as
a possible selective etch. Ideally no nickel would be dissolved at all over the whole
sacrificial layer removal step. Looking at the Pourbaix diagrams for nickel and tin
shown in Figure 4.12, an area can be identified where tin corrodes freely while nickel
passivates or is immune. This region is between 13 and 14pH over the potential
range from -0.9V to 1.2V and is highlighted in green on the nickel diagram and red
on the tin diagram. In acidic environments Nickel corrodes freely within the stability
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region of water. This suggests that acidic etches might not be the best candidates
for selectively removing tin.

Ey (V)

Figure 4.12: Pourbaix diagrams for nickel (a) and tin (b) in water[150].

Sodium hydroxide is known to attack tin at a rate of 0.24mm/year when the
concentration is as low as 0.25%[151]. Choosing sodium hydroxide as the etchant,
initial tests were conducted to check the etch rate of nickel and tin in concentrated
solution. It was found that nickel showed no mass loss in an overnight test and tin
was extremely slowly attacked. As etchingin NaOH was too slow, anodic biasing was
explored as a way to speed up the etching rate. This has already been shown to
allow for rapid dissolution of tin in a NaOH environment to form
nanostructures[152]. In Figure 4.13 the Cyclic Voltammetry (CV) and Linear Sweep
Voltammetry (LSV) results of a pure tin electrode in 4M NaOH shows that tin rapidly
dissolves in the potential region around -1.4V vs. Mercury Sulfate Electrode (MSE).
In Figure 4.13b two peaks labeled E and H correspond with the formation of Sn(ll)
and Sn(IV) species, respectively. This plot shows that if you hold a tin electrode at a
potential of -1.4V vs. MSE there will be a significant current related to the dissolution
of tin.
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Figure 4.13: CV at 100mV/s and linear sweep voltammetry at 2mV/s for the Sn electrode in 4M NaOH.
Potential is shown vs. MSE and the electrode is 2mm in diameter[152].

Yang et al. showed that when the potential is held at -1.44Volts vs MSE the current
is high, but also oscillates between 9 and 0.5mA. These oscillations are due to the
alternating formation and then dissolution of passive tin oxides and are shown in
Figure 4.14.
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Figure 4.14: Shows the current response with time as the electrode is held at -1.44V vs. MSE for 2000 seconds
in 4M NaOH solution. The transient behavior in a shorter time scale is shown as an inset. The electrode is
2mm in diameter[152].

While the current density seen in Yang et al.s work reaches 0.29A/cm? (8mA with a
2mm diameter electrode at -1.44V vs. MSE) for the corrosion of tin in 4M sodium
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hydroxide, nickel under similar conditions (2.5M and 1M sodium hydroxide) shows
less than 1mA/cm? and 0.1mA/cm? current respectively at this potential[153, 154].
Figure 4.15 shows the baseline work of Krastajic et al. who conducted CV of a pure
nickel electrode in 1M NaOH. It can be clearly seen that there is very little current
in the voltage range between -1.3V and 0V vs SCE; in this region nickel is quite stable
in NaOH and undergoes little or no reaction. At above Ov vs SCE a clear peak for the
oxidation of the surface of nickel is visible at point cin Figure 4.15 and the reduction
of this oxide at ¢’. Peak a is ascribed to the formation of a-Ni(OH), and peak a’ results
from the reduction of this hydroxide back to metallic Ni[153].
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Figure 4.15: CV recorded at a sweep rate of 10mV/s in 1M NaOH at 25°C for a nickel mesh electrode[153].

In the region below -1V vs SCE hydrogen evolution starts to happen and this is
accompanied by hydrogen absorption into the metallic nickel[153]. When cycling
nickel devices in this potential range, hydrogen bubbles would form on the surface
at -0.7V vs. SCE when doing an anodic sweep starting at -1.1V vs. SCE (-0.7V vs. SCE
is well above the expected hydrogen evolution potential). This would be due to
desorbing of absorbed hydrogen in the nickel. As a result of this effect Linear Sweep
Voltammetry (LSV) results for nickel start at only slightly below the open circuit
potential to limit hydrogen absorption into the nickel and the subsequent desorbing.
Results of LSV in 2M NaOH are shown in Figure 4.16a-c. Current remains quite small
for a nickel electrode scanning from the open circuit voltage (-0.8V vs Ag/AgCl) to
0.2V in 2M NaOH (Figure 4.16a). At 0.2V the current starts to increase rapidly as a
result of the oxidation of the nickel surface. In contrast to this low current for nickel,
tin shows an extremely high current in the region between -1.1V and -0.5V vs.
Ag/AgCl. The two distinct peaks seen at -0.9V and -0.65V can be ascribed to
formation of Sn(ll) and Sn(IV) species, respectively[152]. The two graphs are
overlaid in Figure 4.16c showing the dramatic difference in corrosion currents for
these two materials in 2M NaOH. These results show that 2M NaOH and an
electrode potential of -0.7V vs Ag/AgCl will result in excellent selectivity for etching
tin and not nickel. These conditions were used for the selective removal of the
remaining tin on the high pressure feedthroughs, after the melting release, shown
in Figure 4.10a.
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Figure 4.16: Linear Sweep Voltammetry conducted in 2M NaOH all potentials reported vs Ag/AgCl reference
electrode. A) shows a sweep from -0.8V to 0.2V for pure nickel. B) shows a sweep from -1.2V to -0.2V for tin
based solder. C) Shows a and b plotted on the same scale showing the dramatically lower currents seen for
nickel. Highlighted in all is the selected voltage region for selective electrochemical etching. D) The current
drop during a long term electrochemical etch of tin based solder covered nickel devices.

A long term selective electrochemical etch was conducted on the high pressure
feedthrough that contained nickel MEMS devices surrounded with a thin layer of tin
based solder shown in Figure 4.10. The current over time recorded during this etch
at -0.7V vs Ag/AgCl is shown in Figure 4.16d. This etch was completed after 20,000
seconds or approximately 5.5hours. At this point the high pressure feedthrough
appeared as shown in Figure 4.17. Figure 4.17a and b show low magnification
images of the high pressure feedthough in SEM. It can be seen that the all three
beams are fully released and only coated with a thin discontinuous and rough layer
of tin with some copper. EDX analysis in Figure 4.17c,d,e shows that some areas are
completely free of Tin and other areas still have some tin coverage. A separate
copper map shown in green in Figure 4.17c confirms that some of the Cu in the
solder is left behind in a porous and rough coating. Ultrasonic agitation conducted
after these images were taken removed a significant amount of the rough tin coating
seen in these images.
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Figure 4.17: a) high angle SEM of feedthrough after 5.5hour etch b) top down view of same feedthrough c)
combined EDX map of partially covered pin red is Ni, blue is Sn, green is Cu. d) EDX map for Ni e) EDX map for
Sn

The second processed device was electrochemically etched for 24 hours in 2M NaOH
at -0.7V vs Ag/AgCl and then ultrasonically cleaned immediately after removal from
the etchant. This second device is pictured in Figure 4.18 and it is apparent that
most of the tin coating is removed and the devices are completely clean.

Figure 4.18: Photograph of a feedthrough etched overnight at -0.7V vs. Ag/AgCl in 2M NaOH until the current
reached zero.
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4.2.5 Material 4: Indium

Another candidate for a phase change release is Indium. It has not yet been tested,
but seems to be a good candidate for a release material. Indium possesses the
correct electrochemical properties for selective dissolution and melts at a low
temperature of 156°C. Indium is amphoteric, dissolves in alkaline and acidic
environments, and has a Pourbaix diagram similar to Tin but with a smaller potential
range for the passive region[150]. Indium passivates in alkaline media such as NaOH
and KOH and does not dissolve as rapidly as tin[155, 156]. However, in HCIO4 Indium
dissolves rapidly via a one electron process and Nickel is not dissolved at this same
potential[157, 158]. Further testing could be conducted in order to characterize
Indium as a possible sacrificial layer.

4.2.6 Material 5: Pressed Pure Tin

During the etch of the solder, as shown in Figure 4.17, it was found that the trace
elements led to an imperfect etch, and so pure tin was tested as a replacement for
solder. The first technique tested involved filling the feedthrough pins with loose
powder and heating under hydrogen to 400°C. This process did not work as the tin
remained in powder form and did not form a continuous liquid phase. It is possible
but not proven that the tin oxide around the powder tin particles prevented
agglomeration during heating even under a pure hydrogen environment. While
working with the tin powder, it was found that by pressing the powder at 35MPa
using a pellet press it was possible to turn the dull gray powdered tin into shiny
dense tin pellets. This process was then extrapolated for production on
feedthroughs by attempting to directly press the powdered tin into a solid substrate
on the feedthrough pins. Using the hydraulic press to compress the tin powder, a
dense solid tin puck was formed around the pins of the feedthrough that could be
cut and polished and would work for the fabrication steps. Unfortunately the
melting behaviour of this puck was unpredictable when immersed in a molten tin
bath. Often a portion of the puck would not melt completely and turn to a solid
dark tin oxide containing mass that could not be melted and easily removed. This
technique holds promise as it does not require a high temperature melting step for
forming the tin sacrificial scaffolding for microfabrication. This process could be
used to fabricate MEMS devices on plastic connector structures or pin arrays directly
mounted on a circuit board if coupled with a purely electrochemical release step.
Increasing the pressing pressure could potentially improve the tin melting behaviour
but this was not further explored.

4.2.7 Material 6: Melt Cast Pure Tin

The final procedure that was decided on was to return to the use of molten tin being
poured into the mold, similar to the solder method, but using pure molten tin,
instead of “dirty” solder. This pure tin was created by melting pellets pressed from
the pure tin powder (~100um particle size), as the tin powder did not melt without
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pressing due to oxidation. (It was later found that larger quantities of pure tin could
be produced by reducing the tin powder at 800°C under hydrogen.) This pure tin
was made molten by a hotplate at 450°C, and poured onto the feedthroughs in the
mold, which was also heated to approximately 200°C (measured by the
thermocouple in contact with the mold) by the same hotplate. If the feedthroughs
and mold were not heated to 200°C the tin rapidly solidifies during pouring and large
bubbles would be trapped in the pin area. When the mold was kept hot, the tin
remained liquid during the pouring and a dense and bubble free block of tin was
formed around the pins. This process was repeatable and consistent, resulting in a
dense template of solid tin formed around the feedthrough pins.

The substrates prepared in this fashion worked by far the best during the release
step as the tin did not appear to wet the Inconel pins or the nickel plated devices.
This resulted in a very clean melt release step with only a very small quantity of tin
remaining that needed to be electrochemically etched.

The final electrochemical etch worked very well to remove the remaining tin that
was not removed by the melt release. Similar etching conditions were used as for
the solder release layer, but the two substrates displayed significantly different etch
currents. The solder, because there was significantly more remaining on the
feedthrough, displayed higher currents, reaching as high as 400mA while the pure
tin samples only showed etching currents below 40mA. The major difference
between the pure tin and solder etching, was the fact that the current would
oscillate significantly at higher currents for solder Figure 4.16d and not for pure tin.
The complete etching of the remaining solder generally took approximately 24hours
to lower to a current near 5mA and an additional 24 to 48 hours to reach zero. The
etch was often stopped after the first 24hours and sonication was used to remove
any remaining material, since this was believed to be mainly the trace elements and
easily fell off with sonication. This behavior was not observed in the pure tin, where
only small currents of approximately 20mA were observed with relatively stable
curves (no pulsing to high current) and the tin remained shiny throughout the etch.
This etch generally reached a complete (zero current) endpoint in less than a day,
with the pins being extremely clean after etching and not requiring a sonication step
to remove residue.

4.2.8 Adhesion of metal devices to Inconel pins

After fabricating several freestanding Nickel microdevices using the above
procedure it was identified that the weakest point of the fabricated structures was
the interface between the electroplated devices and the inconel pins. Almost every
failure observed involved the nickel devices being physically removed from the
inconel pins and in most cases the thin nickel beam remained intact. Because of this
observation, several methods were explored to help improve the adhesion of the
nickel microfabricated devices to the inconel pins.
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4.2.8.1 HFEtch

The first technique that was attempted to improve the adhesion of the electroplated
devices to the pins was the use of an HF etch prior to electroplating. It was designed
to remove the passive chrome oxide layer that naturally forms on the surface of the
Inconel pins, thus allowing plating directly onto the Inconel. It was performed
directly before the substrate was immersed in the electroplating bath, so as to
minimize the time for the passivation layer to reform. For this process, two different
etch times were tested: a quick 2-3 second dip and a longer (approximately) 10
second soak. It was found that, while both times improved the adhesion, the short
dip was more effective. One problem with this technique was that the inconel pins
are attacked much more slowly than the surrounding Tin. If etching longer than 10
seconds was done, the tin was severely attacked and subsequent nickel plating
results in very rough devices.

4.2.8.2 Nickel Strike

Another technique tried was the use of an Acid-Nickel Chloride strike, prior to
electroplating in the Nickel Sulfamate solution. The choice of this technique was
based on ASTM B558-79: Standard Practice for Preparation of Nickel Alloys for
Electroplating[159], which specifies the standard treatment to use for Inconel 750,
which the pins are made of. The plating solution used in this technique was
comprised of 240g NiCl,-6H,0 and 31ml of 31.45 mass% HCl per 1L of solution. In
this solution, the substrate underwent first an anodic treatment for 2 minutes at
3A/dm? and then a cathodic treatment for 6 minutes at the same current. These
treatments were performed in the same bath at room temperature, with nickel
being used as the counter electrode in both cases. Using these initial trial
parameters, significantly rougher plated layers were observed with even worse
adhesion. In an attempt to remedy the failure, slight variations on the time and
current density of the strike were attempted, but little improvement was seen.
Again the problem with this technique is that the tin material dissolves much faster
and preferentially to the inconel and the anodic treatments result in a rapid
dissolution of tin and little effect to the inconel pins.

