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Workshop Summary

On August 3, 1993 Lawrence Berkeley Laboratory CLBL)hosted a workshop for a
national audience on local and nationzl opportunities to develop high-aspect-ratio 3D
microstructures in the U.S. The best example of an application for this technology is
micro-electro-magnetic-mechanical systems (MEMMS). Locally, this opportunity is
based on a unique combination of resources: the newly commissioned Advanced Light
Source (ALS) and the Center for X-ray Optics (CXRO) at LBL; the contiguous UC
Berkeley campus and its Berkeley Sensor and Actuator Center (BSAC); and the broad
industrial base in microfabrication in nearby Silicon Valley. It is generally believed that in
the near future applications for micro-electromagnetic mechanical systems sensors and
actuators will be ubiquitous and incorporated into all major industries, including
aerospace, transportation, data storage, and biomedicine.

This workshop was divided in two parts. In the first half, a variety of speakers from
industry, academia and national laboratories expressed their views on the applications and
technological challenges of MEMMS devices. Participants also outlined the resources
their organization could provide for this national initiative. Copies of each speaker's
viewgraphs are reproduced here. In the second half of the day, interested participants
met to develop a consensus on the next steps required to implement the vision for a
robust HAR-MEMMS capability in the U.S. In order to accomplish this locally, the
participants agreed to a four point plan (outlined below). A Participating Research Team
(PRT) was formed by BSAC, LBL, Lawrence Livermore National Laboratory (LLNL),
Jet Propulsion Laboratory (JPL) and Sandia National Laboratories (SNLL) one week after
the conference to initiate activities at the ALS.

Keith Jackson of LBL's CXRO opened the meeting with a report on the plans for the
ALS facility, which is in three phases. First a temporary white light beamline will be
built as an extension of the existing "microprobe" beamline and hutch on bending magnet
10.3. This will be available in the first quarter of 1994 for exposures. The PRT will
implement this station. In the second phase, two dedicated bending magnet beamlines
will be built with planar and aspheric optics to permit research and normal incidence 4"
wafer exposures respectively. In the third phase an exposure station based on a "wiggler"
will be built, which will have shorter wavelengths to simultaneously expose thick resists
in minutes.

Chantal Khan-Malek, also of CXRO, gave a talk introducing the basics of deep-etch x-
ray lithography. She showed how the 3-9 KeV x-rays from the ALS or other light source
can penetrate deeply in a resist medium and allow the construction of 3D microstructures
that can be mass produced. She also outlined the mask requirements and resist processing
issues that will be addressed at LBL.

Glen Dahlbacka of LBL's Industrial Program Development outlined the goals of the
industrial program which were to develop stable and reliable processes based on the
philosophy that drove the CMOS revolution. He presented cost estimates showing the
substantial economies that can be achieved using this massively parallel manufacturing
technology. One ALS beamline can potentially manufacture a billion 3001.tmx 300_m
"widgets" per year at an estimated cost of microdollars each.

JPL and LLNL, founding members of the PRT, presented the goals and capabilities of
their microfabrication programs. They both have immediate applications in x-ray optics
where deep-etch x-ray lithography is uniquely suited. LLNL has committed to make its
extensive electroplating and diamond turning facilities available to the program. These



along with the LBL electrochemical capability for research (see Phil Ross's talk) and
plating Au, Cu and Ni will provide substantial capability for materials selection. SNLL &
JPL also have electroplating capability available. JPL also will make available its e-beam
writer for precision mask writing.

Richard Muller of BSAC outlined the fundamentals of micromachines and pointed to
the HAR-MEMMS capability to provide higher forces, greater accuracy and increase
materials choice in microfabrication. Richard White, also of BSAC, presented a novel and
important application for microfabrication with his work in polymerase chain reaction
(PCR) chambers. Using microfabricated reaction chambers the PCR reaction can be
driven 3-4 times as fast and 100 times more efficiently (wrt energy) than conventional
equipment.

Bob Warrington of Louisiana Tech outlined a sister program that is starting at the
Louisiana State University Center for Advanced Microstructures and Devices. Close
collaboration between the ALS and LTU programs and others in the US will provide
rapid development and duplicative infrastructure that will be important in
commercialization, since industry will require backup sources for exposure during
manufacturing runs.

IBM outlined their interest in this technology for precise head positioning for hard
disk drives. IBM also has applications in shock and acceleration detectors to eliminate
spurious writing and in track following. The hard disk market is a large potential market
for this manufacturing technology.

Cheryl Fragiadakis, Head of the Technology Transfer Department at LBL outlined
several mechanisms that industrial users can use to work with LBL. During this
discussion, the issue of proprietary work on the ALS was raised. Industry proprietary
data will be protected, both physically and intellectually. The ALS is a controlled access
facility that will require badges. The mezzanine of the facility has space for locked
offices with locked cabinets for secure storage. Proprietary data exchange agreements can
be executed between key LBL staff that might assist in proprietary effort and an
industrial user. A cost recovery fee is charged for proprietary users that will be
$100/hour for the ALS use (light) and appropriate charges for other services as rendered.

The workshop participants met after the presentations and developed a consensus on
four key issues. First, that the HAR-MEMMS community needs a bending magnet
facility and a wavelength shifting wiggler at the ALS. This equipment will provide a high
throughput deep x-ray lithography exposure facility suitable for industrial prototype
development, a branchline for the further development of exposure systems, and a white
radiation beamline for resist exposure modeling. Later in the program, the wiggler
"wavelength shifter" will provide tunable higher energy radiation so that two wavelengths
of exposure can be used simultaneously and optimally for the thickness of resist used.
Second, that initiating MEMMS activities at LBL now will further establish the U.S. as a
serious competitor in this emerging technology. Third, that in addition to the beamlines
and exposure systems, there must be a baseline processing capability onsite in mask
fabrication, resist processing, and electroplating. This will allow conceptual designs to be
fabricated while more advanced processes are being developed. Fourth, that support of
research in the areas of electro-plating, x-ray resists, mold release agents, and process
modeling must be recognized as a critical part of any MEMMS program.
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MISSION.
TO DEVELOP A SCIENCE AND ENGINEERING
BASE FOR MICROSENSORS, MICROA CTUATORS
AND MICROELECTROMECHANICAL SYSTEMS.
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Microdevice technologies

Microflow Systems
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MICROSENSORS & MICROACTUATORS Oxford University
R.$, Muller, A.P. Pisano, R.M. White July, 1991
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MICROSENSORS & M|CROA, C'I_JATOIR$ OxfordUniversity
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MICI_O$EN$OR$ & MIICROACT4JA'I_OR$ Oxford Uni_
R.5. Muller, A.P. Piaaso, R.M. White July, 1991
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EXAMPLES OF MICROMECHANICAL STRUCTLIRE3
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Estimated Gripping Force of 0.4mm-Long Gripper
10-9 N
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Fig. 3.7 ComlmdStmof threeelastic modelsof gri_ arm.



