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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 Introduction to MEMS and MEMS Fabrication
 Gisela Lin, Ph.D.Department of Biomedical Engineering
 University of California, Irvine
 ASME BioMEMS Technology SeminarLos Angeles, CA, May 19, 2003
 OutlineIntroduction to MEMS−General description−Application areas−Market analysis
 IC fabrication techniquesMEMS fabrication techniques−Bulk micromachining−Surface micromachining
 Conclusion
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 What are MEMS? MEMS = Micro Electro Mechanical SystemsUses integrated circuit fabrication techniques to make mechanical as well as electrical components on a single chip.Small size ⇒ 1µm – 1mmTypically a batch fabrication process. 99% of the cost is required to make one, the other million are free!
 What is Micromachining?“Micromachining” is the fabrication process by which MEMS are realized – Transistors, electrical components, mechanical structures, …– Differs from standard IC processing in fundamental ways.
 Easily extended to produce complex systems– Chips, memory, microprocessor, microactuator arrays, …– Sensors + actuators + fluidics + integrated circuits + …– Micro Systems Technology (MST)
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 Why MEMS?
 50µm wide,3 cm long microchannels(U. Cincinnati)
 Bottom line: Save time and money
 Portability (small size) Faster resultsSensitivitySurface qualityPrecise position control Low powerReproducibilityReliabilityLow costHigher throughput, parallel processing
 Early Micro & Nanotech Vision
 Richard P. Feynman1918 – 1988
 1965 Physics Nobel Laureate
 “There’s Plenty of Room at the Bottom”
 December 29, 1959 - Dr. Richard Feynman first pointed out the potential of MEMS-type technology in the above seminal lecture presented to the American Physical Society at the California Institute of Technology (Caltech).
 He suggested several revolutionary technologies:− Miniaturized computers− Data storage systems− Electronic components− Tiny robotic machine tools
 Lecture transcript available online courtesy of Zyvex Corporation:www.zyvex.com/nanotech/feynman.html
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 Events Since Then …Feynman’s vision was realized quickly in the semiconductor industry (electronics).
 Only in the last 25 years has much effort been devoted to making tiny mechanical parts.
 Important early MEMS products:Automotive pressure sensor (Motorola, 1980s)Digital micromirror (Texas Instruments, mid-1990s)Airbag sensor (Analog Devices, 1993)
 (Sandia National Labs)
 How large are MEMS?1 m1 mm1 µm1 nm
 Wafer (10 cm)
 Chip (~1 cm)
 Virus (~10 nm)
 Transistor(~1 µm)
 Molecules(~1 nm)
 Hair(~100 µm)
 Cells (~10 µm)
 Most MEMS(1 µm - 1 mm)
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 Scalability of Micromachining
 Individual Components
 Entire Systems(Chips, Die)
 Produced many at a time (wafers)
 What Can MEMS Do?Sense and Act on its Environment!!
 - fast: 250,000 RPM go far: >1 mm strong: >1 mN- actuating: by electric, magnetic, thermal, … forces- sensing: acceleration, pressure, flow rate, etc...
 NovaSensor (TRW)
 Pressure Sensor
 Sandia National Labs
 ElectrostaticMicroactuator
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 What Else Can MEMS Do?Re-direct and process lightRe-direct and process fluidsCan be wirelessCombined with VLSI, MEMS can miniaturize entire systems!
 Micro-fluidic mixerBSAC
 Free-space micro-optical bench (UCLA)
 General Application Areas
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 Automotive & TransportationPressure sensing, accelerometer, vibration sensing, navigation …
 pressure(MAP, fuel,
 EGR)
 linear accel.(air bag)
 air flow(air/fuel)
 alcohol(driver)
 gyroscopes(navigation)
 angular accel.(suspension)
 O2(air/fuel)
 NOX(emissions)
 acoustic(collision)
 pressure(tire, ABS)
 temperature(comfort)
 charge density(battery)
 azide(air bag)
 AerospaceAircraft, navigation, micro-satellites, micro-rockets, space exploration …
 MEMS Gyroscope(MicroSensors, Inc.)
 1-kg microsatellite built with MEMS(Artist’s concept, NASA/JPL)
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 IndustrialFluid regulation, vibration and strain sensing, environmental monitoring …
 Strain/force sensor(UC Berkeley, Integrated Micro Instruments)
 Pressure sensor & Electronics(Fabricated at Standard MEMS, Inc.)
 ConsumerComputers, data storage, ink jet printers, displays …
 MEMS AFM tip array for data storage(Carnegie Mellon University)
 Tri-color ink jet print head(Lexmark International, Inc.)
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 CommunicationsOptical switching and routing, relays, wireless communication, information systems …
 Digital Mirror Device (DMD) Light Switch (Texas Instruments)
 Micro-Fresnel Lens(Fabricated at
 Standard MEMS, Inc.)