Following a similar idea to the nickel strike, an anodic treatment in the standard
nickel sulfamate bath was attempted. Again nickel was used as the counter
electrode, and a short 5 second anodic treatment at 3mA/dm? was performed. This,
like the strike, resulted in worse adhesion and yield than the previous procedure.

4.2.8.3 Sputtered Adhesion Layers

Since many of the techniques involving modification of the pins seemed to fail, a
new approach was used where an adhesion layer was deposited by magnetron
sputter deposition. Two different layers were tried: Ti-Ni and Cr-Cu. For all these
layers, the basic procedure involved a secondary masking of the substrate using
sharpie, followed by deposition, and then removal of the material on the sharpie
mask by wiping in acetone.
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4.2.8.4 Titanium-Nickel

The first layer combination attempted was a 10nm Ti adhesion layer, followed by a
100nm Ni seed layer. This combination was chosen because Ti is a known adhesion
layer for oxide substrates, while the Ni base layer should readily adhere with the
electro-deposited nickel devices. Electroplating was performed very shortly after
the substrates were removed from vacuum, so as to minimize the time for a
passivating oxide layer to form on the nickel; but even still this combination of
metals proved ineffective as an adhesion layer. In fact, some of the layer even fell
off while gently wiping with a g-tip to remove the sharpie mask.

4.2.8.5 RF Back-Sputter

For the next adhesion layers, as well as the sputtered devices (discussed later), a
50W RF back-sputter was performed on the substrate prior to film deposition. The
goal of this additional step was to sputter off any passivation layers or other
contaminants that may negatively affect adhesion. A variety of times were tried,
ranging from 10 minutes to 1 hour, with the best results being found with shorter
times. On the longer times, it was found that excessive sputtering from the
substrate had occurred. Because the tin substrate has a low melting point and is
softer than the Inconel pins, the tin was etched significantly more than the pins and
was much rougher. This led to visible differences in surface roughness, which
resulted in a poor transition, and thus poor adhesion, between the deposited metals
on the pins and the tin. This effect was significantly less at shorter times (15minutes
was found to be the best), and no problems with the transition between the pins
and tin substrate were observed.

4.2.8.6 Chrome-Copper

The other layer combination tested to date was a 50nm Cr adhesion layer, followed
by a 150nm Cu seed layer. This combination was chosen, like the Ti-Ni, because of
the good adhesion of Cr and the ability to easily plate on Cu. This layer successfully
survived removal of the sharpie mask, but failed when the melt release was
performed. After submerging two different feedthroughs, only one beam
successfully survived the release; one other pad did survive the release, but it readily
flaked off when gently brushed. After failure, the deposited copper layer was clearly
still visible on the pins, suggesting that it was the electro-deposited nickel that failed
to adhere to the copper seed layer. This suggests that the choice of a chrome
adhesion layer was successful, but that there is either a problem with the electro-
deposition or a different seed layer is needed. In order to further test the failure of
electro-deposition, devices deposited purely by sputtering were tested, and future
tests are planned to investigate alternative seed layers with a chrome adhesion layer.

4.2.9 Sputtered Devices

4.2.9.1 Copper
In an attempt to completely eliminate the electroplating step from the procedure,
devices deposited solely by magnetron sputtering were attempted. The first devices
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attempted were made using a 50nm Cr adhesion layer, followed by a 2um Cu device
layer. After removal of the photoresist, these devices looked quite good, although
they clearly suffered from some discontinuities between the pin and surrounding
pad due to excessive back-sputtering. When the melt release was performed, the
beams were completely destroyed, but the copper layer was still visible on the end
of the pins. This suggests that beams were destroyed by the melt release, likely due
to accidental contact with either the bottom of the beaker or chunks of tin oxide
that had not melted. This suggested that a better technique for the melt release
may help, but because of the fragility of a 2um beam, and the potential for copper
dissolution in tin (copper was used primarily as a test) these devices were modified
to 5um Copper-Hafnium.

4.2.9.2 Copper80-Hafnium20

After the failure to release the thin copper beams, more robust devices were
attempted. These devices were made from a 50nm Cr adhesion layer, followed by
a 5um CugoHf20 metallic glass layer, and finally a 50nm Cr cap layer to improve
corrosion resistance. CusgoHf2o is known to be an excellent candidate for the
fabrication of freestanding MEMS Structures[96]. The results of our first tests with
this process have yielded only one possible surviving device and multiple surviving
contact pad structures; however, this failure is believed to be due to contact with tin
oxide during the melt release. Future testing is planned with this composition using
a larger, cleaner molten tin bath for the release in hopes that greater success can be
achieved.

4.2.10 Nickel Over-Plate

One experiment was conducted with released beam structures involving a ~10um
thick over-plate that involved electroplating nickel onto the bare released
structures. Figure 4.19 shows the resulting structure with the thin coating of nickel
shown in green conformally coating the entire released structure. The beam
structures were found to be much better attached to the inconel pins in this case.
Unfortunately, the thicker released beam structures had a poor thermal response
due to the released beams being significantly thicker and rougher as a result of the
over-plate. The roughness was potentially due to the devices not being completely
clean of residue as a result of the tin release. A future implementation with, cleaner
beam structures, and a thinner over plate would improve the effectiveness of this
technique. Also possible would be the use of epoxy to mask off the beam part of
the structure and only electroplate on the pin/pad interface shown in Figure 4.19c.
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Figure 4.19: Diagram of the over-plating process. a) The devices after being released and cleaned showing in
light blue the released beam and in purple the inconel pins. b) The same device but coated with a thin nickel
over-plate (green). c) A magnified view showing the nickel over-plate attaching the beam structure to the
Inconel pins.

4.3 Final Implementation

The finalized procedure is outlined in Figure 4.20. First the feedthrough is placed
into a mild steel mold and heated to a temperature of 200°C. Molten tin is then
poured into the top of the mold over the end of the feedthrough and around the
feedthrough pins. The tin should stay liquid when in the mold to ensure that no
bubbles are present in the melt. The feedthrough is then slowly cooled to allow the
tin to solidify.(Figure 4.20b) The feedthrough is then pressed out of the mold using
a die and vice and cut with a high speed diamond saw to reveal a flat surface with
the feedthough pins exposed and surrounded by tin. This surface is then polished
to a P-4000 grade sandpaper.(Figure 4.20c) A thick photoresist is coated and
patterned on the surface aligning the sensor pads to the inconel pins on the surface.
(Figure 4.20d) The sides of the feedthrough are then masked with epoxy(Figure
4.20e), and nickel is electroplated into the photoresist mold. (Figure 4.20f) After
electroplating is complted the photoresist and epoxy are removed in an acetone
ultrasonic bath. This leaves a structure as shown in Figure 4.20g. This is then placed
in a heated beaker filled with liquid tin and the tin support is melted away. The
feedthrough is then rapidly lifted resulting in most of the tin being removed from
the surface of the MEMS devices (Figure 4.20h). Finally the devices are immersed
in a NaOH bath while electrically biased to -0.7 V vs. Ag/AgCl to remove the
remaining tin surrounding the devices. A final ultrasonic bath after the
electrochemical etching current reaches OmA leaves clean and released MEMS
devices suspended on inconel high pressure feedthrough pins as shown in Figure
4.20i.
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Figure 4.20: Finalized fabrication procedure for producing cm scale released Nickel MEMS structures.
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4.4 Conclusion

A final production procedure was developed for fabricating centimeter scale
released metallic MEMS devices. Several potential sacrificial layers were
investigated and a best candidate was found to be pure tin. An extremely selective
electrochemical etching technique was developed to remove leftover tin material
from the released nickel MEMS devices based upon a sodium hydroxide etching
bath. Several techniques were tested for improving the adhesion of the nickel
devices to inconel pins and further work is still required to improve this aspect of
the finished devices. An over-plating method was shown to be quite effective at
firmly anchoring fabricated devices to the pin structure. The finished
implementation demonstrates the technique with three freestanding beam
structures 30um thick, 100um wide and 2mm long. This is the first demonstration
of microfabricated structures being released by approximately 1cm from a surface
that does not use a bonding or transfer technique.
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5 Results and Discussion: Sensor Testing for Oil Well Logging
Applications

The motivation for fabricating these integrated sensor elements onto high pressure
feedthroughs was to make a smaller oil well production logging tool capable of
measuring multiple fluid properties at a single location in the wellbore. Current
tools successfully measure multiple oil well fluid properties but at different locations
in the well bore with each sensor only measuring a single parameter at a single
location. The existing technology for detecting fluid properties to distinguish oil
water and gas in a producing oil well has been established for nearly 25 years and
has been focused on using a combination of dielectric constant measurement with
differential pressure density. Techniques using optical and acoustic density are
relatively new being developed in the last five years in order to address needs for
fluid identification in highly deviated and horizontal wells.

In this work the capacitance method is used for distinguishing the difference
between oil water and gas and also implemented is an additional technique for
distinguishing these three phases based on thermal conductivity. The capacitance
sensor will be covered in less detail because it is already established in the field for
successfully detecting water cut in production logging. The thermal conductivity
sensor will be covered more extensively as it has not yet been used in oil well logging
equipment. Data gathered for thermal conductivity as well as for dielectric constant
measurement will be discussed below in two sections.

5.1 Thermal Conductivity Sensor Characterization

The sensors fabricated in this work were entirely made from nickel and were
2000um long, 50um wide, and 20um thick with an estimated thermal mass of
9.6W/K. These sensors were electrically heated with a Keithley sourcemeter which
applied a constant current and measured the voltage response.

5.1.1 Materials Selection for Thermal Sensing

The reason that a metal beam structure can be used as both a heating element and
a temperature sensor is due to the fact that the resistance of a metal increases as it
is heated. This increase in resistance is often quite linear and can be described by
equation 5.1 where T is the temperature in °C, p is the resistance in Q and the
Temperature Coefficient of Resistance (TCR) is @ in °C* and for a metal is defined
as the slope of resistance vs temperature graph shown in equation 5.2.

p(T) = po[l + (T — Tp)] Eq. 5.1

where
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The higher the TCR of the material, the larger the change in resistance for a given
change in temperature. Given an electrical circuit with limited resolution for
measuring a resistance, a higher TCR will result in a temperature sensor with greater
sensitivity. Table 5.1 outlines a number of different common pure materials that
could be used as candidates for making a resistance based temperature sensor. For
each material a TCR measured for the bulk material is listed as well as a TCR for a
thin film of that material.

Table 5.1: Temperature Coefficient of Resistance for several metals as bulk measurements and measurements
of thin films deposited by sputtering and evaporation[160].

Metal | Bulk Metal TCR (0-100°C) x 10** | Thin Film TCR x 10**
Au 34 28
Pt 39 25
Ir 40 18
Rh 46 20
Pd 37 23
Ni 64 50
Cr 30 6
Ti 54 7
Zr 44 <1
Mo 33 2
Ta 31 <1
W 48 <1
Al 43 28

As can be seen in the table the thin film TCR values are all lower than the expected
bulk metal TCR values and that for a number of easily oxidized materials the TCR is
extremely low. Of the materials listed in the table Nickel is the best candidate for a
thin film sensor due to its high TCR value. It is also one of the materials that has a
thin film TCR that is quite close to the expected bulk TCR value.

Another aspect that is important for building a thermal sensor from a metallic thin
film is the material oxidation properties. Belser demonstrated that only platinum
gold and iridium thin film samples could be held at 600°C in air without being
damaged. Belser showed in Figure 5.1a that nickel thin films cycled in air
significantly increased in resistance at temperatures above 250°C due to oxidation
of the nickel. Their data showed that in the range from 20°C-200°C the resistance
verses temperature graph showed a slightly curved and significant slope shown in
Figure 5.1b. This behavior is excellent for a temperature sensor that does not need
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to operate above 200°C[160]. Nickel is an excellent candidate for a resistance based
temperature sensor as it has one of the highest TCRs of readily available metals,
providing significant electrical signal with temperature change and does not
significantly oxidize in air at temperatures below 200°C.
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Figure 5.1: Resistance vs. temperature graphs for a sputtered nickel thin film cycled in air (a) and capped by
SiO in argon (b)[160].

5.1.2 Thermal characterization of a fully released nickel beam structure

In order to find the relationship between temperature and the resistivity of the test
beam a calibration was conducted where the sensor was held in a temperature
controlled thermal bath and the resistivity of the wire was measured as the bath
temperature was changed. The bath was heated in 20°C steps up to 180°C and then
cooled in 20°C steps while the resistance was measured throughout. The calibration
data showing the resistance with time is shown in Figure 5.2a and the resulting
calibration curve for a beam is shown in Figure 5.2b. The slope of the temperature
vs resistance curve is the measured TCR. The slope and intercept of the temperature
calibration were 3.5x10“Q/K and 0.271Q respectively. These give a TCR for this
feedthrough (po = 0.271 Q) of 12.9x10%/K, significantly different than the expected
50-64x10%/K. Possible explanations for a reduction in TCR for the microfabricated
beam could include: Impact of contact resistance at the Inconel pin nickel pad
interface, resistance of the inconel pins, resistance of the solder connections, and
oxidation of the beam outer surface. The TCR is still easily measured using a source
meter and results in an accurate sensor with little drift or hysteresis in the 20-200°C
range. Heating and cooling results were perfectly in line and no hysteresis existed
that would suggest that the feedthrough was oxidizing or annealing at the
temperatures under test.
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Resistance vs. Temperature Characterization Curve for Feedthrough 1
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Figure 5.2: a) Resistance with time recorded for the feedthrough as the oil bath temperature was adjusted to
10 different set temperatures. b) Plot of two successive calibrations of the same beam of temperature vs.
beam resistance.