POLYSILICON LINEAR MICROVIBROMOTORS

Abraham P. Lee°, D.J. Nikkel, Jr.t, and Albert P. Pisano

Department of Mechanical Engineering
University of California at Berkeley
Berkeley Sensor & Actuator Center

An NSF/Industry/University Research Cooperative

tLawrence Livermore National Laboratory

converter I oblique pointer convener 2
converter

i

force indicat4 microslider

converter3 converter 4

Fig. 1 Design layout of the linear microvibromotor with oblique
pointer extended from conve_cr.
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microvibromotorwith aclose-upof theobliquepointersby theside /
of themicroslider.

Another type of microvibromotoris an inverteddesigned
with the oblique flexures extended from the microslider. A

horizontalportionof the flexuresprovidean impacttargetfor the

converters. Figure 3 is an SEM micrographof this type of
microvibromotor.

ig.2 SEM micrographof linearmiczovibromotorwithclose-up /_

of theconvercr obliquepointerrips. Nodcethedouble I_co

layer rim on theside of the slider. ,-- _

Mq NV£RTER

._NSOHtor)
• ff_e-,_i: " "

Fig. 4 Actuationprincipleof linearmicrovibromo_.

ACTUATION PRINCIPKJ_

Figure 4 illustrates the actmudon principle of linea"

microvi_. When the nvo ooaveners are driven_n i_ase

towmi the mic_d_, the oblique poima_ _ to _

contactiml:_C,forceis im:luced_ d¢ _ poinl_ mbd_he

microslider. This deflection Ici_ly rcud_ in a forward
qll

displacement c,f thepointer tip, dragging themicroulider_ by

-..,.,._. " .4_.,r,=' meansof friction force, The impactforce is _ witlkthe

g.3 SEM rrucrographof linearmicrovibromotorwith oblique inertial mementum of the conveners,the bendingfot¢_ el"the

poiaterextendedfrom microslider, oblique pointer and folded beam flexure, and the _c

¢ comb fmce_rdrivesof theconveners are designedsuchthatthe driving force. Combinedwith the fricdon andi_ _mllined
_troszazicforce will pushthe pointerstowardthe slider instead betweentheflange and the micmdkkr, the systemIleocmes"

earlier designs[7] that pull awayfrom the rotor. The folded nonlinearin nature. An attemptto explaintome dezilpzmlpecsas

am flexuresarc 1.6 I.u'nwideand 200 p.mlong, The microslider wellas a simplifiedforwardmodonanalysiswill beerode.

a hollowrectangularblockconstrainedtomove in thehorizontal For a staticanalysis,Fig. 5 illusmatesa dmplifiedmodelto
rectio_ by a flange in the middle. The block is 360 lainx 58 tun represent the actuation principle of the microvibromotor, The Bet

id the hollow portion is 320 IJ.mx 18 p.m. The flange is 211 IJ.m verdcal force exerted on the converter is represented by Fc and the
ng which leaves a 109 p.m total drive range of the microslider. net horizontal force exertedon the slider is Fs, One endof the

0uble layer side rims are on both drive sides of the slider to oblique pointer is assumed to be clamped to the convener mass

•ovide a larger impact target. These rims arc 4.3 gm high. The while the other end is hinged on the microslider. Assume the

,,rti'calclearance between the microslider and the flange is 0.9 gm width of the beam negligible compared to the length of the beam

,bile..the _ cteasance is 2 Izm. Dimples areevenly distributed and Fs equal to zero. That is, assume the resisting friction force of

_gthe conv_ers and the slide, and the height of the dimples is the microslider ncmexistent. The displacements can then be

,5 pro_. Figure 2 is an SE_ microgTaph of this type of linear derived from the flexure of tbe o_ique poin_' aS: _',



I_ b_ agitation during rinsing. /us $EM dm_in| -_ ,hj:0_ ,st]" "tgres

with_-i_ r_siner,sarcshownlll.C._iinFi UI.C.S.A conceptl= far_ _r_.ctur.¢s
proposewill ev_ly make=ucha system possible.

Fi_m Ill,O.1. t FigureIIkO,2.



Possible Applications

• Microfinetuningheadof magneticdiskhead.

• Micropositioner/manipulator/robot.

• Opticalshutter.
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MICROACTUATION

• Electrostatic

• Piezoelectric

• Pneumatic

• Thermal Bimorph

• Fluidic Phase Change

• Ultrasonic

• Magnetic

• Shape Memory Alloy



BATCH FABRICATION AND ASSEMBLY OF
MICROMOTOR-DRIVEN MECHANISMS

WITH MULTI-LEVEL LINKAGES

YogcshGianchandaniandKhalilNajafi

Centerfor l_tegrated Sensors and circuits
Um'vcrsityof Michigan

Ann Arbor, Michigan 48109-2122 "•

..

1P_O SILICON-, ONE GLASS- WAFER
FOR ASSEMBLED MECHANISMS

UNIV. of MICHIGAN - MEMS1}I2

IIIII



A A'

_} Ele_ostatically bond Lbe second silicon wafer to the qtass wafer, dissolve the
undoped silicon Ln £DP to free the entire structure. The me_.hanism is batch-
assembled and f_ric_ted at this point. The b_r link_je allows the motor power to

be coupled o_ I:o the o_tslde world. The restraints are blown out either
electrically or by laser.

Figure 1: Process sequence for batch fabrication and assembly of mi<xotr_or-driven meelaanisms.



What can HARMEMS

Bring to Actuated Microstructures?

• Increased Force

• Increased Strength
• Power Train Possibilities

• New Degrees of Freedom

NEEDED RESEARCH

• Materials Studies

• Electronics Compatibifity Studies

I II II I IIIII
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DNA Amplification with a
Microfabricated Reaction

Chamber
Dick White

Berkeley Sensors and Actuators Center
UC Berkeley

August 3, 1993
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292 PartThree:MicrobialGenetics

CYCLE1 3" u§'

1_2

Ii
1_2

automatedandmicroprocasorcoetrolk_.TheycanIXeam,_pm 96
samplesatatime..

II II
of a specific DNA and provide sufficient matmrialfor am,

niques. Undoubtedly PCR will be used extemivuly to J
genetic mapping in the humangenomeproject.PCR.bami J
agnostic tests for AIDS, Lyme disease, chlamydia, the humt
papilloma virus, and other infectious agents and _ atCYCLE3

-- /[I_ / t_ beingdeveloped.PCR isparticularlyval,bleinthed--

1and2 of genetic diseases such as sicklecell anemia, phmlylkct_
and muscular dystrophy.The technique is already haviMIa_

I:I: I: impact, forensicscience,hereit isbeing./ll_

cases. It is possible to exclude or incriminatesus_ m_
extremely small samples of biological mater/al di_ i
the crime scene.

Thca_ are three ways to obtain adequatequantitks al'a

' fragment it, isolate the fragmentofinterest, and _ tM_
it. Alternatively, all of the fragments can be cl_ I_
of a suitablevector, andeach clone(the papulation_r kl_
moleculeswith a singleancestralmolecule)canbsi _
tl_d_red gene.One alsocand/r_tlysya_ sis

l.,g.g _IIRl_Is_,ms._ i,.¢Im. Imdm_¢_Im,sk DNA _t asd__ _, _ _ IL
wsud mp_e_h_ _een._ w p.u_._.IS_o.pm.S_ _m rw .-•
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COLLABORATORS

Jeff Kortrlght
Center for X-ray Optics

Lawrence Berkeley Laboratory

mnd

Mike Toney and Owen Melroy _
IBM Almaden Research Center .,,

San Jose CA _..