 Military, DefenseRemote surveillance, airborne micro-robots, remote sensing, smart munitions, smart bombs, navigation, safe and arming, bio-warfare …
 Mechanical locking device (Sandia National Laboratories)
 Microresonator(Discera)
 Handheld biotoxin detector(Stanford University)
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 Biomedical (1) Biochips, genetic analysis, proteomics, diagnostics, in-vivo sensing and imaging …
 Disposable “Lab-on-a-Chip”
 Drawing and photos courtesy of Caliper Technologies, Inc.
 Biomedical (2)
 Hollow microneedles(Becton Dickinson)
 DNA Analysis chip (Nanogen)
 Biosensing, drug delivery, cellular manipulation, microsurgery …
 Micro-tweezers(UC Berkeley)
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 MEMS Market Analysis
 Microsystems Market Overview
 $3.97$4.69
 $5.70
 $6.79
 $8.15
 $9.66
 2001 2002 2003 2004 2005 2006
 Worldwide MEMS Sales Forecast ($ in Billions)
 Source: Cahners In-Stat/MDR
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 MEMS Sensors vs. ActuatorsWorldwide MEMS Sensor and Actuator Markets
 (% of market share, based on revenue)
 Source: Cahners In-Stat/MDR
 2000 2005
 Actuators 21.3%
 Sensors 78.7%
 Actuators 62.9%
 Sensors 37.1%
 Total Market:$2.5 Billion (sensors)
 $0.7 Billion (actuators)
 Total Market:$4.2 Billion (sensors)
 $7.1 Billion (actuators)
 World Market Share by Sector
 14%
 47%
 7% 7%
 25%20%
 33%
 7%
 29%
 10%
 Perc
 enta
 ge
 2001 2005
 ConsumerIndustrial/AutomotiveMedicalTelecommOther
 Source: Cahners In-Stat/MDR
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 $0.62$0.69
 $0.76$0.85
 $0.95$1.06
 2001 2002 2003 2004 2005 2006
 Focus: Biomedical MEMS
 Source: Cahners In-Stat/MDR
 Worldwide Revenue Forecast of MEMS in Biomedical Applications ($ in Billions)
 CAGR = 11.4%
 BioMEMS Revenue Forecast by End-Use ($ in Millions)
 11.4%$1,057.3$952.7$863.4$786.9$687.6$615.7Total Revenues
 12.7%$32.0$27.2$24.0$20.8$19.2$17.6Other
 20.7%$301.9$261.9$219.4$191.5$143.5$117.8Life Sciences Research
 9.7%$167.3$150.3$137.4$124.2$114.3$105.2Point of Care (POC)
 6.2%$353.9$334.1$322.7$309.6$285.2$261.4Glucose Monitoring
 18.0%$80.0$67.5$57.5$47.5$40.0$35.0Stents
 7.9%$16.1$14.9$13.8$12.8$11.9$11.0Pacemakers, defibrillators
 14.1%$58.0$51.0$45.0$39.0$34.0$30.0Catheters, guide wires
 5.0%$48.1$45.8$43.6$41.5$39.5$37.7Blood Pressure Monitoring
 CAGR200620052004200320022001End-Use
 Source: Cahners In-Stat/MDR, 2002
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 Where is the Market?
 8%
 22%
 24%
 31%
 35%
 35%
 35%
 37%
 37%
 58%
 64%
 85%
 0% 20% 40% 60% 80% 100%
 Other
 Africa
 China
 Middle East
 Japan
 Mexico
 Other Pacific Rim
 Australia
 Latin America
 Canada
 Europe
 United States
 Percentage of respondents
 Survey of 237 executives from medical device manufacturing companies.
 Survey conducted by Readex, Inc. (Stillwater, MN).
 Results published in Medical Device & Diagnostic Industry.
 (Multiple answers permitted)
 Exclusive survey of R&D Magazinereaders.
 Results published in Jan. 2002.
 Electrochemistry analyzers
 Spectroscopy inst.
 Liquid chromatrographs
 Gas chromatographs
 Surface analyzers
 FTIR spectrometers
 Mass spectrometers
 Imaging systems
 Chemical analyzers
 DNA sequencers
 Bioanalytical Instruments with Highest Market Growth
 Source: R&D Magazine
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ASME BioMEMS Technology Seminar (PD 437) May 19, 2003
 Source: R&D Magazine
 Open operating systems
 Multi-use products
 Smaller products
 Less expensive products
 Portable products
 User-friendly software
 Increased ease of use
 Automated systems
 Biggest Trends in BioanalyticalInstrumentation
 Consumables and automation = Industry drivers
 General Driving ForcesIncreasing miniaturizationIncreasing integration requirements– e.g. “cell phone on a chip,” “Lab-on-a-Chip”
 Need for:– low power systems– collocation of measurements– collocation of sensing & actuation– distributed sensor networks
 Technology push turning to market pull
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