Using the calibration between temperature and resistance of the beam the current
through the beam can be adjusted to control its temperature. Additional current
results in electrical heating of the beam and the resistance rises. By raising the
current until a desired resistance (temperature) is reached the temperature of the
beam can be precisely controlled. For the purpose of measuring thermal
conductivity of the fluid in contact with the sensor a square wave of current was
used with a high current pulse of 800mA and a low current pulse of 100mA. When
the current through the beam was 800mA the beam quickly heated and the
resistance was shown to rise. When the current was dropped to 100mA the beam
cooled and the resistance dropped. A typical response in the resistivity of a beam
when a square wave of current is applied is shown in Figure 5.3. The curvature and
the amplitude of the change are useful in describing the thermal characteristics of
the fluid in contact with the thin beam.
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Figure 5.3: Resistance of a released beam vs. time as the current pulsed through the beam is pulsed to a high
value then to a low value in a square wave pattern. High current corresponds to the heat section and low
current corresponds to the cool section.
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A computer controlled linear actuator was used to slowly move the sensor device
between the three test fluids: Air, Water and Oil. The speed and distance travelled
of the linear actuator can be controlled by a simple C# computer program. The
speed of the stirring and the temperature of the liquids under test can be controlled
using a heated stir plate. The linear actuator and the beaker filled with the three
test fluids is shown in Figure 5.4a and b.

arily
Mounted
Feedthrough

Stir Plate

Figure 5.4: Photographs of the experimental setup to test transitions between air, oil and water. A computer
controlled linear actuator sets the position and speed of the feedthrough and a hotplate controls the fluid
flow and temperature.

A control program was created to interface with a Keithley 2611 source meter with
a four wire electrical connection to the beam sensor. All electrical connections were
soldered to ensure a low resistivity and reliable electrical connection to the beam.
Figure 5.5 shows the raw data from the pulsed current beam as it travels from air to
oil to water to oil and then back to air. The amplitude of the temperature change
reduces significantly as the sensor is moved through the three liquids, with water
more efficiently removing heat from the wire than oil or air. This measurement very
clearly shows a difference between these three fluids.
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Raw Data for Transition from Air to Oil to Water and Back
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Figure 5.5: Figure of beam temperature vs. time with a square wave current. The transition sequence is air,
oil, water, oil, air.

A simple algorithm was used to measure the amplitude of the temperature cycling
that takes the last ten resistance measurements on a heating cycle and averages
them and then takes the last ten resistance measurements on a cooling cycle and
averages these. The difference between these two averages gives a temperature
difference measurement that is shown in Figure 5.6. The green arrow shows the
amplitude used to generate an amplitude difference graph shown in Figure 5.7.
Figure 5.6 shows a typical transition from oil to water where the amplitude shown
in orange is measured while the sensor is in oil and the amplitude shown in green is
in water. The inset (Figure 5.6b) shows as a blue bar where the average is taken
using the last 10 data points from the 100 points that are measured during a heating
or cooling cycle. The cycle time used of approximately 0.5 seconds does not allow
for the beam to equilibrate or reach a limiting temperature in the fluid. If the cycles
were longer the amplitude of the heating and cooling waveform would be larger.
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Figure 5.6: a) magnified section of an oil to water transition of the sensor. Resistance of the beam is plotted
vs time as the beam is pulsed with a square wave current. The orange amplitude is in oil and the green
amplitude is in water. Inset (b) shows the last 10 point in a cycle and a thick blue line denoting the value
achieved when taking the average of the last ten acquired data points used in deriving the temperature
amplitude.

This temperature swing shows a very clear distinction between air, oil, and water.
An exciting aspect of this measurement is that the sensor responds quickly to a
change in environment and does not show a significant lag as it is moved between
the three fluids. This lag was further explored by varying the speed the sensor was
moved through the three fluids by the linear actuator.
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Amplitude of Temperature Change for Pulsing
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Figure 5.7: The calculated amplitude vs cycle number from the data in figure 5.5. The amplitude changes
significantly for the three fluids tested.

In the above test the sensor was moved very slowly (Imm/s) through the three
different media spending approximately a full minute in each medium. This allowed
for multiple data points to be gathered as the sensor punctured through from one
media to the next. It was clearly visible during the testing that surface tension at
the interfaces resulted in the sensor pushing this interface slightly as it moved
through. Especially on the oil/water transitions it can be seen that multiple cycles
are included in this transition time and result in intermediate amplitude readings
while the beam is held in this interface region. Figure 5.8 shows the results retrieved
at significantly higher movement speeds for the sensor. Figure 5.8a,b,c show the
sensor moving at speeds of 3,6,12mm/sec respectively. Four lines are shown where
the test fluid is stirred at four different speeds. The separated structure of the oil
sitting on top of the water was maintained at stirring speeds of 60 and 100rpm. At
130 rpm the interface between the water and oil started to mix and large bubbles
were apparent at the surface of the water. This behavior can be seen in the
photographs seen in Figure 5.8d. At the sensor movement speed of 3mm/second
the three different fluids are very easy to observe on the delta resistance graph. At
the highest stir speed there is some noise in the water oil transition that could be
caused by the passing of larger bubbles of oil suspended in the water. And in the oil
region there is some indication of water passing by the beam. At the faster speed
of 6mm/second the distinction between the three phases is not as clear especially
when the fluid is being stirred at 130 rpm, although all three phases are still quite
distinct in the graph. At the speed of 12mm/second there is significant noise and
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only a couple of instrument cycles between hot and cold happen in each fluid. Here
the data looks moderately clear in an unstirred solution but becomes much less clear
in the stirred cases.
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Figure 5.8: a) amplitude vs time for the sensor as it moves through the fluids at 3mm/sec. Three stirring speeds
and still fluid are plotted. b,c) same plot at a speed of 6mm/sec and 12mm/sec respectively. d) photograph of
the fluid stack at each of the three stirring speeds.

This set of tests gives some understanding of the response time of the sensor. It
takes approximately 2 seconds for the sensor to register a transition, and if the fluid
transition is for duration of less than this time limit than the transition is not evident.
In this case phase transitions could be observed if the residence time of the fluid is
longer than 2-3 seconds. When conducting production logging in a real oil well,
logging speeds range from 0-200ft/min and fluid speeds range up to 600ft/min. The
sensor with a 2 second response time should have approximately a 6 ft spatial
resolution with fluid speeds of 200ft/min. When the sensor was moving at
3mm/second the stirring speed did not seem to have a significant effect on the
response time of the sensor.

5.1.3 Thermal characterization of an anchored nickel beam structure

This same test was conducted with a beam that was not released but anchored to
the feedthrough surface as discussed in chapter 3. Because this wire was attached
to the glass substrate heat loss becomes a combination of loss to the support and
to the test fluid. The signal to noise ratio of the sensor was still good and the sensor
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was able to distinguish between phases quite well. An interesting effect occurred
with this sensor as shown in Figure 5.9 where the sensor was cycled through air, oil,
water, oil, and then air three times. The water sections did not show clearly for two
of the three cycles. The interface between the two phases shows up as a “ringing”
of the signal but the amplitude difference did not significantly change between oil
and water. This was caused by the surface of the sensor maintaining a thin coating
of oil while traveling through the water. In the third cycle this oil layer was broken
and water was able to come in contact with the beam structure and a clear change
in the thermal response was visible. High flow past the sensor surface would help
alleviate this problem of surface masking. It is well known for large capacitance tools
used in oil well logging that high flow rates are required for accurate capacitance
measurements due to surface wetting effects on the sensor[1].
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Figure 5.9: Temperature amplitude vs cycle number for three transitions from air to oil to water to oil to air
for an anchored nickel beam. On the last transition water was detected as the oil film on the sensor surface
broke.

5.1.4 Thermal Conductivity Measurement with Miscible fluids

After showing a clear distinction between water, oil and air, a further exploration of
fluid mixtures was undertaken. The first step taken was to take two liquids with
significantly different heat capacities and thermal conductivities (water and IPA) and
prepare several different mixtures of the two. When in pure IPA the temperature
swing seen was approximately 12°C and when in pure water the temperature swing
seen was approximately 6°C. The results of conducting this experiment three times
with the same beam are shown in Figure 5.10. The three trials agreed nicely with
one another all showing a gradual increase in the temperature delta as the IPA
concentration increased. The shaded area in the graph approximates the error in
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the measurement and suggests that using this technique the concentration of the
IPA/water can be determined with an error of ~ +/- 5% measured as the width of 2
standard deviation range shown in Figure 5.10.

Amplitude of Temperature Change for Varying Concentrations
cif3H20-IPA Mixtures for Current Pulsed Between 100mA and 800mA

« Trial 1
12H « « Trial 2 .
« Trial3
11y Best Fit with 1 and 2
Std. Dev. Shaded

Amplitude of Temperature Change [0oC]

6.0 0.2 0.4 0.6 0.8 1.0
Concentration of IPA [%V/V]

Figure 5.10: Amplitude of heating and cooling waveform in several different mixtures of IPA and Water tested
in three separate trials plotted on the same figure.

IPA

Density: 0.786 g/cm?

Viscosity: 1.96¢P at 25°C

Heat Capacity: 2.68 J/gK at 20-25°C
Thermal conductivity: 0.14W/mK
Water

Density: 1g/cm?3

Viscosity: 0.89¢cP at 25°C

Heat Capacity: 4.18 J/gK at 25°C
Thermal conductivity: 0.6W/mK
Mineral Oil

Density: 0.8g/cm3

Viscosity: 22cP at 25°C

Heat Capacity: 1.67J/gK at 25°C
Thermal conductivity: 0.126W/mK
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5.1.5 Thermal Conductivity Measurement with emulsion stabilization

A sequence of emulsions of oil and water were prepared using oil, triton surfactant,
water and urea. These emulsions would remain stable for over 30 seconds after
being mixed and allowed for a thermal measurement to be taken with the sensor.
The variation in the measurements is believed to be more a function of the stability
of the emulsion than the stability of the measuring technique. The data from testing
the amplitude of the pulse heated wire are shown in Figure 5.11. The data has
significantly more spread than what was observed using the IPA/Water mixtures but
shows a similar trend with the amplitude of the thermal cycling increasing as more
oil is present in the emulsion. In an oil well it is expected that water and oil would
be present simultaneously and would be well mixed in a high flow rate well. The
ratio of oil to water could potentially be determined with this technique.

Amplitude Change for Various Concentrations

16 of Water-Oil Emulsions

Amplitude of Heat-Cool Cycle [oC]

%

3.0 0.2 0.4 0.6 0.8 1.0
Concentration of Oil in Water [%V/V]

Figure 5.11: Amplitude of heating and cooling waveform in eight different mixtures of partially stabilized
emulsions of oil and water. The red x symbols are data points that were removed from the best fit calculation
according to Chauvenet'’s Criterion.

The effect of heat capacity and thermal conductivity on the response of a current
square wave pulse heated sensor was characterized by Ernst et al. The device that
they used incorporated a germanium thermistor for sensing the temperature and a
chromium wire as a heating element. These two devices were incorporated in close
proximity on a silicon nitride membrane. They showed that there is a non-linear
relationship between the amplitude of the thermal response waveform and the
thermal conductivity of the fluid. They tested six different known fluids and
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measured the response amplitude and time constant in each. They found that the
response amplitude for their sensor followed a relationship of Amplitude=3.8896*\"
06438 = 123] where A is the thermal conductivity. Using this relationship they were
able to calculate the thermal conductivity of fluids given their thermal response.
They claimed that their thermal sensor had a resolution of 2x10°W/Km for thermal
conductivity and a resolution of around 1x10-3)/KgK for specific heat capacity.

An extensive characterization of the effect of frequency of pulsing, pulse duty cycle
and the effect of wire thickness on the thermal response of a pulse heated wire was
conducted by Al-Salaymeh et al for application in flow measurement. They
fabricated a flow meter based upon a suspended 12.5um diameter and 5mm long
platinum wire. They used a pulse excitation instead of the traditional constant
temperature hot wire anemometer method for measuring flow. They showed that
the excitation frequency of the heated wire should be tuned to match the diameter
of the sensing wire showing that 100Hz should be used for extremely thin wires
about 5um in diameter and 6.7Hz should be used for thicker wires with a diameter
of 25um. This wide range in frequency response for a change in wire diameter of
only 20um highlights the need for a small wire to achieve a fast sensor response
using thermal techniques[27].

5.1.6 Effect of current and duty cycle time on heating and cooling behavior

The optimal heating and cooling parameters for a thin beam in air were found using
a matrix of testing conditions. A number of currents for both the heating and cooling
steps and different pulse durations were tested. Low current testing points included
1,10,20,50,100mA; high current testing points included 200,350,500,650,800mA,
and three durations included 2,4,10seconds. All combinations of these currents and
pulse times can be seen in Figure 5.12b. In Figure 5.12e and f, a magnified section
of the last sequence of steps is shown where the three pulse durations can be clearly
seen. The resulting data gave significant insight into the behavior of both the test
equipment and the thin test beam. When currents less than 20mA are used during
the cooling step the voltage across the ~0.3Q beam is expected to be less than 6mV.
At this low voltage the source meter shifts measurement ranges and does not give
results for resistance that make sense during the cooling section of the current
pulse. This is the reason for the resistance measurements that are clipped off in the
first two sequences of steps shown in Figure 5.12 c and d. Using cooling currents of
50mA and 100mA gave the clearest results, clearly showing the curvature of the
cooling curve high resolution data over the duration. When the heating current
used is higher, the temperature swing of the beam is higher and gives a larger
resistance change. This change is more easily measured by an electronic analog to
digital converter.

103



08
0.20 e o
s
S 015 _ 06
<
e Zos
£ 010 £
s go04
0.05 So3
0.00 02
500000 1000000 1500000 2000000 2500000 o1
0.9
b 0.8 f 2000000 2100000 2200000 2300000 2400000
206 0.290
=05 a
g 0.4} E 0.288
£

= 0.286

0.284

Resistance [Ol

c 0 500000 1000000 1500000 2000000 2500000

e:
e
N
)
N

0.280

S S S—
2000000 2100000 2200000 2300000 2400000
ime [ms]

Resistance [Ohm]
© o © o
~N N N N
[ -] o -3
o w (=] w

500000 1000000 1500000 2000000

Q.
o

3 3

Temperature [oC]
P
8 ©

w
o

500000 1000000 1500000 2000000
ime [ms]

Figure 5.12: Test data from a released nickel beam tested in a matrix of five different high currents, five
different low currents, and three different pulsing times. a) Measured voltage vs time. b) Set current vs. time.
c) Measured resistance vs time. d) Calibrated temperature vs. time. E) Magnified section of current vs. time
(b). f) Magnified section of resistance vs. time (c) measurements with the lowest currents resulted in source
meter giving incorrect resistance measurements resulting in off scale measurements for resistance and
temperature in some plots.