LBL Investigators supported by Office of Energy
Research, Office of Basic Energy Sciences, Division ot
Materials Sciences, U.S. Department of Energy. IBM
Investigators supported by a grant from the Office of
Naval Research. Experiments were conducted at the
Stanford Synchrotron Research Laboratory, which is
operated as a national user facility by Stanford
University for the U.S. _)epartment of Energy, Office of
Energy Research, Office of Basic Energy Sciences,
Chemical Sciences Division.
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. ELA_ WAVE AND DEVICE FUNDAMENTALS
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Why Plate Waves?

(100 _m) d

(2 _m)

• Low velocity

• low frequency

• no radiation in liquids _ low-loss

operation

° High sensitivity

° Large amplitude --_ Pump solids and liquids
• Micromachinable

•Berkeley Sensor & Actuator Cente,r___.
• •
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VIDEO: ULTRASONIC MICROTRANSPORT I
LOOKING DOWN ONTO MEMBRANE WITH TRANS-DUCERS /

/TO LEFT AND RIGHT:
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VIDEO: ULTRASONIC MICROTRANSPORT

LOOKING DOWN AT MEMBRANE- TRANSDUCERS L & R:

• IN AIR, DRIVING BOTH TRANSDUCERS CAUSES
ROTATION OF POLYCRYSTALLINE SILICON FLAKE
(MEASURES 1 MICRON x 300 MICRONS x 300 MICRONS).
DRIVING ONE TRANSDUCER MOVES FLAKE IN ONE
DIRECTION AT UP TO 3 cm/s

• WATER WITH 2.5-MICRON POLYSTYRENE SPHERES IS
PUMPED AT UP TO 300 micron/s

• WITH STANDING WAVES, BACTERIA IN WATER
ARE TRAPPED (AND SPUN!)
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Electrochemistry Research
at
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Phil Ross

Materials Sciences Division
LBL
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BERKELEY EL_ECTROCH]D(ZCALRESEARCH CENTER

Elton Cairns, Head
J

_IGATOIW:

Elton Cairnl (electrode opttaization)

Lutgard Do Jonghe (solid ele_rolytas, U polyaer batteries)

Kin Klnoshtta (carbon eleotrodes)

Roll Muller (elltpsonetry, Interracial layers)

John Newnan (nodelling)

Phil Rosa (x-ray nethods, interfacial layers)

C_arle8 Tobias (electrochalcal engineering) o --

FUNDING:

DOE/CRE (Transportation) $ 2 N
USABC CRADA $ 1.3 lq
noz/ns $ 0._ M

STAFFING:

GSRA 10
Postdoc 7

k_ Staff Scientists 4
Technical 3
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JOB AFFK/ATIONS OF FORMER GRADUATE STUDENT ASSOCIATES
OF CHARI.F.S W. TOBIAS

BAbY INDUSTRY, _INO RESEARCH LABORATORIES: 8

NA'rIorOLL LABORATOPJE_ BAbY RELATED KESEARCH: " 5 ,....'

" " " OTHER FUNCTIONS: $

UNIVERSITY FACULTY, INVOLVED WITH BATTERY RF_EARCH: 8

" CONCERNED WH_ DESIGN, METAL DF..SPOSrFION, -- ""
CORROSION,-MODELING: I0 r ..

IBM, BELl., _ 9

HIGH TECH INDUSTRIF_: 6

_C.AL INDUSTRY: 14

OWN BUSINESS UNDERTAKING:
3

i I ' ' , | II l I II

TOTAL_ 68"

"Furthertwo graduate students haven't as yet complete their degree requirements.

May 21,1991
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o Johns Hopkins University

so Unlversi=y of Califoz_tla (Berkeley University o£ Hlchisan
o Uutve:siCy of California (Los Anseles) 0 Universt=y of HIBneso=8

Clarkson University +North Carolina Scats University ..
0 Brtshs: ¥oun| Dntversit7 4 South Carolina S=ace _lversi=y
c Carnegie-._ellon University o Universicy o_ Rochester
o Case-_escern Reserve University • Texas A & H
o Columbia Untverslcy o Texas Tech

_. Untvers£cv of Houston . Unlverslc7 of Virginia
= C_ive:s£c_. of llltnois (Urbana) • UnlverslCy of t:tscons:Ln (Y.sd:ison)

"- " _ " Ofo Illtnols _nscicuCe of Technolog)" _nxve.sxty .'exas(_cs_.'-n)

In U._versitiee :_rked by (o) the faculty in c_mrge is a former student o," Tobias"s

" " " " (.) " " £$ a fcr_er student of a student " "
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micrometers micrometers micrometers

_1 simulation 0.59 0.59 0.59

void experiment 0.59 0.55 0.54
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MEMS Activities at LLNL
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Facility
Chris Steffani, Supervisor

(510) 423-1780

Electrolytic. nrocesses

Anodizing - Type II and III, man}, colors available, thicknesses to .004".
for decoration, color coding, wear and corrosion resistance.

Black Nickel - thin, decorative nickel zinc alloy.

used as hght' absorbing' coating, good corrosion resistance. ,,
Copper - Bright or Dull, dead soft to 80 KSI tensile strength, thicknesses to > .500

for brazing, electrical/thermal conductivity, single point diamond machinable.
Gold - high purity, 99.99+, soft, thicknesses to >.300"

for corrosion resistance, electrical conductivity, reflectivity.
Indium - malleable, matte white, thicknesses to .050"

excellent as a sealing gasket low temperature solder.
Iron - pure, magnetic, thicknesses to .250".

good for building up worn surfaces, magnets.
Nickel - Bright or Dull, Hard or Soft, to 175 KSI tensile strength, thicknesses to > .500".

magnetic, corrosion resistant, strong.
Platinum - Bright, silvery, hard, thin coatings only.

excellent electrical conductivity, best corrosion resistance.
Rhodium - Bright, silvery, hard, thin coatings only

excellent electrical conductivity, very wear and corrosion resistant.
Silver- Bright or Dull, thicknesses to >.050"

for anti galling, electrical conductivity, reflectivity.
Tin - pure or 60/40 SnPb, matte, thicknesses to .050"

excellent solderability, can be reflowed.
Zinc - pure, matte, thicknesses to .050"

excellent corrosion resistance

Chemical Processes
Black oxide - on copper, steel, SST, brass, aluminum.

produces black, corrosion resistant coating with a minimal dime_ _.
Cleaning- UHV processing.

reduce outgassing contamination and pumping time.
Chemical Milling - Parts can be f_lcd from your artwork.

allows zero stress fabrieatioa of _ (.0001" to. 100") metallic _.
Electroforming - any metal can be used to form your component.

fabricate your parts to sire on a mandrel of your design.
Electropolishing - SST, Copper, Aluminum, many refractories and alloys.

provides smooth, clean, prorated surfaces.
Electroless nickel - High or low phosphorus, dull or bright, thickne.ss_ to .003"

very uniform thickness, hardenable via heat treatment, diamond tamable.
Pas _ivation - for SST alloys

provides maximum corrosion resistance.