Good clean data was available using heating and cooling currents that were above
350mA and 50mA respectively. An overlay of the heating and cooling curves using
800mA and 100mA are shown in Figure 5.13a,b. In this example a very clear
increase in temperature is visible during the heating pulse. The shape of the heating
temperature response is similar for the three different durations with the longer
duration heating curve seeming to approach a limit where the temperature change
with time is very small. When a heating time of 2 seconds is used it is clear that the
beam is still increasing in temperature at the end of the pulse. In Figure 5.13 ¢,d an
example at the lower currents of 350mA heating and 50mA cooling is shown. In this
case the smaller temperature swing observed resulted in a smaller measured
voltage signal and the noise in the measurement instrument is visible. During the
10 second duration heating cycle it appears that the beam is in fact reaching a steady
state temperature, longer cycle times would have the same voltage response
amplitude.
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Figure 5.13: Response overlays of wire at different currents. a) heating at 800mA after cooling at 100mA. b)
Cooling at 100mA after Heating at 800mA. c) heating at 350mA after cooling at 50mA and d) Cooling at 50mA
after heating at 350mA.

As the frequency is increased the amplitude of the temperature swing starts to
decrease until the heating frequency is significantly faster than the thermal constant
of the beam and no fluctuation in the beam temperature happens between the on
and off cycles. Some of this effect is shown in Figure 5.14a and in Figure 5.14 b
where it is clear that the amplitude of the temperature response is less for the
higher frequency pulsing.
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Figure 5.14: a) pulsing current current used to heat and cool a released nickel beam structure. b) the response
of that beam resistance to the stimulus current.

Plotting amplitude of the waveform vs pulsing frequency gives a graph as shown by
Ernst et al. and clearly shows the frequency thermal response of the sensor[23].
Ernst showed that this response can be modified by different fluids with different
thermal conductivities and multiple thin layers of fluids above the sensor[161]. This
technique was used to characterize the thermal response of the two sensors
developed in this work and an additional wire wrapped sensor for comparison to a
non-microfabricated device. The pulsing frequency was gradually changed from
20ms per heat/cool cycle to 100 seconds per heat/cool cycle and multiple cycles
were obtained at each chosen frequency. The resulting response of the freestanding
device in air, oil, and water is shown in Figure 5.15. It is clearly visible that the
amplitude of the heating and cooling waveform increases as the frequency of
pulsing decreases for each fluid.
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Figure 5.15: Raw data for the a frequency sweep from pulse times of 20ms to 100seconds of a released nickel
beam in Air (green), Oil (purple), and water (blue).

For each frequency the amplitude of the waveform was measured as described in
5.1.2 and shown in Figure 5.6. The resulting data is plotted in Figure 5.16 which
shows the temperature change of the pulsed sensing wire vs the pulsing period
used. At high frequencies the sensor does not respond fast enough to significantly
heat and cool during each cycle. This behavior is similar to that of an incandescent
light bulb heated with a 60Hz power source; the wire response is slow enough that
the light does not cool significantly and the strobe effect is small during the low
cycles. As the frequency decreases, the amplitude of heating and cooling starts to
significantly increase. Also the difference observed between oil, water, and gas
increases. This analysis helps to better describe the thermal response of the sensor
and allow for the optimum pulsing frequency to be selected for a sensor’s thermal
characteristics.
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Amplitude of Temperature Change over Heating
and Cooling Cycles for Various Pulse Periods
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Figure 5.16: Processed data showing the amplitude of the temperature swing vs pulse period for a released
nickel beam in air, oil, and water.

This same analysis was conducted for a simple hot wire anemometer constructed of
a 200um diameter 316 Stainless Steel wire suspended between two gold coated pins
held 5mm apart. The results of the frequency analysis are shown in Figure 5.17.
This device is similar in structure to the released beam design sensor but does not
require any microfabrication techniques to fabricate. It has three disadvantages:
The electrical contact between the wire and the pins is interrupted by the native
oxide on the 316Stainless steel, the TCR of the stainless steel is significantly less than
that of nickel, and the thermal mass vs surface area of the 200um diameter wire is
larger than the 20um thick, 100um wide released beam. The lower TCR results in
significantly more noise in the measured electrical signal; the resistance of the wire
is not changing as much as a result of temperature change. The larger ratio of
thermal mass to surface area of the wire results in a significant increase in the time
constant of the sensor. Pulsing periods of 6 seconds allowed for clear distinction of
air, but the distinction of water and oil was not very clear.
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Amplitude of Temperature Change for Pulsing
at Different Frequencies
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Figure 5.17: The amplitude of the temperature swing vs pulse period for 200um diameter 2mm long 316
stainless steel wire in air, oil, and water.

The anchored devices discussed in chapter 3 were also characterized using this
technique. It was found that these sensors did a great job of distinguishing the three
phases of air oil and water. The thermal response was very repeatable from run to
run. The optimal pulse period was found to be around 2 seconds. It is expected that
the thermal response of the anchored devices would be slower than the
freestanding beams due to the increase thermal load of the glass support
underneath the beam. It is interesting that the three different liquids can still be
clearly distinguished even though the thermal path to the supporting glass in the
feedthrough is significant. The resulting thermal frequency response is shown in
Figure 5.18.
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and Cooling Cycles for Various Pulse Periods
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Figure 5.18:The amplitude of the temperature swing vs pulse period for an anchored on feedthrough nickel
beam in air, oil, and water.

We tested an anchored device with a 30um thick parylene coating as well to see if
this device could also distinguish between the three different phases. This result
shown in Figure 5.19 is quite interesting as the liquids are no longer in direct contact
with the electrically heated beam as it is covered over by a thick dielectric layer. The
thermal response of this completely isolated thin beam is fundamentally different
from the previous three devices because there is no distinguishable difference
between the three fluids at high frequencies. The differences only become evident
at longer pulsing periods. This effect is mentioned by Nagasaka et al. who used a
10um thick layer of polyester to coat a 50um thick platinum wire in order to use the
pulsed hot wire technique to measure the thermal conductivity of electrically
conducting liquids[162]. If the time of heating is long enough the thermal effect of
the thin insulating coating is negligible[25].
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Figure 5.19: The amplitude of the temperature swing vs pulse period for an anchored on feedthrough nickel
beam coated with 30um of Parylene in air, oil, and water.

A schematic diagram of the four geometries of thermal sensor tested is shown in
Figure 5.20. Two geometries of suspended wires completely surrounded by the test
fluid were tested. The 100x20um beam had the fastest thermal response and
showed the most sensitivity to changes in the surrounding fluid. The 200 um
diameter stainless steel wire had the slowest thermal response and showed the
poorest distinguishing capability between the three test fluids. Two anchored
sensors were tested that were sitting directly on the high pressure feedthrough glass
surface, one was exposed to the test fluid and the other was coated with a 30 um
thick parylene coating. Both of these sensor structures were able to distinguish
between oil water and gas with the uncoated sensor having the most sensitivity.
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Test Fluid

100x20um Nickel

Micro Beam \
[

200 um
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Figure 5.20: Diagram of the different geometries tested for thermal response to current pulsing in this work.

5.1.7 Sensor Resistance Components

The total resistance of the sensor is made up of four parts: resistance of the sensing
beam Rg, a contact resistance between the nickel beam and the inconel pin Rc, the
resistance of the inconel pin Rp, and the resistance of the solder contacts. The total
resistance observed for the systems studied with 20um thick beams that are 100 um
wide and 2mm long is usually close to 0.3Q. This resistance is the total resistance of
the system and includes all of the separate parts.

The resistance expected of a nickel beam with these dimensions assuming a
resistivity for bulk nickel of 69nQm can be found with the equation for resistance of
arod.

L
Resistance = pA
Where p is the resistivity of the material, Lis the length of the rod, and A is the cross
sectional area. The expected resistance for the 2mm long nickel beam is
approximately 0.0693 Q. Using a probe station to measure the resistance of the
beam by itself after detaching from the feedthrough, two beams were measured to
have resistances of 0.080 Q and 0.082 Q. The resistance of the beam is significantly
smaller than the Rrmeasured of 0.3 Q for the whole system.

Figure 5.21 shows a drawing of the sensor structure and the location of the various
resistances expected to be connected in series between the four point connections
of the source meter leads. The inconel pins are expected to have a resistance of
approximately 30mQ each leading to an approximately 60mQ resistor in series with
the sensor beam. Inconel has a low temperature coefficient of resistance compared
to pure nickel. A reference from Oakridge National Lab presented data giving a TCR
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0.00011 K1[163]. The inconel beams are expected to be coated with a thin native
oxide that will separate the pins from the electroplated nickel beams and this oxide
should be quite thin (1-5nm) but would be composed of a high resistance chromium
oxide[164]. A value of resistivity for chromia of ~55Qm taken from Park and
Natesan[165] would give this layer a resistance of between 0.072-0.359 Q per pin
surface with Imm diameter. This value suggests that this contact resistance is quite
significant.  Several studies regarding the contact resistance of nickel based
superalloys have been conducted for application in solid oxide fuel cells. Inconel
718 after being oxidized for 100 hours at 800°C will grow an oxide with an Area
Specific Resistance (ASR) of 0.1Qcm?[166]. The inconel pin surface used in this work
has only been exposed to 120°C during lithography after being cut and would be
expected to have a ASR significantly lower than the values proposed in this fuel cell
work. If oxidized inconel was used this resistance would dominate the system at ~12
Q per pin.

Also in series with the beam is the resistance of the soldered connection of the
source meter leads to the inconel pins. Lead free solder has a low resistivity 10-
15uQcm, a low TCR of 0.00029, and has a quite large cross sectional area and short
length. The solder contribution to the series resistance is expected to range from
10-20pQ) and is low because the cross sectional area of the solder joints is quite
large.

Each of these components is expected to have its own response to a change in
overall sensor temperature, but in the case of electrical heating of the wire the pins
and solder connection do not heat significantly. Because of this difference in
uniform heating vs non-uniform electrical heating, the calibration conducted using
an isothermal oil bath cannot be used directly to extrapolate the temperature of the
beam when electrically heated. The problem is somewhat improved because the
inconel pins and the solder used have small TCR values. By making the beam thinner
and therefore increasing Rg in relation to the other resistances this effect can be
minimized. A beam that is only 20um across and 20um thick would have an
estimated resistance of 0.35Q and contact resistances and the resistances of the
inconel pins would be smaller in comparison. This would improve the sensor as a
whole as the resistive behavior of the sensor would be dominated by the beam
structure and the thermal mass of the beam would also be reduced allowing for a
faster thermal response.
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Figure 5.21: 3D drawing of the fabricated released nickel beam structures showing the different resistances
that are measured by the attached 4-wire source meter.

5.1.8 Thermal Transient Response of Sensor

Because the sensor is made up from three distinct geometries with significantly
different length scales it is not expected to heat up in a uniform fashion when
exposed to temperature transients. When immersed in a high temperature bath,
the 20um thin exposed nickel beam structure will heat up significantly faster than
the 1mm diameter inconel pins which will in turn heat up faster than the larger
1.25cm diameter full feedthrough. We conducted a series of high temperature
shock and low temperature quench experiments in an effort to show that this sensor
responds faster to thermal transients than a conventional 1/8” diameter RTD or
thermocouple probe. In our testing we found that our sensor responds very quickly
to temperature transients, it also has a distinct transient response caused by the
different size scales of the sensor device. The thin beam equilibrates very quickly
but the full sensor takes a significantly longer time to reach a steady state resistance
as the rest of the feedthrough slowly reaches thermal equilibrium. Incorpera et al.
in the textbook “Introduction to Heat Transfer” showed that the transient thermal
response of a solid body can be approximated using the “Lumped Capacitance
Method” that neglects temperature gradients within the solid and uses an energy
balance to approximate the temperature rise/fall in the solid. The first law of
thermodynamics states that the total energy of a system is conserved. Setting the
rate of energy transfer into a control volume to equal the rate of increase of energy
stored within a control volume gives the following equation[30].

dEst _  dEout

dr
pral ~” or chE = —hA;(T — Ty)
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dE, dEout

Where d;t is the rate of increase of energy stored within a control volume, 0 is

rate of energy transfer out of a control volume, p is the mass density in Kg/m3, V is

. g I dar . .
the volume, c is the specific heat capacity in J/Kg, d—: is the change in temperature

with time, h is the convection coefficient in W/M? A.is the surface area, T is the
temperature of the immersed body, and T, is the temperature of the bath that the
body is immersed in.

By substituting in the variable 8 such that 8 = T — T,,, with T, remaining constant
then the equation becomes:
pVedo
hAg dt

Separating the variables and integrating gives the relationship

pVe 9do ft
—=—| at
hA; Jg, 0 .

pVc (Hi)_
A, "\g) =t

And solving for the change in temperature gives the equation that describes the
rise/fall in temperature of a body when immersed in a bath with a different
temperature.

0 _has,

—=c pVc

0;
Graphing this equation using values of As and V from the thin beams of the sensor
and for the inconel pins in the sensor gives the result shown in Figure 5.22. (h was
set to the value of 100W/m?, p was set to 8908kg/m3 and c was set at 540J/kg*K).
The response of the thin beam is significantly faster than that of the inconel pins.
The beam heats in less than 1 second where the pins take over 30 seconds when the
convection coefficient is fixed at 100W/m?.
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Figure 5.22: Calculated thermal response of nickel MEMS beams and larger inconel pins when immersed in a
high temperature fluid. When 6/ 6; is -1 the beams/pins are at their initial temperature. When 6/ ©; reaches
0 they have reached equilibrium with the bath temperature.