Other processes
Mechanical Finishing - Buffing, graining, sand and bead blasting.
Broken tap and drill removal - saves expensive assemblies.
Full Machine shop services.
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Space Microsensors and
Microinstruments

Michael Hecht

Jet Propulsion Laboratory
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Nanotechnology & Science Group
Michael Hecht, Supervisor

• New Technologies (lVlichael H_dlt)
- SoilChmalst_ l'mbes
- mectmn & Ion Opltcs (Ener87 & Mass

Analyzers)
- X4ay Optics (Modulation Coll/ma/ors, Lobster

HARMM)
. Idk-m_ents Otm_

- Sekilmatn

-
- __,u_ __us I_m___ J_s, __

- Scanned Probes _ TTM, STM, AFM)

• Tunnel Sensors from Kenny)
- Magnetometmm
- Accelerometn_

- Infrared Sensom

• Nanofabrication 0Prod Mnlkm0
-- mectronBeamuabmSmg_
- metrolosy



Themes

• _ d ItaldD
- -_Y. _ Research(BEEM,
- -2S% Advanced Development (MESUK)
- -50% Novel Instruments

• Cuslmner b/ix (-$3.TM Total)
- -SO% NASA

• .40% Code C
• -40% Code S

• -20% DDF, etc.

- -50% DoD (SDIO, Navy)

- Technology Affiliates (Boeing, Eaton, etc.)

• New principles
- BEEM

- Tunnel Senao_

- UHFC

•_ New Techniques
•---lt4kmmachintn8malt

Ittaaryoptics
._---
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Fine Grid Status
I III III I III I III II II

• Demonstration Structure
- 3" Cu grid,-10:1 (0.1 mm)

• Au Eiectrofc_rming(Metal Surfaces, Inc.)
• CVD Tungsten (Ultramet)

- Test blanks fabricated

- Uniform deposition demonstrated
- Diffusion barrier required to eliminate

undercutting

• Mold Fabrication
- Probe limits of sawed molds

>>0.1 mm, 20:1 obtainable '

- Fabricate chemically micromachined molds
>>Problem 1: Support Structures
>>Problem 2: Flaws in material

- Fabricate Acrylic molds (Deep Etch X-Ray
Lithography)

)> E-Beam Mask Fabricated

Multiple Exposure Test
>>Pteldglass sheet test
>>A{.S facility under construction

>>Solid vs. Free-Standing
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l' L,,,. Advanced Light Source Schedule
wSource
__ ___j,,,,u.J, __ ._l.,,, ....

ELEMENT FYII? FYU FYII9 FY90 FY91 FY92 F¥93
i1_ I I r _ i [ 111111111iii ii I1[N11 I _LIIII lilt[ 2 _ 4 (I •

t

1._ Project MgmL ,_ IIIIIIIIIIII IIII I III _IIIIAdmlnl|tritlon ' " : : : : :. . . : : : :
• . • ,

i

: : • : . : :
1.2 Special Flolllttei : : ' : : i

: u mmmm
1.2.1 $tOrlge Ring ! : Blkl

: : : : : : :

1.2.2 INeetor System . : :
: : : : .• , 6

1.2.4t_ Syetem :
i ! : In i

' L{1.2.4 ImNIctk_t Oevlcee . : : .
: : : . . .
, o o

I

1.2.§ Boom Ltnet . .i .: .

' i i : : i
° . • , • o

1.3 Convonttonal : • : : •
• : : : . : :

FIctlt_ • : : : : : !

1.3.2 Thermat ' : •
StIt_tzIt(OIVAC • •. • : : : : :

o

Milestones • i i: . : _ _1 _ :
• ProjectStart ......... _ A IL ! : : Oeolgn Proe/Fab Teet/tnetall :. • o

• .... •

• •

Beneft©kllOccupancy ' • •• o ,,.m . ....... , ,. _ _k • . • :
• . im iiiii

etart InjectorInltlllation i : • ! ' _ i
i, q

• Complete Injector lyotom _.._ :........... ,.- _ : .
instillation : : : "- .'_" . '

• Finilh Building 6 Iddition,ttlrt, .._ . i ....... " :. , _ a_: f: :

etorlge ring inotIilantion ' : ! ! ' _ i

• CompleteetorIge ring ..... ,.... , • !......... ; . - -_
knotlllltion . : : . : :

• Project Completion ----------, _ ......... _ .... , . : ........... : _

J "--_............ , .............. - _ _ • -- _
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Lawrenoe Berkeley Lmboratory -- April 10, 1993

Lawrence Berkeley LallMtof
Engineering Triumph

A week ahead of schedule, _magnetscauselheekclmnbaamtheAdvlncKI Light_ (ALS) to pcccllz¢_synchrotronradiation,mald¢_

atLawrenceBed(etey_ (LIBL)ex- theALS theworld'sbrightestultraS:Jet

¢eeded the _ peff(xrnattoerequire- softx-ray lightsource.

meritforprojedoompletlonwhileremakW_ The most remarkableaspectof (xxn-

budgeLThe ALS _ 65 _es (mA) of _ the/MS _omge ringis the speedwith whichIt

electron-beam cutm_ in U _ ring, well above the _ (m ta_ie). Fora projectas isrgeandcomplexas

50-rnAgoalcalledkxlnthe__.OnMan_31, 1993, lheALS, thm_wouldhavabeenimposaiblelfno(tor

the m CkMldli_, _ beam _ fat tqu_ all the hlghq_of_or_ringthattumedtheldoasof

expocta_om, r_ 290 mA. By April9, the currentex- _ptanne_tnto_. Thefactthatelectronbeamw_

¢eeded the 400-mA design goal, _ 407 mA. This storedon the same din/the rf systemwas turnedon clearly

performanceisa testlmoW to lhe teamof eng,,ears, physi- atteststo this quality.

cists,andtechnicianswoddng Once the conceptualde-

on the project, whose near- signwasestablished,perhaps

perfect workindesign,fur,sam- thegreatesteflgineedngchal- I

bly, alignment, and electronic lengewastherequirementfor [
controlenabledthe ALStoop- extremelytight tolerancesin

erateas soonas it was turned buildingand aligningcompo-

on.This isa rareoccurrencein nents. For instance,the typl-

high-techprojectsas complex cal tolerance for aligningthe

as thisone. magnetsaround the storage

Built with $100 millionin ringwas 150 lun (barely the

DOE constructionfunds, the thicknessoftwohumanhairs),

ALS is a naUonaluser facility andthetoleranceformechin-

providing high-brightness ing the lO-meter aluminum

beamsofultravioletandsoftx- sectorsthatmakeupthe stor-

my light. It has been eagedy age-dngvacuumctmrr_rwas

awaitedby researchersinthe aboutthe same.

physk_, ¢tmmi_, materials, At a timewhen somesay

andBe sciences.Itspdcx:Ipal U.S. expertisein scienceand

componentis a storage dng technologyisslipping,theALS

200 meters in circumfererce, proves we have the knowl-

A stored ek)ctronbeam circulatesin the ringat nearly the edge, ski, and dedicationto builda world-classscientific

speedof light.The beam isguidedandfocusedbyhur_eds facilityontime,w_hinbudget,andt.oa levelofperfectionrarely

ofprecision_ situatedaroundthering.Specia4 achlmmdon a axr_rable scale. I
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MICROMANUf&CTURI_G INITIATIVES IN LOUISIANA