This dramatic difference in thermal time constant is a possible explanation for the
thermal response of the sensors shown below in Figure 5.23 where the resistance
rapidly rises then starts to slowly increase with significant instability and then reach
a steady and stable value when shock heated to 170°C.
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Figure 5.23: Resistance response of anchored and freestanding devices when rapidly plunged into 170°C oil.
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This effect could also be responsible for the double plateau seen in the frequency
response of the free standing beams in air seen in Figure 5.16. The resistance of the
sensor during a temperature change is a combination of the increase in resistance
of the beam and the pins. If the resistance of the beam is significantly larger than
that of the pins than the beam thermal response will dominate the total resistance
measurement. If the pin resistance is larger than the pin thermal response would
dominate the measurement. In our case the two resistances are similar and a
combination of the two responses results in the observed transient response of the
sensor. Further modification to implement a thinner beam with a higher resistance
will dramatically improve the transient response of the sensor with the rapid initial
rise accounting for greater than 90% of the response.

5.2 Dielectric constant measurements with a comb style capacitor

For measurements of fluid dielectric constant comb structures were used. The
structures were 1.3um thick (g) having teeth (W) that were 100 pm wide and
spacings between teeth (G) of 100um. The comb array is 2mm wide (D) x 1.5mm
long (L) consisting of ten interwoven teeth. The basic structure of the comb is
shown in Figure 5.24c and a cross section diagram is shown in Figure 5.24a. A
detailed discussion of the derivation of the capacitance of a comb capacitor and an
approximation of the electric field penetration depth above the comb array (P;) has
been done by Starzyk. He found that the penetration depth was equal to

approximaterGJrTW[lGﬂ. In the case of the devices tested in this work, the

penetration depth would be approximately 60 um. Testing with uncoated comb
arrays resulted in unpredictable results as electrically conducting water would
interfere with the measurements. The measurements were found to depend more
on the electrical conductivity (cleanliness) of the water than dielectric constant. Salt
water would result in anonymously high capacitance measurements. Coating the
sensor elements with parylene and electrically isolating the electrodes from the
solution resulted in repeatable and predictable measurements. The coating used
was approximately 30 um thick which was less than the predicted 60 pum
penetration depth of the electric field. Figure 5.24b shows a parylene coating that
is less than the predicted electric field penetration depth.
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Figure 5.24: a) Cross section of the comb capacitor showing the interdigitated teeth, the expected electric field
and the critical dimensions of the comb capacitor. b) A figure showing a coating that is thinner than the
expected penetration depth of the electric field. C) A 3D model of the comb capacitor showing the overall
dimensions.

Measurements with this comb capacitor were made using an Analog Devices
AD7746 capacitance to digital converter electrically connected to the comb
electrodes with short and rigid electrical connections. Longer electrical contacts
would result in poor repeatability of measurements due to the wiring having a
significant effect on the total measured capacitance. The results of a test of several
mixtures of IPA and water are shown in Figure 5.25. The graph shows the sensor
being exposed to each mixture in sequence starting with pure water and being dried
in-between exposures. The inset graph shows the average of the capacitance
measurements for each step plotted against the volume percent of water. IPA has a
dielectric constant of 18.3 while water has a much higher dielectric constant of 80.4.
As water is added to IPA the dielectric constant of the mixture is expected to increase
significantly resulting in a larger capacitance measurement by the comb capacitor.
Because the sensor is on a glass substrate and coated by parylene, the total
capacitance is affected by the dielectric constant of all three materials and the
capacitance shift due to a changing the fluid in contact with the parylene is quite
small. Figure 5.24b shows the three materials that affect the capacitor response and
a rough drawing of the electric field penetration depth above and below the comb
elements. The response is quite high for low concentrations of water and seems to
saturate at higher concentrations. A similar sensor response has been seen in
kerosene water mixtures tested with a capacitance probe by western atlas[1]. The
results of this analysis suggest that low concentrations of water can be detected with
significant resolution providing sub 2% quantification, but at higher concentrations
the sensor saturates and cannot provide good quantification above 60% water by
volume.
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Figure 5.25: The response of the comb capacitor coated with 30um of Parylene to several different mixtures
of IPA and water in sequence. The inset is the generated calibration curve of capacitance vs. water content.

5.3 Conclusion

Dielectric constant and thermal conductivity phase identification techniques were
explored using the microfabricated sensor platforms developed in chapters 3 and 4.
Thermal measurements were conducted using four different sensor geometries
including free standing and anchored heating elements. The effect of a parylene
coating on the thermal response was explored. Good distinction between oil water
and gas was found using the different sensor geometries, with the freestanding
microfabricated beams having the best performance and a non-microfabricated
stainless steel wire having the poorest performance. IPA water mixture
compositions could be determined with an accuracy of ~+/-5% using the free
standing wires and oil water emulsions could be determined with an accuracy of
~+/-10%. Transitions between oil water and gas were tested using a linear stage to
move between the three fluids and rapid response to fluid transitions was seen with
the free standing beams. The anchored devices did not work as well transitioning
between fluids and were found to be masked by a thin film of oil when being
transferred from oil to water. Dielectric constant measurements using comb
electrodes covered with parylene worked well showing a good sensitivity in IPA rich
mixtures but the sensor response saturated at higher water concentrations.

The sensors demonstrated in this work are the smallest available that can be
operated at temperatures up to 180°C and pressures above 10,000psi. The ability
to integrate three microfabricated sensors onto a single high pressure feedthrough
allows for three different measurements to be conducted in essentially the same
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location in an oil-well. When deployed as an array, this will allow for dramatically
improved data quality compared to currently available technology.

The use of thermal conductivity to distinguish between oil water and gas has not
been incorporated into a down-hole tool commercially. One of the major limiting
factors for conducting thermal conductivity tests with larger structures is the
thermal time constant and low electrical resistance of the sensor. Microfabrication
allows for a dramatic reduction of this time constant which results in a faster
response of the sensor and allows for smaller higher resistance structures to be
fabricated. In short, microfabrication is required to do this type of measurement in
this application and the reported sensors in this work are the first of their kind in the
field of production logging.
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6 Electrocatalytic Hydrogenation of 2-cyclohexen-1-one in a
High Sulfur Environment Using a Carbon-supported
Nanostructured Tungsten Sulfide Catalyst!

6.1 Abstract

Vitreous-carbon supported tungsten sulfide (WS.) nanoparticle catalysts were
synthesized by fully sulfiding thin films of W. This support-catalyst combination was
shown to be successful at hydrogenating 2-cyclohexen-1-one in the presence of
sulfur. A well-known hydrogenation catalyst consisting of a nickel film, used as a
baseline, was found to be completely ineffective in an identical solution. Catalyst
samples with a nominal W thickness of 2nm, produced the largest hydrogenation
product yields with the highest efficiencies. SEM and XPS analysis confirms that this
nominal thickness corresponds to a dense distribution of nano-scale WS; particles
templated on the carbon substrate. We envision the WS;-carbon system becoming
a catalyst of choice for electrocatalytic hydrogenation in a sulfur-rich environment.

6.2 Introduction

A major environmental and economic cost of refining heavy crude oil is the
hydrotreating of the distillate fractions to hydrogenate olefins and polyaromatics,
and to remove sulfur and nitrogen as hydrogen sulfide and ammonia. The carbon
dioxide from the hydrogen plants is a major source of greenhouse gas emissions.
The challenge for a greener technology is to substantially reduce the carbon
footprint of refining without compromising the quality of the products. One
approach is to avoid the use of high-pressure natural gas for processing of distillate
fractions to improve their quality. Electrocatalytic hydrogenation may achieve these
goals with a much lower carbon impact, with recent work showing facile synthesis
of a variety of molecules e.g. [168-171].

The hydrogenation of organic compounds, such as olefins and aromatics, can be
achieved at ambient pressure by electrocatalytic hydrogenation. At the cathode,
active hydrogen is generated from protons in solution. The relevant compounds
converted by electrocatalysis include 2-cyclohexen-1-one [168], benzene [172],
phenanthrene [173], thiophenol[174, 175] and olefins [176, 177]. If the formation
of elemental hydrogen (H>) is avoided by controlling the electrode potential, then
the conversion of protons into active hydrogen can exceed 75% [172].

Workers utilize several combinations of electrode materials for electrocatalytic
hydrogenation. Roughly, these can be separated into three categories: noble metal-
based, pure nickel, or iron-based catalysts. A 1992 review by Moutet covers the

1 Material in this chapter has been published in:
CMB Holt, S Murphy, MR Gray and D Mitlin, Catalysis Communications, 12 (2010) 314-317
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pertinent cathode/anode materials combinations [178], though many of these have
now evolved to possess a nano-scale microstructure. Unfortunately, due to the high
sulfur content of heavy oil, electrocatalytic hydrogenation of materials with a high
sulfur content has not been achieved. This is because “conventional”
electrocatalysts rapidly and irreversibly deactivate in that environment. The resent
advances in achieving nano-scale catalyst microstructures have not improved this
issue at all.

In this study we demonstrate a proof-of-principle electrohydrogenation of 2-
cyclohexen-1-one in a high sulfur (0.1 vol.% thiophene) environment using a nano-
scale WS; catalyst supported on an electrically conductive vitreous carbon substrate.
To our knowledge, electrocatalytic hydrogenation has not been achieved under
sulfur-rich conditions. The geometry/size of the sulfide (tungsten and molybdenum)
nanoparticles is known to influence the conventional hydrogenation properties
[179-182]. In this study we investigate this effect indirectly, by varying the nominal
thickness of the initial pre-sulfided tungsten layer.

6.3 Experimental

In order to achieve uniform current density and to minimize the resistive losses, a
small batch reactor was custom designed and fabricated out of glass. A schematic of
the cell is shown in Figure 1. It had opposing symmetrical round electrodes, as well
as a reference electrode positioned adjacent to the cathode. The cell consisted of a
single glass cylinder with an ultra fine porous glass frit (pore size 0.9 - 1.4 um) in the
center. The cell consisted of two tubular compartments that would hold a volume
of 50mL each. The diameter of the cell was just large enough to fit the 31.75mm
diameter electrode discs. At the top of the cell, there were two sealable openings
that functioned as a means of filling the cell with the electrolyte solution as well as
a location for the reference electrode to be inserted. Two titanium rods 25.4mm in
diameter were used to make electrical connections to the electrodes. The glassy
carbon disks, which were used both as a working and counter electrodes, were 2mm
thick, and 31.75mm in diameter, with a 3.6mm diameter countersunk hole in the
center. The disks were Sigradur G vitreous carbon commercially available from HTW
Hochtemperatur-Werkstoffe GmbH of Germany. The electrodes were attached to
the rods by electrically insulating alumina screws. A Ag/AgCl KCL(sat’d) reference
electrode was inserted in the cathode compartment and sealed with a rubber o-ring
and a plastic screw cap. The reference electrode was positioned such that the tip
was as close as possible to the cathode surface. All electrochemical testing and
measurements were performed using a Princeton Applied Research VSP
multichannel potentiostat and Bio-Logic EC-Lab software package.
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Figure 6.1:Cross-section schematic of the symmetric opposing electrode electrochemical reactor used for the
experiments.

The catalysts were deposited on the vitreous carbon disc that was used as the
working electrode (cathode). The surface of the vitreous carbon was polished using
a 0.5 um grit diamond lapping film. The vitreous carbon discs were then cleaned by
sonic bath in acetone followed by isopropanol. The counter electrode glassy carbon
disk was cleaned but not polished. Afterwards all discs were thoroughly dried with
nitrogen.

Pure metallic tungsten and nickel films were magnetron sputtered (AJA
International) onto the vitreous carbon held nominally at ambient temperature.
Deposition rates were determined using a quartz crystal microbalance positioned
exactly at the substrate plane. Additionally, ex-situ rate calibration was also used to
confirm the in-situ data. For the ex-situ calibration, the rate was measured at 5
separate powers, and fit to a linear slope using linear regression. This data was then
used to determine the sputter rates for a given power. A base pressure of 5x108
mTorr was achieved in the sputtering chamber before all depositions. Argon
pressure was maintained at 4.0mTorr, with a flow rate of 10sccm throughout. The
W films were deposited with thicknesses of 0.5 to 10 nanometers. A low deposition
rate of 0.3 A/sec was used to ensure thickness accuracy. After deposition the films
were sulfided through exposure to a flowing hydrogen - H.S environment in a
dedicated sulfiding tube furnace. Prior to sulfidation the tube furnace was purged
using nitrogen gas to remove oxygen in the tube. The tube furnace was then heated
under N2 gas flow until the sulfiding temperature (600°C) was reached. The samples
were held at that temperature for 4 hours. After the sulfidation temperature had
been reached the gas flow was switched from N2to the Hz2/H2S mixture. A flow rate
of 60mL/min of H2/H2S mixture was used. The gas had an HS concentration of 5000
ppm. Baseline Ni films were deposited to a thickness of 10 nm. At that thickness the
films were continuous and adherent with the carbon substrate.

Solutions were prepared in glass beakers and then transferred to the reaction cell.
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The volumes of water and methanol for the hydrogenation reaction were measured
with pipettes and mixed in a beaker. The electrolyte salt was then measured by
weight and added to the solution. The solution was manually stirred with a glass rod
to facilitate the dissolution of the salt. After transferring the solution to the reaction
cell, the substrate was measured with a pipette and added to the cell. The solution
was again stirred with a glass rod. The solution consisted of 8 mL of 99.9% methyl
alcohol, 32 mL of water, 2 ml of 2-cyclohexen-1-one, and 0.3088g of (NH4*)(CH3COO-
). Thiophene (>99% purity) was added at a concentration of 0.1 vol% (12 mM) as a
representative sulfur compound. The water was purified using a Gradient A10 Milli-
Q system from Millipore and had 4 ppb content of total organic carbon and 18.2
MQ-cm resistivity at 25 °C. The 2mL of 2-cyclohexen-1-one was added to the
solution in the working electrode compartment of the cell just prior to reaction.
Reaction was carried out under a constant applied potential of -1.3V versus Ag/AgCl,
KCl (sat'd) across the working electrode-solution interface. During reaction, the
cathode compartment was stirred magnetically at 600rpm using a magnetic stir bar.
Samples were taken and analyzed after 90 minutes of reaction.