1985 AT&T Formation _ Grant for Manufacturing

1986-89 AT&T Foundation Grant for Manufacturing Sy_tema
Engineerln 8

1986 Focus on mtcromanufacturlnf,; micro fluids and heat
transfer, miniaturized cryogenic probes ._

1988 Award from the DOE for the Establishment of the
Center for Advanced Microstruchtres and Devices
(CAMD)

1989-92 AT&T Foundatiea Gmmtt; Manufactat__ Systems
Engineerla_ _ II, Ik_ Micromanw/attm'ln 8

1_11 Start Con_ructioa of CAMD Facility

1_ DOE Development Grant for _anufacturln8
First Injection for CAMD S_allc lung

1_2 DOE Inl[rastructure Grant far

CAMD Synchrotron Operatieaat

1992-93 State Appropriation for i_laip-ment for the IfM
State Line Item Ftmdlall for the IfM

1992-95 AT&T FoumiWtiea C.rant, Phase llI
Award from DO[ for the Establishment of the IfM "

t

1993 X-ray Transport Lines and Exposure Station Ordered '_

,Z.1!m' __dbreaking IfM Facility



MICROMANUFA_JRFNG

A set of processes for the creation ot structures,

devices or systemswith feature sizestypically

on the order of micrometers.
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THE INfflTYIJTE FOR MICROMANUFACTURING

• A resource for the development of fabrication
' pr_ses for the Industrial Utilization of Micro-
_ructures_ Devices, or Systems.

• Dimmm_ im immuresmmearch activities with the
t_, mml_.,, like best miniaturization

--=.... ._-___ Ik_i,_-__--'- manufacture ofsmall

• ,.llltl_hllhl_ _ flexible organizatim a4plilh
mlmwghg,b_,_ the needs of induat_..

• Committedto pmtmerships with hdmi_.

• Curricula development amd__...._.--'-_--_"--in the
micromanufacturing



* A 40,000 ft2building dedicated to MEMS with 20,000 ft2 of
environmentally controlled and,' vibrationaUy isolated
laboratory space. Initially, 2, 5t_ ft2 of cleanroom will be
installed with future expeasion capacity to 5,000 ft2.

,.

* State supportedposition, for the Institute.t[ ¢

* Conventional photolithography and chemical etch for
surface and bulk micromaehining of silicon.

* Teaching laboratories for MEMS processing will be
' included

.p , i\

* X-ray micromachining using the CAMD synchrontron
(critical wavelengths of 4.8 angstroms have been ad_eve¢l
at 1.5 Gev; 125 ma and 200 ma at 1:.5 Gev appears
possible). The _ine and exposme _ have been
ordered and the IfM effort should be _nal in early
1994.

* Post Processing for LIGA _y, electroplating and
injection molding) for tl_ _on of high aspect ratio
parts in plastics, metals, ¢_1 will be available at the IfM in
late 1993.

S

_, * Al_lu_tive micro_, capabilities will include
diamond _ _i_, micro edm, focused ion

• *, .

•.._.._. _,s_,,a_,m_-_,_,_J,_.._.._-_mml_r,Cl_._._./v._.• ... " "::" '"
• " ...... _ '°...... " ''II'" 'II IIII'I" li



Mo,na, 'tus IfM
I IIII q -

College of F.ngineerin&• roo_/s _ • Louisiana Tec_ llniv_ty
Fm_.mr't lmley_

OPTICAL AND X-RAY L/THOGRAPHY PROCESSES

Institute for Micromanufacturing- Louisiana Tech University

** __ _ FAgRICATION (F): The Institute will have the ability to generate

_ A _ generator capable of lpm resolution will be used to create the .%

" _ _ at reticle emulsions. Then these will be developed to produce the
mlides and masks. Applications: contact, proximity and projection printing, and

repeat-printing.

_"_ X-RAY MASK FABRICATION (1:): The _ will have the ability to f_ X-ray

masks for micromaching applications (ml mmla_aily sub-micron feature sizes). These :
masks will be a multilayer metal Ta/A_0['m_ on polyimide structure. Applications:
Exposure of high-aspect ratio mi_ i polymethylmethacrylate at the CAMD
synchromm hi _ Itaege, LA.

** BIJ[_ _; (tL_: The 5_itme will have the necessary equipment to perform
-.__ am/aztlma¢_ etehiag of sflicoo wafers using wet and dry p_. The
.Iml_Ue will alto have _ capability to perform anodic wafer bonding. Applications:
Cieate siagk-cn/sml satte_tes in Si and to release micrommmmm from the wafer ._
su_.

** SURFACE PROC'F_S[NU (_: The infram'uctme w deposit smface and sacrificial layers
will be available in the |ngmi'mre. [_[]m detmeifion will be done by both CVD and "
sputteringwhilefdrnremovalw/Ifbeammmll_m_,edwithbothdryetchingwithRIE and
wetetchingfacilities.Application:the_ ofMEMS devicesandactuatorsusing ,
polycrystallinematerial.

"_ X-RAY LITHOGRAPHY (C/F): A Liue liae_ acceleratorand a synchrotron storage

ringhavebeencommi_oned atCAMD, ill_SOn Rouge,Louisiana.The Institutehas
from:baseda beamiineandexposuresmith _ _ synchrotron.The Institute'sbeamline
ami _pssm¢ stationarededicatedtothef_m_m_m ofhigh-aspectratiomicrostrucmres
(matVLSI_.._pp_gtioas:creationofdeepImmcheswithaspectratiosbetterthan10.1
_ _ tmmkd _ in depth.



** ELECTROPLATING (C/F): The trench-like features created in the resist exposed to x-
rays in the synchrotron can be "filled" with metal by electroplating. Removal of the ml_
yields metallic microstructures. These metallic structures can be the final structure
they can in turn be used to create other mierostructures by-extrusion. Applications:
researchers have already used this teehnique to make _ microvalves,
micronozzles, etc.

** INJECTION MOLDING (F): The microstrucmres made by ekcm_lating can be used as
positive molds to generate .polymeric female microstm_.by.injection molding of the
polymeric bu_ _ Applications: mass production of mk_s_-uctures using the x-
ray-_ _ pans.

O_J_lraI[hmTMYARY MI(_KOMAN'LtFACTHRING PROCESS CAPAB_ :• ...,,

** M!B_IB3DIAMOND MACHINING (C): Machining a variety of materials with diamond
¢mliog edge dimensions are typically 100 micrometers or less. Very small precision
famres are possible with excellent mrface finish. Applications: Ultra-high flint

microcompact heat exchangers, Actively cooled metal optics, Post-proceasing of
photore_st and LIGA molds, Direct mac .hining of mierom_hanieal parts,... ,'. _ ,-

• , v.

** FOCUSED ION BEAM MACHINING (C): Machining any material with a ftxmsedlmam

of _ mmxgy ictus. Couples a relativdy high material removal rate with micxomtd_-
tizm$_ with nazmct_ter tolerances. Applications: Special tips for smtmi_ probe
mnm t , Fabrication of micromeehanical and diamond tooling, Po_v-IN_emmg of -_,.:-
Lilal_:lmmdm:td by LIGA, Direct writing of smface fcatuzts, .....