Two gas chromatographs with identical columns were used for identification and
guantification of hydrogenation reaction products. Reaction products were
identified by comparing their retention times with the retention times obtained
from chromatography of pure compounds. Pure reagents of 2-cyclohexen-1-one,
cyclohexanone, and cylcohexanol were obtained from Sigma Aldrich. The other
possible hydrogenation product, 2-cyclohexen-1-ol, was not detected. Agilent 5790
gas chromatographs were used and equipped with Agilent DB-1 columns and flame
ionization detectors. Helium gas was used as the mobile phase. Toluene was added
as an internal standard in order to quantify the results. Electrode surface analysis
was performed with a AXIS Ultra photospectrometer using an Al Ko, x-ray source. All
survey scans were performed with a binding energy step size of 1 eV from 0 to 1200
eV. High-resolution scans were performed on binding energy ranges containing
peaks from elements of interest with a step size of 0.1 eV. Morphology of catalysts
was studied using scanning electron microscopy (SEM). All analysis was performed
on a Hitachi S4800 high resolution electron microscope. The microscope was used
in secondary electron mode with an accelerating voltage of 20.0kV.

The electrochemical efficiency of the electrocatalytic hydrogenation reactions was
determined by calculating the ratio of electrons used for hydrogenation to the total
number of electrons consumed in the process. Here the major competing reaction
is the hydrogen evolution reaction (HER), which uses 2 electrons per H; molecule.
The current-time curves from the chronoamperometry scans were integrated to
give the total amount of charge passed, and then total number of electrons
consumed was calculated. The number of electrons required for the quantity of
observed reaction products was then calculated (2 mols of electrons per 1 mol of
cyclohexanone for hydrogenation of the double bond and 4 mols of electrons per 1
mol of cyclohexanol for hydrogenation of the double bond and reduction of the
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ketone to an alcohol). Conversion of cyclohexanone was calculated from its initial
concentration in solution and the total concentration of the hydrogenation
products, cyclohexanone and cyclohexanol.

6.4 Results and Discussion

The pre- and post-sulfided W catalyst surfaces were analyzed using x-ray
photoelectron spectroscopy (XPS). Figure 2A shows an XPS scan of the pre-sulfided
2 nm thick catalyst in the binding energy range of W 4f orbital electrons. The binding
energies observed for the two peaks are shifted from those expected for pure W
due to bonding with oxygen in the form of a WO3 native oxide. Comparing the pre-
sulfided and post-sulfided spectra, it is clear that we have tungsten in the state
analogous to WS;. The electron binding energies observed in the post-sulfided
sample agree with those attributed to W in +4 (as in WS;) with doublet peaks at 33.0
and 35.2eV [183]. Conversely, the pre-sulfided sample electron binding energies
observed for W agree with those attributed to W in a +6 (as in WO3) oxidation with
doublet peaks at 35.6 and 37.8eV [183]. The S atom electron binding energies in the
sulfided sample are also in agreement with those observed for S 2p electrons in a
WS; electronic environment (162.4, 163.6eV) [183], illustrated in Figure 2B.
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Figure 6.2: A) XPS scans of pre- and post-sulfided electrodes in tungsten binding energy range. B) XPS scan of

post-sulfided electrodes in sulfur binding energy range. C) SEM images of various thicknesses of W catalyst on
vitreous carbon, after complete sulfiding.

Figure 2C shows the representative surfaces of the glassy carbon covered by 0.5, 1,
2, and 3 nanometers of W and then sulfided. High resolution SEM analysis of the
sulfided films with a nominal W thickness of 0.5 nm cannot clearly resolve the
sulfide layer. The sulfide particles synthesized from the 2 nm W layer had the
optimum combination of a fine nano-scale and a dense distribution. An example of
such distribution is shown in the Figure, with the bright particles being the sulfide.
Analysis performed on the 1 nm W layer showed sulfide particles of similar sizes,
but were more coarsely distributed. Analysis of the 3 nm W layer showed a sparse
distribution of sulfide particles that were significantly larger in scale than in the 2
nm sample. We believe that in the 3 nm layer many of the sulfide particles actually
separated from the substrate prior to the SEM analysis, most likely shortly after the
sulfiding process. At even higher thicknesses, such as at 4 nm (not shown) and
beyond, the vast majority of the WS; clearly separated from the substrate. When
we examined the 4nm post-sulfided samples in the SEM, only bare glassy carbon
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was observed. Those samples also appeared as bare carbon in XPS analysis, and
yielded a negligible electrocatalytic yield.

The performance of the cell was tested with Ni on a glassy carbon electrode (10 nm
film). Conversion of 2-cyclohexen-1-one to cyclohexanone (in the absence of
thiophene) was 0.9% after 2 h of hydrogenation. However, when we attempted the
same reaction but with thiophene present in the system, no hydrogenation product
was detected at all. Also, a negative control reaction was performed with a bare
vitreous carbon disc as a catalyst. No hydrogenation was observed with vitreous
carbon.

Reaction over the W-S composite catalyst produced both cyclohexanone and
cyclohexanol, the final hydrogenation product. The yields of reaction products were
measured by gas chromatography after 90 minutes of applied voltage. The results,
plotted as a function of the nominal W film thickness, are shown in Figure 3. The
yield of the hydrogenation reaction increases with W layer thickness until 2nm, and
then decreases again. At nominal thicknesses of 4nm and above, the catalyst
delaminated from the vitreous carbon support, resulting in negligible
hydrogenation. The efficiencies of the hydrogenation reactions also varied with the
W thicknesses. At W thickness of 0.5 nm, the electrochemical efficiency was 35%, at
1 nm the efficiency was 66%, at 2 nm the efficiency was 77%, and at 3 nm the
efficiency was 42%. Most likely the balance of the current is utilized for the
generation of hydrogen gas as a side reaction.
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Figure 6.3: Product yield of cyclohexanone and cyclohexanol versus nominal catalyst thickness after a 90
minute hydrogenation of 2-cyclohexen-1-one under applied potential of - 1.3V versus Ag/AgCl(sat’d).
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In order to explore the application of these electrodes to electrocatalytic
hydrogenation of petroleum fractions, several requirements must be met. First, the
solubility of the target compounds in the electrolyte solution must be addressed.
We selected the combination of 2-cyclohexen-1-one and water-methanol as a
convenient system. Actual sulfur, nitrogen and poly-nuclear aromatic compounds of
interest would not be soluble in such an electrolyte. Second, the active area of the
electrode must be significantly increased, possibly by the use of porous or powdered
carbon materials as supports. Finally, the ability of electrocatalytic hydrogenation to
remove sulfur and nitrogen as hydrogen sulfide and ammonia must be
demonstrated. Hydrogenation is thermodynamically favored at low temperature,
but the breakage of carbon-sulfur and carbon-nitrogen bonds may require higher
temperatures.

6.5 Conclusions

Vitreous carbon-supported tungsten sulfide nanoparticle catalysts have been shown
to be successful at hydrogenating 2-cyclohexen-1-one in the presence of sulfur,
demonstrating a resistance to being poisoned by 0.1 vol.% thiophene. The catalytic
activity and efficiency of these particles is highly dependent on their dispersion on
the substrate material. Catalyst samples with a nominal deposition thickness of 2nm
produced the highest yields of hydrogenation products with the highest current
efficiencies. A nickel catalyst film, used as a baseline, is poisoned by sulfur.
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7 Nickel Iron MEMS and NEMS Fabrication?

7.1 Introduction

Magnetic materials find use in MEMS devices as electromagnetically actuated
MEMS have better stability in high force, large actuation gap applications[184].
Using magnetic actuation enables large deflections of devices of over 1mm both
parallel and perpendicular to the substrate plane[185]. The magnetic field can be
introduced externally by a coil allowing for remote control of the microfabricated
devices[185]. For example, a demonstration of a magnetically actuated micro
manipulator was controlled simply by varying the distance between the device and
a permanent magnet[186]. Another device used a permalloy coated silicon
membrane as a microfluidic valve[187]. Permalloy has been used extensively for
magnetic MEMS devices because it has high saturation flux density, high relative
permeability, low coercivity and near zero magnetostriction[188]. Davis et al.
showed that a nanofabricated permalloy cantilever could be selectively actuated to
resonate in a single torsional mode using an alternating magnetic field which was
impossible using piezoelectric actuation[189]. Bhaskaran et al. made a
ferromagnetic cantilever structure that could be actuated with an external
alternating magnetic field and the deflection could be measured by the
piezoresistance of the of cantilever material. This allowed for a very simple
fabrication process to make a very sensitive resonating sensor structure[190].

The processing and deposition options for permalloy are well developed. Permalloy
can be deposited by electro-deposition[184, 191], sputtering[122], or
evaporation[192] and can be etched easily and cleanly with a dilute HF/HNOs acid
mixture[122]. A major application for permalloy in microfabricated devices has
been in the magnetic recording heads of computer hard drives[193] but currently
other alloys and multilayer materials are used for this application. Thin film stress
and differential stress across the thickness of deposited magnetic material is a major
limitation for application in MEMS devices and significant work has been done to
control the stress of deposited permalloy thin films[184, 193]. In a recent study, the
composition of an electroplated permalloy film was controlled by current density
and plating bath composition showing a modification in the crystal structure from a
BCC iron phase to an FCC nickel phase with increasing nickel content. Grain size,
coercivity and hardness were found to vary significantly with composition [194].
Unfortunately, in this study the deposition rate varied by four times in the different
compositions tested and this could be the reason instead of composition for
variations in coercivity, grain size, and crystal structure. The study of effect of
deposition parameters and composition in Ni-Fe thin films has been reviewed by

2 This chapter includes work done by Chris Holt to create devices for this publication:
J Losby, JAJ Burgess, CMB Holt, JN Westwood, D Mitlin, WK Hiebert and MR Freeman, Journal of
Applied Physics, 108 (2010) 123910.
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Freedman showing the relationship between coercivity and composition, grain size
and deposition temperature[195].

Recent work by the Freeman group has demonstrated the exceptional sensitivity of
thin film NEMS integrated with permalloy for studying the magnetism of single
nanoscale magnetic objects. [122, 189, 192] Smaller features of a torsion resonator
results in higher sensitivity[189]. Developing techniques to fabricate micro and
nanoscale devices from permalloy thin films is important to realizing better
sensitivity in these sensors. Previous work has mostly been conducted using thin
films deposited on silicon[192], or silicon nitride[189] supports that do not
contribute to the magnetic sensitivity and only provide support. By removing these
supports and fabricating devices entirely from permalloy sensitivity could be
significantly improved. Very little work has been done in fabricating unsupported all
metal permalloy NEMS devices as demonstrated in this work.

A method for manufacturing permalloy based MEMS and NEMS is useful for
conducting micro-magnetic experiments and investigating the interaction and
coupling between mechanical motion and magnetic behaviour at the nanoscale.
The binary nickel-iron alloy system spans a range of magnetic properties from hard
to soft. By tuning the composition and deposition parameters it is possible to
manipulate the magnetic behavior, mechanical properties and stress in the thin films
deposited[154, 196]. Using magnetron co-sputtering the composition of a
deposited thin film can be precisely controlled. In this study a range of nickel-iron
compositions was deposited and the crystal structure, surface morphology, thin film
stress and magnetic properties were measured over a range from pure nickel to
40at.% iron. MEMS and NEMS devices were then fabricated using optical and
electron beam lithography and the resonant properties of NEMS singly clamped
cantilever devices were characterized.

7.2 Experimental

Single crystal silicon <100> wafers were cleaned using a H,0,:H,SO4 solution and
rinsed using deionized water prior to depositions. For the sub-micrometer scale
devices a thermal oxide was grown on the silicon wafers by thermally oxidizing in a
quartz tube furnace for 2 hours at 1000°C in a wet nitrogen environment prepared
by bubbling the feed gas through 95°C water at 40sccm.

All thin films fabricated in this study were deposited using magnetron co-sputtering.
(AJA Orion 8) Prior to all depostions the base pressure of the sputtering chamber
was pumped to below 5x10® Torr. During depositions, the flow rate of Argon
(99.999% Purity, Praxair) was held at 10sccm and the sputtering pressure in the
chamber was maintained at 4 mTorr. Two pure targets of Nickel (99.99%
Plasmaterials) and Iron (99.99% Plasmaterials) were used as deposition sources.
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Rate testing was done with an in-plane quartz crystal microbalance to find the
relationship between deposition rate and sputtering power for each material. The
composition of the co-sputtered films was adjusted by setting the required powers
for each deposition source using the calibration data. A thin 5nm thick chromium
adhesion layer was used for the thicker micro devices but no adhesion layer was
used for the thinner sub-micrometer scale devices fabricated. The iron deposition
rate was from 0 to 5.7 nm/min and the nickel rate was fixed at 7.9 nm/min in order
to achieve the range of compositions tested.

For fabrication of the micrometer scale devices, after thin film depositions a ~1 um
thick, HPR 504 photoreist was patterned using photolithography and the NiFe film
was etched using an etching solution consisting of a mixture of 1HF:1HNO3:5H,0 by
volume. After etching the photoresist was rinsed off with acetone, IPA and water in
sequence. The patterned devices were then released using a XeF; dry etch. The
process flow for the fabrication of these devices is shown in Figure 7.1.

Clean Silicon

Sﬁutter Ni80Fe20 _
Siin Photoresist

Photo Lithography

Permalloy Etch

F_-

Remove PhotoResist

XeF, Dry Etch

Figure 7.1: Process flow for fabrication of micrometer scale devices. Sputtered permalloy is patterned with a
HPR 504 photomask and a chemical etch and the patterned devices are released using a XeF, dry etch.

For the sub-micrometer scale devices, electron beam lithography was conducted to
pattern a double layer positive resist consisting of Poly(methyl meth-acrylate)
(PMMA) 950 and 495 that was 360nm thick in total on the oxidized silicon wafers.
After patterning, the desired NiFe composition was sputtered onto the samples
without an adhesion layer. A simple lift-off procedure was conducted to remove the
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PMMA and photoresist and the NiFe film on top of the resist. First the sample was
soaked in acetone for 2 hours, rinsed with acetone, isopropyl alcohol, and deionized
water. The sample was then placed in an acetone bath that was ultrasonically
agitated for 30 seconds and re-rinsed with acetone, isopropyl alcohol and deionized
water and dried using compressed nitrogen.

The release was conducted with a 20 minute etch in an iron chloride containing
Buffered Oxide Etch (BOE) solution (200mL BOE and 3 grams FeCl,). The iron chloride
helps reduce the etching rate of the nickel-iron devices during the release. The
sample was then quickly transferred to a large beaker filled with water. In order to
prevent stiction of the released devices, in this wet etch process the sample was
slowly transferred to a lower surface tension solution of isopropyl alcohol and then
finally to a solution of pentane before drying. This was accomplished by preparing
3 solutions of successive dilutions to transfer from water to IPA and 3 more solutions
of successive dilution to transfer from IPA to Pentane. The sample was quickly
transferred through the set of solutions spending 60seconds in each solution with
care not to let the sample dry between transfers. The sample was then transferred
to a hotplate set to 150°C to dry quickly. This process was adapted from Raccurt et
al. who showed that stiction was dramatically reduced by transfer to a lower surface
tension solution before drying released MEMS cantilevers. The surface tension of
IPA and Pentane are significantly lower than water as shown in Table 7.1 from
Raccurt’s paper discussing this technique for preventing stiction as an alternative to
critical point drying[197].

Table 7.1: Comparison of the surface tensions of water, isopropyl alcohol, and pentane as reported by
Raccurt[197].

Liquid Water Isopropyl Pentane
Alcohol
Surface Tension(103Nm) 73.05 21.7 13.72

The full process flow for the fabrication of the sub-micrometer devices is shown in
Figure 7.2.

132



Grow thermal oxide

|

Spin photoresist

]

Electron Beam Lithography to
pattern photoresist and bake

:

Sputter Permalloy onto photoresist

]

Acetone bath to lift-off Permalloy film

Buffered oxide etch to release cantilevers
—

Figure 7.2: Process flow for fabrication of submicrometer scale devices. Sputtered permalloy is patterned with
a dual layer PMMA photoresist in a lift off process and then the devices are released using a FeCl saturated
BOE solution and a pentane solution transfer.

X-ray diffraction analysis was conducted in a Bruker AXS D8 Discover diffractometer
with a GADDS area detector and a Cu Ka source. Scanning electron microscopy was
conducted in a Hitachi S-4800 scanning electron microscope with a field emission
source. Compositions were confirmed using an EDS system mounted on a Hitachi
S3000N SEM. Film stress measurements were done with an in-situ Multi-beam
Optical Stress Sensor attached to the sputtering chamber using viewports in the
chamber to observe the substrate curvature during depositions.

The resonance frequency of an array of singly clamped beams was measured using
the experimental apparatus shown in Figure 7.3. A network analyzer (HP8752C) was
used to drive a piezo-electric element mounted under a chip containing the NEMS
cantilever beams. Optical detection of the movement of the cantilever beams was
done using a helium neon laser (A=632.8nm) which sensed small changes in the
reflected optical power, where the contrast was from interference between light
reflected from top of the cantilever beam and the silicon substrate. The cantilevers
were held at a vacuum of approximately 10~ torr during resonance testing.
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Figure 7.3: System used for resonant testing of the NEMS cantilever structures. The inset is a scanning electron
micrograph of a released beam 300nm wide and 2um long. Scale bar is 500nm.

7.3 Results
7.3.1 XRD

Figure 7.5a shows the XRD scans for 200nm thick films deposited on silicon wafers
at room temperature with the compositions Ni, Ni-10at.% Fe, Ni-20at.% Fe, Ni-
30at.% Fe and Ni-40at.% Fe. The phase diagram for Ni-Fe is shown in Figure 7.4. At
equilibrium a body centered cubic (bcc) aFe phase is expected at compositions
below 3% Ni, a mixture of bcc and fcc phases is expected from 3-75%, there is a
region where the FeNisz phase is expected from 75% to 90%, and a face centered
cubic (fcc) phase expected above 95%. In experiments (not equilibrium) with slowly
cooled melts, the fcc phase is obtained in compositions above 30% Ni[198]. A study
by Kaloshkin et al. preparing different NiFe compositions through mechanical
alloying did not find an FeNi3 phase and showed that an FCC phase is obtained from
30-100% nickel, a mixed bcc + fcc region from 20-30% and a bcc phase below
20%[199, 200].
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Figure 7.4: Phase diagram for the Ni-Fe System[201].

All of the films deposited in this work show peaks in the positions expected for the
(111), (200), and (220) of Nickel showing that all of the deposited films are FCC phase
which is expected for compositions above 30% nickel. As additional iron is added to
the film the peaks broaden showing a reduction in grain size. The peaks also slightly
shift to lower 26 positions showing an increase in lattice spacing with additional iron.
The films deposited at 200°C shown in Figure 7.5b have sharper peaks indicating a
larger grain size in the deposited films. Scherrer analysis of the (111) peak gave grain
sizes of 15nm, 13nm, 11nm, and 8nm for the 200°C deposited Ni-10at.% Fe, Ni-
20at.% Fe, Ni-30at.% Fe and Ni-40at.% Fe films respectively. And grain sizes of 12nm,
10nm, 9nm, 8nm, and 8nm were obtained for the 20°C deposited Ni, Ni-10at.% Fe,
Ni-20at.% Fe, Ni-30at.% Fe and Ni-40at.% Fe films respectively. This analysis
confirms the reduction in grain size with addition of iron and the finer grains seen in
the lower temperature deposition films.
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Figure 7.5: X-ray diffraction of 200nm thick co-sputtered Ni-Fe thin films deposited at a) room temperature
and b) 200°C. Indexed peaks are for face centered cubic nickel

7.3.2 Average Film Stress

A Multi-beam Optical Stress Sensor was used to measure the change in curvature of
the silicon wafers as the thin films were being deposited. An array of parallel laser
beams was projected onto the wafer and observed using a CCD camera. The spacing
between the beams changes when the wafer bends giving a way of finding the stress
in the deposited film. The average stress was found using the difference in curvature
of the silicon wafer before and after the thin film deposition. Figure 7.6 shows the
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results from different compositions of NiFe at the temperatures of 25°C and 200°C.
It is clear that the films deposited at 200°C have significantly lower average tensile
stress than the films deposited at 25°C. Also visible is an increase in stress as
additional Fe is added to NiFe during the 200°C depositions.
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Figure 7.6: Average thin film stress for 200nm thick co-sputtered Ni-Fe thin films measured by an in-situ Multi-
beam Optical Stress Sensor.

7.3.3 Magnetic Properties

Magneto-Optic Kerr Effect (MOKE) was used to produce magnetic hysteresis curves
for each of the deposited alloys to characterize the magnetic behaviour of the
deposited films. The results are shown in Figure 7.7a for films deposited at room
temperature and in Figure 7.7b for films deposited at 200°C. The coercivity is higher
for the compositions deposited at room temperature than the samples deposited at
200°C. And for each set of depositions the composition Ni-30a.t.% Fe was the one
with the lowest coercivity. Grain size has a significant effect on the coercivity of Ni-
Fe thin films[202]. Smaller grain sizes are expected to correlate with smaller
coercivity values. Increased stress in a thin film can result in increased coercivity as
seenin literature[203, 204]. The larger grain sizes observed from the XRD results for
the 200°C deposition films do not correlate with the observed lower coercivity, but
the significantly lower stress in these films does correlate with the expected trend
of lower coercivity. All of the films were shown to be ferromagnetic materials with
well-defined hysteresis loops. The coercivity of these films is higher than that
reported for bulk permalloy. At this point the composition of Ni-20a.t.% Fe was
chosen for further analysis for application as a metal for MEMS fabrication.
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Figure 7.7: Magnetic hysteresis loops acquired using MOKE of Ni-Fe thin films deposited at a) room
temperature and b) 200°C .

7.3.4 Surface Morphology

From the magnetic characterization it was found that the best magnetic
performance could be found in films that were deposited at higher temperature.
Lift-off was the best way to undertake patterning the permalloy thin films for sub-
micrometer devices as etching resulted in significant undercutting of the photoresist
and limited the resolution of possible fabricated devices. Because lift-off of a PMMA
Electron Beam Lithography resist was used to pattern the nanostructured devices,
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we were limited in the temperature of the substrate during deposition, and 200°C
was considered too high for lift-off with these materials. At high temperatures in
high vacuum the photoresist is expected to off-gas in the deposition chamber. Also
possible is that the photoresist will undergo a chemical change that makes it difficult
to remove using acetone during the release step. For this reason a series of
experiments was done to assess the possibility of annealing the devices after
patterning but before the release step. By annealing the grain size was expected to
increase and the stress gradient through the thin film was expected to decrease.
Two annealing temperatures were used: 200°C and 300°C in an argon atmosphere
with 5°C/min heating and 5°C/min cooling and an annealing time of 2 hours. The
SEM of the thin films after this treatment is shown in Figure 7.8c, d, and e. The
feature size in the film deposited at 20°C shown in Figure 7.8b is significantly smaller
than that shown in Figure 7.8a deposited at 200°C. Both films appear to be quite
smooth and uniform over their surface. After annealing the 20°C deposited film at
200°C small cracks begin to appear on the surface of the film (Figure 7.8d). The
cracks are approximately 10nm across and 30-100nm in length. In the sample
annealed at 300°C the cracks were significantly larger being 15nm across and 50-
150nm in length. This cracking is assumed to be caused by the significant thermal
expansion mismatch between the silicon wafer and the NiFe film. Nickel iron has a
significant variation in thermal expansion depending on the composition ranging
from 2 x10°%/°C - 12 x10%/°C with a minimum around Ni-60a.t.% Fe and a value of
12 x 10%/°C at Ni-20a.t.% Fe[198]. Silicon has a thermal expansion coefficient of
3x10®/°C which is significantly lower than what is expected for the permalloy film
on its surface. This would result in the film shrinking more than the silicon wafer as
the system is cooled from the annealing temperature and could be the cause of the
cracks observed in the films. Figure 7.8e shows a crack that formed at a clamping
location for a micro-beam fabricated from a film annealed at 200°C showing that the
film fails along these cracks that are shown on the surface. These results suggested
that post patterning annealing introduced cracking even at 200°C and this technique
was not used to try to modify the grain size in the fabricated MEMS/NEMS devices.
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Figure 7.8: Scanning electron micrographs of a 200nm thick NigFeyo thin film with different thermal
treatments. a) Film deposited onto a 200°C heated substrate, b) Film deposited onto a room temperature
substrate, and c), d) room temperature deposition followed by a 300°C and 200°C two hour anneal
respectively. e) A magnified section of a fracture in a 200°C annealed device after release.

7.4 Discussion
7.4.1 NiFe MEMS Fabrication

The stress is not constant throughout the thickness of a thin film. A difference in the
stress o through the film can cause beams made from this film to bend. The
following formula can be used to describe the uniaxial residual stress field in a thin
film[205].

k
y
Ototal = Z/?:o oy (h_/z) Eq.7.1
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h h . . . .
Wherey € (— 5’5) and is the coordinate over the thickness h with the zero chosen

at the middle of the thin film. Taking the first two terms from this equation produces
the approximation [205]

Oiotal = 09 + 04 (ﬁ) Eq.7.2

where g, accounts for the effect of the symmetric polynomial terms in equation 2.1
and g; accounts for the effect of the anti-symmetric terms. A diagram of a simple
stress that can be approximated by this model is shown in Figure 7.9 where the
addition of a uniform stress is added to a gradient stress. The stress gradient across
a thin film is what causes curvature in released singly clamped beam structures[205,
206]. Uniform compressive stress leads to buckling of clamped-clamped beam
structures[207, 208].
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Figure 7.9: Stress model in a thin film including the first two terms of equation 2.1.

The aspect ratio of the released structure and the support geometry decide the
direction that the released structures bend. Figure 7.10 shows several MEMS
structures that have not been completely released and are bending along the length
of the support instead of the length of the beam as shown in Figure 7.11. The
curvature of the films varies significantly between the 25°C deposition (b) and the
200°C deposition (a).
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Figure 7.10: End of cantilever images of 200nm thick NigoFezo structures released with XeF, deposited at a)
200°C, b) 25°C and annealed at 300°C (c) and 200°C (d).

For a beam structure the peak value of the gradient stress can be recovered from
the radius of curvature of the beam using the following equation[205].

Eh
0'127

Where D is the diameter of curvature, h is the thickness of the beam, and E is the
elastic modulus of the material. An elastic modulus of 100GPa for permalloy was
used for the calculations of g; as this was used in literature for films that were both
electroplated and sputtered[209, 210]. Using this relationship with the curl radius
of micro-beams 100nm thick and 5um wide made from NigoFezo deposited at 25°C
and 200°C, and also deposited at room temperature and annealed at 200°C and at
300°C. The images of the curled beams are shown in Figure 7.11 and the resulting
0, values are 110MPa and 59MPa for the 25°C (b) and 200°C (a) depositions and
100MPa and 59MPa for the 200°C (d) and 300°C (c) annealed samples, respectively.
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Figure 7.11: Released singly clamped cantilever structures fabricated from 200nm thick Ni80Fe20. Blue circles
are drawn to match the radius of curvature of the released structures. These beams curled and then fell over
onto the substrate during the release process.