,_ __C.dMICROMILI.ING (C)i IVkcha_caldrilling and milIt_: Wllllk,him0
_.s _zlow 100 micrometers in diantcter. Colmlt steel or tungsten _ Im_,_

-,dzmn.holes in metals and plastics. Applications: Nozzles, injccm_ _ m 2.5
diameter, Optical fiber _rs, Convection eolmnm_a_ md drag

m_i'!__i'tmin micro heat transfer...

_* _ ELECI_OPLATING (C): The mass fabrication of ttmmflE micro imrts is

_ I_ elcctroplating material into diea/mokls mmll_ with lithographic or
processes. The molds are _f any suitMgl¢._ which may be

_F m. z_icme the parts. Applications: Mi__ _ systems (MEldS)
Micro gears, motors, sensors, acumm_ flew ¢ommls,...

** MllOllLO ELECTRICAL DISCHARGE MACH_,IONG (_: Micro-EDM allows

of micro features (holes, sloL tie.) in any electrically conductive materiaL ;
be adapted for micro mining opetmfmm_ Applications: Especially suitable for •i

mmerials such as tlm_um,-_ etc., Production of round parts of non-
 'amadaa le

_.." _,_al_i|:i_:eurr__'_rn_:at_llliltd/under development.
_i _._i_yrtb_b___/l__ during 1994.

_la[_[klr. _.4_,., ...:.,. -. ;,. a • _ , ,4. • , .[_x_[. _...._,

'_'__ , _r= -- "-_'_''#_--- " ......... , "J'_..:"._



** LASER ABLATIVE/CURING MICROMACHINING (C/F): The use of ultraviolet
(excimer) laser light to vaporize material at high energy density or to cure photoresist at
low energy density. Spot size can be sub-micrometer in diameter. Applications: Direct
writing on ceramics, diamond, or other "easy" materials, Dire_t-write curing of UV resists
(polyimide, etc.) for LIGA mold making Rapid prototyping of microm_mmal parts.,,,

** MICRO INJECTION MOLDING (F): Inje_on molding of plastics or low _
metals around li_y-f_dxi_ted "cor_" to form _ttwlds f_
elcctr_lating of _ 1_ Allows _ of tnf_lmmt_uf_etttt_ lm,ts from
a singlex-ray lily.potato. _ I_d _ form _on
of _:,f__.l_.w_t._0m_omw_..__ of _m_ miemipmmfor _

Jll_O_ CAPAUg_

ELECWRON MICROSCOPY

** (C') AMRAY 1830/T4 with LaB6 sout_ coafigm_ for electron beam writing with

RArrH/ELPHY II, Multi-level _ _ Proximity Correction. "rv rate
' scanning for real-time dymmic ._.o/r _,_.._o_,_¢,;& " _:

** (C) CAMm_, 250 _ LAB6 mwsm cmfigured for x-ray microanalysis with
stmttcm _yam_

** fll_: _ _ Ig:aming dectron microscope configured for low-voltage
_ima_i_g of _ and other insulators and electronsen_five
,C,om]mtgr ¢¢h_ and critical dimension measurement package.

I_OBE MICROSCOPY

*_*_ WYKO MicroProbe 3-D scanning probe microscope with atmnic tim:e, ramming
nmr_ling, nanolithography and atomic resolution capability. $pecidy ctmflgmed
input and output modeule for maximum user flexibility and detlFmnlmf__ .._
Rematch test-bed for custom tip fabrication using _,,--_-y
n_ct'tmmmufacturing processes.

:.__ VERTICAL METROLOGY

*t_'(C) WYKO Roughness/Step Tes_ (RST) non-contact _ for vtmical .
ftmmrts ranging from 3 Angstrmm to 100 micromet¢_ peak-t_valigy. Emir of

femn I_QII_ square to 2 millimeters square with 2-D linesean and ;
34___ __s.



** (F) Stylus Profilometer for contact metrology of _ ..ur_sparent f'dms and lar_
vertical features. Measurement range from A_ge,_'_as to approxinmtcly 300
mi_r_ Extra-low contact force head f_, se_s/tiwe _ such as resists.

IN-PRCX2F__S_ETgOI.,OGY

** OF ) La_ WockingDistanceMicmac_m_s_j i_LOo .v'_, amli_
_tics. Microscopes_II 11¢_¢_I te _ _amond madimi_.
ol_rttions, ¢lectroplatia_._. micro injection molding,
m/cc0dk'iiling/micmmilI_.._', _mm _II alsobe usedinthecontinued
_i,_-,_ of_ _ aKlqualitycontrolofmicromanufacturing

• .

. _.
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CURRENT PROJECTS

• SMART BEARING

• SURFACE DRIVER
ELECTROSTATIC POSITIONER

• DIAMOND TURNED MICROHEAT
EXCHANGER

• FOCUSED ION BEAM
MICROMILLING

• MEMS SIMULATION/MODELING

• OPTICAL TWEEZERS FOR
MICROASSEMBLY

• LIGA PROCESSING

• CHARACTERIZATION OF MEMS
SURFACES USING FRACTALS

• STEREO LITHOGRAPHY AT THE
MICROSCALE

• PROCESS IMPLEMENTATION









CAMD Status May, 1993

Building completed, May 1991

Linac Injector in Operation since 9/91

Storage Ring first Injection Oct. 27/91
Beam ramped to 1.2 GeV
June 3, 1992;
311 mA @1.3 GeV 10/22/92
157 mA @1.4 GeV 8/25/92
115 mA @1.5 GeV 8/25/92
200 mA @1.3 GeV Routine

Accept. of Acc. System August 29, 1992

XRL Beamline Commissionina t_

Basic Sciences Beaml. Commissioning
LNLS Beamline O p e r a t i o n
TNT Beamline Delivery June !993
SERA Beamline Design Phase
Louis. Tech. Beamlines(2) Installation End of 1993
Harder X-Ray Beaml. August 1993 (?)

Clean Room Installation compl. Mar. 93
Exposure Tool/Stepper Delivery June 1993
AncH'lary Equipment Partly aquired or funded
LIGA Stepper (Loui.Tech) May 1994

S'C-Wiggler Proposal completed
Circ. Pol. Und_uiator Proposal completed
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EDUCATIONAL INITIATIVES IN MICROMANUFACTURING

I. Technical Enrichment Program

Micromanufacturing learning modules designed for
undergraduates, typically sophomores and juniors

2. Senior level technical electives

Micromanufacturing I and II covering lithographic
processes, complementary micromachining processes and
micrometrology

3. Five new graduate courses will be developed over
the next several years

Fundamentals of Microengineering

Metrology and Prq_e Microscopy
Complementary Mic'romachining Processes
Microsensors in Automated Manufacturing
Advanced Topics in Micromanufacturing Processes



ENGINEERING FOUNDATION CONFERENCE
ON

THE MANUFACTURE OF
MICROELECTROMECHANICAL SYSTEMS

I

Late Summer/FaU 1994
Banff, Alberta, Canada

* A conference which will focus on the problems and
opportunities for the manufactwre of
microelectromechanical systems, including the
transfer/management of the technology. The roles of
Industry, Government, and Universities will be examined
and the development of support infrastructure will be
discussed.

!