This thin film gradient stress causes long cantilevers (>100um in length) to bend
significantly, while in shorter beam structures the bending amount is much less
pronounced. Figure 7.12 shows three different magnifications of a section of a 170
um diameter circle. Figure 7.12b shows that at length scales of approximately 10um
the curvature observed is quite slight. In Figure 7.12c it is shown quite clearly that
at length scales below 1 um that the curvature is almost imperceptible. When
making devices with critical dimensions less than 1um, all of the deposited films
studied in this set will result in devices with very little noticeable curvature. Gradient
stress approximately an order of magnitude higher would be required in order to
result in failed singly clamped devices. Mitlin group published a paper on Ni-Mo
metallic glass based nanometer scale devices [95] that were claimed to be “stress-
free”. In the paper the devices imaged had lengths less than 2um and with this low
length of measured beam it would be difficult to discern small stress gradients in the
films. A figure from a paper by Luber et al. is shown in Figure 7.12d showing a very
straight nanoscale cantilever. Below, in Figure 7.12e is a figure of the same NissMoas
amorphous material that was deposited 250nm thick and patterned using a mask
for long (>100um in length) cantilevers. The curvature at the longer length scale is
significant (~200um) and is a similar length scale to that seen with the NigoFezo films
deposited in this study.
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Figure 7.12: Sequence of maghnifications of a circle (a,b,c) showing that a large curl radius is hard to notice on
a small length scale. d) A thin NiMo beam that is only a few micrometers long showing very little curvature.
e) 500 pm long beams made from the same material showing significant curvature.

Figure 7.13a shows three singly clamped beams fabricated from 100nm thick 200°C
deposited NiggFezo on silicon. The length scale of these beams is significantly less
than 100um and the curvature is noticeable. The shortest beam just barely touches
the substrate surface after release. It would be expected that beams shorter than
this 50um long beam would be fully released and not touch the substrate. Figure
7.13b shows a paddle like structure with a suspended cross having arms that are
approximately 20um long. These arms are completely released and do not curl
enough to touch the substrate, demonstrating smaller devices that show very little
curvature. These devices are in the scale range shown in Figure 7.12b where slight
curvature is noticeable. In the sub-um length devices this curvature will be
extremely small and difficult to detect using scanning electron microscopy.
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Figure 7.13: Released Ni80Fe20 structures showing a) longer curved beams touching the substrate and beams
less than 50um long (b) showing very little curvature.

7.4.2 NiFe NEMS Fabrication

With these results it was concluded that it would be possible to create sub-
micrometer scale devices from these NiFe based thin films that would not have
significant curvature and would have the desirable soft magnetic properties
required for conducting nanoscale magnetic experiments. The fabrication process
for these devices is slightly different in that it uses a thermally grown silicon oxide
layer, removed in a FeCl saturated BOE solution, as a sacrificial layer instead of silicon
(removed using XeF2). The resist used for lift off was a PMMA based dual layer resist
and it was exposed using electron beam lithography. The deposition parameters for
the permalloy thin films were kept the same as those used for the MEMS scale
devices. The process flow for the fabrication of NiFe NEMS is shown in Figure 7.2.

Some of the resulting successfully fabricated NiFe devices are shown in Figure 7.14.
Figure 7.14a shows a doubly clamped beam that is 1.5um long and less than 100nm
across, Figure 7.14b shows a 4um long singly clamped beam that is less than 100nm
across. Shadowing from the deposition process into the EBL resist resulted in the
thickness of deposited NiFe being thinner in the small features than in the larger pad
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features. It is expected that the thickness of the beams is significantly less than the
100nm nominal deposition thickness. The cantilevers shown in Figure 7.14b and the
inset of Figure 7.3 make it clear that the thickness of the beam is significantly less
than the thickness of the base where shadowing would have no effect because of
the larger feature size. Roughness observed on the edges of the base in b are caused
by the lift off process and result from a thin metal coating of the photoresist side
wall not being completely removed during the lift off. Figure 7.14c shows a low
maghnification overview of the array of clamped-clamped beams and singly clamped
cantilevers fabricated. The large structure in the forefront is a broken wire-bond
attachment that would be used to electrostatically actuate the nanostructured
devices.

Figure 7.14: NEMS devices fabricated from nickel iron thin films. a) A doubly clamped beam, b) a singly
clamped cantilever, and c) a lower magnification view of the array of NEMS structures. The structure in the
foreground is a wirebond used to electrostatically actuate the devices.

7.4.3 NEMS Resonant Properties

The results from the resonant frequency testing are shown in Figure 7.15 from a
paper published by Losby et. al. using the same devices[122]. The equation
governing the relationship between the length of a singly clamped beam and the
resonance frequency for the first fundamental out of plane flexural mode is as
follows[122]:
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Mz \/%(%) L Eq.7.3

Where p is the density of the material, E is the effective Young’s Modulus, I is the
moment of inertia, L is the length of the beam, and A is the cross sectional area of
the cantilever[122]. The slope from the devices tested was equal to 0.17+/-0.01
MHz2/um. Because the beams are thinner than the nominal deposited thickness
due to shadowing effects during deposition there is considerable error in
determining the thickness of the cantilevers used in this experiment. Using the
measured slope from Figure 7.15 and equation 7.3 one can calculate the range in
the expected elastic modulus: 255GPa if the beam is 40nm thick to 113GPa if the
beam is 60nm thick. The shape of the cross section in the tested beams is not a
perfect rectangle and has a slight arch from shadowing that would reduce the
accuracy of the measurement. The sensitivity of this method to changes in the
cantilever thickness make the uncertainty in thickness from shadowing in the NEMS
cantilever a very large contributor to the error in the modulus measurement. The
inset of Figure 7.15 shows the frequency response of a 5um long cantilever and its
comparison to a Lorentzian curve fit. The curve fit gives a quality factor of 880. This
is similar to the results from other metallic cantilevers of this size in vacuum and at
room temperature. Other nano-scale all metallic resonators have shown similar Q
factors such as Al-32%Mo resonators 20nm thick with Qs ranging from 30 to
245[94], another Al-32%Mo cantilever that is 5um long 20nm thick with a Q factor
of 482[211] and Au-5at.%Ta cantilevers that were 50nm thick with Qs ranging from
304-640 [212].
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Figure 7.15: Resonant frequency of an array of singly clamped beams ranging from 4pum to 2um in length.
Inset is the frequency response of a 5um long beam.
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7.5 Conclusion

A range of compositions of co-sputtered permalloy thin films was explored for
application as a material for building magnetic resonant cantilevers. Compositions
ranging from pure nickel to Ni-40a.t.%Fe were deposited and tested for average film
stress using a MOSS technique, films deposited at 200°C were found to have a
significantly lower average tensile stress than those deposited at 25°C.
Microfabricated devices were fabricated out of Ni-20a.t.%Fe composition films
deposited at 25°C and 200°C and also of films deposited at 25°C and annealed at
200°C and 300°C. Differential film stress was found to be lowest in the 300°C
annealed sample and the sample deposited at 200°C but was found to be low
enough to allow for fabrication of extremely straight and uncurled sub micrometer
scale devices. An array of different length cantilever beams ranging from 2-5um
long and 300nm wide were fabricated using electron beam lithography and shown
to resonate as expected with a quality factor of 880 found for a 5um long beam.
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8 Conclusion and Future Work

Thin film techniques and methods span many different length scales and
applications. In this work thin film deposition was used to fabricate nanometer thick
catalysts for oil upgrading, centimeter scale devices for sensing oil in water, and
micrometer scale devices for exploring micro magnetic effects. All of these
challenges were met with a similar set of obstacles involving thin film adhesion,
substrate film interaction, and film stress management. These challenges were
overcome through material design. Each challenge required different deposition
techniques in order to achieve the required outcome. Magnetron sputtering
worked well for depositing the metals required for micrometer scale cantilevers.
Thin film stresses in these deposited films prohibited making larger devices as
beams longer than 10um in length were significantly curved. By fabricating larger
devices from electroplated nickel these stress issues were resolved and mm length
devices were successfully fabricated without any noticeable bending or buckling.
The ductility and thickness of electroplated nickel made fabrication on high pressure
feedthroughs possible where sputtered thin films consistently failed due to either
oxidation or broken electrical contact due to thermal expansion mismatch causing
cracking in the deposited films. This same effect of thin film stresses caused ultra
thin deposited tungsten films to delaminate during sulfidation and limited the
thickness of deposited catalyst films to less than 4 nm in the work related to
hydrogenation of model compounds. The ability to select and design a thin film
deposition method for a specific application enables the fabrication of a large variety
of sensors, devices, or functional materials. This work demonstrated this process
for a wide range of applications ranging from oil upgrading (hydrogenation) to
analysis (phase identification), and from sensor development for hostile oil well
environments (released and anchored sensors) to high vacuum laboratory
experiments (NiFe Cantilevers).

The focus of this thesis is on the development of two platforms for integrating
microfabricated sensors with high pressure feedthroughs for application in hostile
high temperature high pressure environments. A specific application in oil well
production logging is explored and two sensors were implemented with these
developed platforms for application in an oil well.

Production logging is a global oil-services industry where down-hole information
(such as temperature, pressure, phase identification, and fluid flow) is gathered
from already producing wells to assess their health and condition[1, 2]. Data
gathered from a well can be used to make important decisions on well maintenance
and modifications to improve production[3]. Micro-machined technology is almost
ubiquitous in modern society, comprising many of the core sensors in automobiles,
aerospace, home entertainment and biomedical applications. However, such
technology has achieved almost no ingress into down-hole sensing. This is due to
the inability of conventional micro-machined materials to survive the extremely
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harsh well environment which combines high temperatures (up to 180 °C), high
pressures (up to 100 MPa), and corrosive fluid media. Traditional packaging of
MEMS devices using wirebonding is not compatible with this hostile environment
and typical MEMS plastic encapsulation techniques are also not suitable. This work
outlines a platform for integrating MEMS sensors into a down-hole environment and
represents a major revolution in down hole logging technology.

Fabricating multiple MEMS sensor elements onto high pressure feedthroughs
enables a smaller oil well production logging tool capable of measuring multiple
fluid properties at a single location in the wellbore. Current tools successfully
measure multiple oil well fluid properties but at different locations in the well bore
with each sensor only measuring a single parameter at a single location. By
integrating sensors directly into a high pressure feedthrough, electrical connections
in the hostile oil well environment can be avoided and the electrical sensing circuits
can be more closely integrated with the sensor elements themselves. This tight
integration and the increase in sensor durability and decrease in sensor size was
accomplished by microfabricating sensors directly onto a high pressure
feedthrough. The two solutions shown from Schlumberger and NASA for integrating
MEMS sensors with a high pressure feedthrough are either extremely complicated
and delicate (Schlumberger) or not capable of operating at oil well pressures (NASA).
No other wirebond free solutions for MEMS integration with a high pressure
feedthrough exist. This work demonstrates a solution that provides a wirebond free
IBM SLT like platform for MEMS sensor integration with a high pressure feedthrough
that is simple and robust.

The freestanding devices developed in this work use a sacrificial tin scaffolding
surrounding an array of pins instead of a traditional substrate for supporting MEMS
devices. Creating a new substrate with a sacrificial layer on a surface that ordinarily
would prohibit lithography based fabrication is demonstrated in this work.

The first platform developed, involving microfabrication on a cut and polished
feedthrough, is more robust than the wire bonded silicon die technique used for
MEMS integration in pressure sensors and therefore allows for direct interface of a
microfabricated sensor with a fluid environment which is not currently possible. The
platform developed within has been pressure tested to 10,000psi and temperature
cycled several times from 20°C to 200°C. This platform enables electronics
integration with a variety of electrical and thermal based sensors within the oil well
environment.

The second platform developed, involving free space fabrication of nickel
microfabricated devices onto an array of pins, enables for the very first time
microfabricated metal MEMS that are released by distances of 1cm from their
substrate. With sub 50um features and heights of 1cm the structures fabricated in
this work are unique.
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The released MEMS sensor process flow allows for fabrication to be done on any pin
array substrate regardless of surface quality. By fabricating a new surface the
problem of MEMS substrate selection is avoided. Being able to place released MEMS
sensors directly onto traditional style circuit boards, ceramic circuit boards, electrical
connectors, ribbon cables, pin headers, or high pressure feedthroughs greatly
improves the variety of possible applications and reduces fabrication costs.

These two developed platforms were then used to fabricate thermal conductivity
sensors that showed excellent performance for distinguishing between oil, water,
and gas phases. Thermal conductivity sensors are not currently used for phase
identification in an oil well, making these sensors unique in the production logging
field. Larger macro machined sensors do not respond quickly enough to be used in
a flowing environment and use a significant amount of electrical power to heat
making their implementation in oil well production logging impossible.
Microfabrication enables application of this type of sensor by improving response
time and reducing power consumption. Testing was conducted with the two
platforms at various flow rates and performance of the released platform was
shown to be better than the performance seen in the anchored sensors while both
platforms were significantly better than a simply fabricated wrapped wire sensor.
The anchored platform was also used to demonstrate a traditional capacitance
based fluid dielectric sensor which was found to work similarly to conventional
commercial capacitance probes while being significantly smaller in size.

This research will continue over the next two years and the following aspects will be
addressed in future developments related to the microfabricated sensors. Testing
of a protective coating made from the most resistant and high temperature Parylene
HT will be conducted to ensure proper operation of this sensor in an oil well. Further
electronics development will be undertaken to integrate these sensors into a data
acquisition system that does not require bench top equipment for taking
measurements. The fully released sensors could be further developed to improve
adhesion of the inconel pins to the electroplated devices. There is significant
opportunity in expanding these high pressure feedthrough integrated sensors into
other hostile environment sensing applications where high pressure and high
temperature fluid property measurement provides valuable information.
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