HAR.MEMMS at LBL

IBM MEMS Interests
' Longshen Fan

IBM Almaden

9

August 3, 1993



MEMIS (er DATA STORAGE

• Overview

Micr;om_s

S_Qck, Acceleration Detectors

• /rack-Registration Servo Devices

• Flying Height Adjustment Devices

• Suspensions

• Load/Unload Mechanisms

• Si-based Sliders

• Optical Storage Applications ,.

• Advanced Data Storage Applications



Storage Hierarchy

Decreased Cost Increased Pedormance
4

Cache ns

RAM, lOns

I_0 ¢aclm. 100 ns

_Disk lOmst.Bxary (Optical Disk, Mag. Tape) 10 s

Offline Storage

I_S.Fan (March 1993)

;_19
• : ' "_ • . T,;,_,:. ,_ , , • . . .

' - |_T_, • , r. ,. •
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Components for Magnetic Data
Storage

Rotating
Magnetic Disk

kk_ Suspension

o!ary Actuator +
:::_7:i.ii'iiiiiiiii:iiiiii__.:'i.:_.:_ii!iii:ii;_i!;!:_i_.'_"::i:"::: _.__..'._:?.;ii:!iiiiiii:iiiiiiiiii'!:!,!iii:_:_i.'_': Vo,ce-coeI' Motor

Spindle _.....__" Slider +Read/Write Head
Motor

ASMETALK 04193 (T. C. Reiley, L. S. Fan)



Trends in Magnetic Data
Storage*

Higher areal densities

• Higher data transfer rates

, Lower power consumption

Q Smaller form factor; lower drive height

6 Lower flying heights

• Decreased disk spacing

, Rugged,ized products

ASME TALK 04193 (T, C. Relley, L. S. Fan)
_;C3



Electrostatic Micromotors

• Several groups (UCBerkeley, Case, MIT, U. Neuchatel, U.

Michigan, Karlsruhe, U. Tokyo, IBM, ...)

• Primarily low-torque devices, commonly a few llm Si

• Potential torque improvements:

-- Wobble motor (harmonic motor)

-- Increase height

• 1£3M-Research/U. Tokyo collaboration; Furuhata, et al., 1993

-- Initial structure" 7 llm thick Ni, 100 l_m diameter, 10,000
rpm, ,-.,106s lifetime.

-- Recent structure: 20 llm thick Cu, 1-6 mm diameter,
constructed at IBM-Almaden, under evaluation.

ASME TALK 04193 (T. C. Reiley, L. S. Fan)
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Microactuators for Storage

• Spindle motors for small disk

• Positioning actuator for small HSA

. Tracking fine actuator

08192 (L.S.Fa.)
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ELECTROSTATIC WOBBLE
MOTOR

A complete electrical excitation cycle causes only a
fraction of a rotation, effectively amplifying torque.

ASME TALK 04193 (T. C. Reiley, L. S. Fan)





i

Micro motor

Fabrication sequence of low frictional drive

it
e

(a,) Resist• e oot •

Sputterd nickel

_ Electro-plated nickel

(6) Silicon nitride
1

Stator Rotor :, Shaft @ Silicon substrate
!

t

ii



Plated ElectrostaticWobble Motor

T. Furuhata, T. Hirano, L. H. Lane, R. E. Fontana, L. S. Fan, H.
Fujlta, Feb., 1993
T ocr 3 V2 h _d "3

ASME TALK 04193 (T. C. Reiley. L. S. F=.)
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Plated Electrostatic Wobble Motor

I. Hirano, 1. Furuhata, H, Fujita, Feb,, !993,



Shock, Acceleration Detectors

• Primarily to eliminate spurious writing

• Cost may limit sophistication of MEMS device

• Potential future application: acceierometer to
assist in track following

ASME TALK 04193 (T. C. Reiley. L. S. Fan)

_31.



Glgablt Demonstration Slider

Head

Microactuator

10 Gigabit? Slider

7__z.



Microactuator for Two-Stage Track Registration Servo

• L.S. Fan, L. H. Lane, N. Robertson, L. Crawford, M. A.
Moser, T. C. Reiley, W. Imaino, IBM; Feb. 1993.

• Slider motion

• Thick plated copper (20 #m); millimechanics• , .

Movable Plate





i
I

Z:35



' (b)

(c)

_\\\\\\\\\\\\\\\\\\\\\\\\\'q
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(d)









Flying Height Adjustment Techrdques

• C. Yeack-Scranton, et al., IBM, 1986: "Taildragger" piezoelectric
. bender to reduce head-disk spacing

Bender Drive

._._. / vo,,0,
ZT or PMN

-=----._,_ HeM

PZT Or PMN

_/.///_ II l
V/l/,/)? Si_ I

i

• J. Wicked, et al, Carnegie-Mellon U., 1991" Dual slider with
compliant interconnecting suspension

I .........Frame...........!
I- ....... I

Primary suspension i I
I I

I I
Primary slider I M I

J Secondary suspension
I r"m --" --1
I Secondary sliderAir bearing I I m
s , R_ad/writehead
.... L _ _ I

Air bearing/contactDisk

ASME TALK 04193 (T. C. Reitey, L. S. Fan)
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Thermo-mechanical Writing with an AFM Tip

AFM cantilever./ tip_

Plasticsubstrate

FocusedLaserBeam

Diode
........... Laser

• Tip is illuminated by focusedlaser beam

• Tip acts as nanometer-scalelocal heat source

• Ptasticis heated abovesofteningpoint

- Loca4stresscreatesindentation

D. Rugarand H,J. Mamln _'_



500 nm

09192 (L.SFan)
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MEMS for DATA STORAGE

• _oi's • ..
#

_0

• Shock,Acceleration Detectors

• Track-RegistrationServo Devices

• Flying Height Adjustment_vtces
• Q

• Suspensions

• Load/Unlc_d Mechanisms

• SI-based Sliders

• Optical Storage Applications

• Advanced Data Storage Applications

1;



HAR.MEMMS at LBL

i

Technology Transfer at
Lawrence Berkeley Laboratory

Cheryl A. Fragiadakis
Technology Transfer Department

LBL

August 3, 1993
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Opportunities for High Aspect Ratlo
Mlcro-Electro-Magnetlc-Mechanlcai Systems (HAR-MEMMS)

at Lawrence Berkeley Laboratory (LBL)

August 3, 1993

ATTENDANCE ROSTER
J

David Attwood Raul Beguiristain James M. Buatillo
Center for X-Ray Optics Center for X-Ray Optics University of California, Berkeley
Lawrence Berkeley Laboratory Lawrence Berkeley Laboratory BSAC
1 Cyclotron Road 1 Cyclotron Road 497 Cory Hall
Berkeley, CA 94720 Berkeley, CA 94720 Berkeley, CA 94720

(510) 643-6690
(510) 642-2916

Sean Cahill Jeanne Cherbeneau Patrick Cheung
Menlo Park, CA Cherbeneau Associates University of California, Berkeley

250 El Avenue BSAC

Berkeley, CA 94708 497 Cory Hall
Berkeley, CA 94720

DinoR. Ciarlo Bill Clark Bob Crocker

Lawrence Livermore National Lab. University of California, Berkeley Sandia National Laboratory
7000 East Avenue BSAC P.O. Box 969

Livermore, CA 94550 497 Cory Hall Organization 8716
(510) 422-8872 Berkeley, CA 94720 Livermore, CA 94551
(510) 422-2783

Glen H. Dahlbacka Arthur B. Denison Longshen Fan

Lawrence Berkeley Laboratory Idaho Natl. Engineering Laboratory IBM
1 Cyclotron Road, 90-1070 EG&G Idaho, Inc. 650 Harry Road
Berkeley, CA 94720 P.O. Box 1625 San Jose, CA
(510) 486-5358 Idaho Falls, ID 834 15-220
(510) 486-6457 (208) 526-1294

(208) 526-0690

Diane Fennell Cheryl Fragiadakis Shoichi Furukawa
Fennell Associates Lawrence Berkeley Laboratory Case Western Reserve Univ
441 Alameda Avenue 1 Cyclotron Road EEAP, Glennan T14A
Half Moon Bay, CA 94019 Berkeley, CA 94720 10900 Euclid Avenue
(415) 726-3451 (510) 486-7020 Cleveland, CH 44106
(415) 726-9019 (510) 486-6457 (216) 368-5263

(216) 368- 2668



Opportunities for High Aspect Ratlo
Mlcro-Electro-Msgnetlc-Mechanlcal Systems (HAR.MEMMS)

at Lawrence Berkeley Laboratory (LBL)

August 3, 1993

A,_ENDANCE ROSTER

Mitchell Halpern Michael H. Hecht David Hicks
SRI International Jet Propulsion Laboratory NCMS
333 Rnvenswood Mall Stop 302-231 3025 Boardwalk
Menlo Perk, CA 94025 4800 Oak Grove Drive Ann Arbor, MI 48108

Pasadena, CA 91109 (313) 995-4934
(818) 354-2774 (313) 995-1150
(8t8) 393-4540

Jill M. Hruby Charles E Hunt Keith Jackson
Sandia National Laboratory Lawrence Livermore National Lab. Center for X-Ray Optiol
P. O. Box 969 7000 East Avenue Lawrence Berkeley Laboratory
Organization 8716 Livermore, CA 94550 1 Cyclotron Road
Livermore, CA 94551 (510) 422-8354 Berkeley, CA 94720
(510) 294-2596 (510) 422-2783 (510) 486-6894
(510) 294-3410

Hal Jerman Jack Judy Tom Kenny

IC Sensors University of California, Berkeley Jet Propulsion Laboratory
1701 McCarthy Blvd. BSAC 4800 Oak Grove Drive
Milpitas, CA 95035 497 Cory Hall Pasadena, CA 91109

Berkeley, CA 94720

James F. Key Chants! Khan-Malek Brian Kincaid
EG&G Idaho, Inc. Center for X-Ray Optics Lawrence Berkeley Laboratory
P. O. Box t625 Lawrence Berkeley Laboratory 1 Cyclotron Road

Idaho Falls, ID 83415.205 1 Cyclotron Road Berkeley, CA 94720
(208) 525-5397 Berkeley, CA 94720
(208) 525-5877 (510) 486-6894

Jeffrey B. Kortright Abraham P. Lee Michael A. Littlejohn
Center for X-Ray Optics Lawrence Livermore National Lab. U,S. Army Research Office
Lawrence Berkeley Laboratory P.O. Box 808, L-222 P.O. Box 12211
1 Cyclotron Road 7000 East Avenue Res. Triangle Park, N3 27709
Berkeley, CA 94720 Livermore, CA 94551 (919) 549-4314
(510) 486-5960 (510) 423-4524 (919) 549-4310
(510) 486-4550 (510) 422-2783



Opportun!tles for Hlgh Aspect Ratlo
Mlcro-Electro-Msgnetlc-Mechanlcal Systems (HAR-MEMMS)

at Lawrence Berkeley Laboratory (LBL)

August 3, 1993

A_ENDANCE ROSTER

Marc J. Madou Karen W. Markus Paul Matthewa

Microfabricalion Application _ Argonne National Laboratory
3680 Bryant Street P.O. Box 12889 APSIRF
Pill Alto, CA 94306 Res Triangle Pk, P,C 27709.288 9700 S. Call Avenue

(415) 858-1663 (919) 248-1437 Argonne, IL 60439
(415) 858-1663 (919) 248-1455

Shaun L. MoCarthy Werner Meyer-llse Dale Miller
Ford Motor Company Center for X-Ray Optics Lawrence Livermore National Lab.
P. O. Box 2053 Lawrence Berkeley Laboratory 7000 East Avenue
M/D 3439-SRL 1 Cyclotron Road Livermore, CA 94550
Dearborn, MI 48104 Berkeley, CA 94720 (510) 422-8782
(313) 322-1355 (510) 422-2783
(313) 248-3611

Richard S. Muller Lawrence P. Muray Phil Roll
University of California, Berkeley Center for X-Ray Optics Material Science Division
Berkeley, CA 94720 Lawrence Berkeley Laboratory Lawrence Berkeley Laboratory

1 Cyclotron Aoad, 2-400 1 Cyclotron Road
Berkeley, CA 94720 Berkeley, CA 94720
(510) 486.4447 (510) 486-6226
(510) 486.4550 (510) 486-5530

Volker Saile Charles Shank Chris Steffani

CAMD Lawrence Berkeley Laboratory Lawrence Livermore National Lab.
Louisiana State University 1 Cyclotron Road, 50A-4133 P.O. Box 808

3990 West Lakeshore Drive Berkeley, CA 94720 Mail Stop L-332
Baton Rouge, LA 70803 (5!0) 486.5111 Livermore, CA 94550
(504) 388-8887 (510) 486.6720
(504) 388-6954

Thomas L. Swain Ron Tackaberry Scott Taper
Center for X-Ray Optics Center for X-Ray Optics Office Technology Licensing
Lawrence Berkeley Laboratory Lawrence Berkeley Laboratory 2150 Shattuck Avenue #510

1 Cyclotron Road, 46.16I I Cyclotron Road Berkeley, CA 94704
Berkeley, CA 94720 Berkeley, CA 94720
(510) 486-5644
(510) 486-4873



Opportunities for High Aspect Ratlo
Mlcro.Eiectro-Magnetlc-Mechanlcal Systems (HAR-MEMM8)

at Lawrence Berkeley Laboratory (LBL)

August 3, 1993

ATTENDANCE ROSTER .i

Stan R. Treat James H Underwood Robert O. Warrlngton
Lawrence Ltvermore National Lab. Center for X-R|y Optics Louisiana Teoh. University
P. O, Box 808, L-119 Lawrence Berkeley Laboratory Inst. for Mioromanufeaturtng
Livermore, CA 94550 i Cyclotron Road, 2-400 Ruston, LA 71272
(510) 423.5864 Berkeley, CA 94720,0 (3t8) 257.2357
(510) 422-8277 (510) 486.4958 (318) 257.3999

(510) 486.4550

Richard M. White

University of California, Berkeley
Berkeley, CA 94720
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Thb document wu prep,rodu an sr._nt otr work sponsoredby the United StatesGovernment. Neither the
United StowsGovernmentnor any 88encythereof',nor The J_nu of"the University of'California, norany of
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