List of cards (samples are shown in red frame)

C9 Deposition
C10 Probe for scanning probe microscope (SPM)

A1 Infrared sensor, imager C11 Near—field optical probe and bow—tie antenna
A2 Infrared sensor C12 Highly sensitive sensors using thin resonator
A3 2 axis galvano optical scanner C13 Multi—probe data storage

A4 DMD (Digital Micromirror Device) C14 Electron source

A5 Digital cinema DMD

A6 Optical encoder D1 Electrode for biopotential recording

A7 Piezoelectric, thermal inkjet printer head D2 Semiconductor ion sensor ISFET)

A8 Electrostatic inkjet printer head D3 Catheter pH, CO, sensor

A9 MEMS resonator D4 Intermittent sampling continuous blood gas monitor
A10 MEMS resonator (disk, Lamb etc.) D5 Application of ISFET to dentistry, oceanography and

A11 FBAR (Film Bulk Acoustic Resonator) fish cultivation

A12 SAW device on LSI

A13 Tunable SAW filter using variable capacitor

A14 SAW passive wireless sensor

D6 Micro ISFET and integrated micro probe
D7 Gas sensors
D8 Disposable chemical analysis chip

D9 Bio LSI and tactile sensor network

B1 Piezoresistive pressure sensor D10 Catheter blood pressure sensor

B2 Integrated capacitive pressure sensor D11 Active catheter

B3 Resonant pressure sensor D12 Multi-link motion mechanism using shape memory
B4 Capacitive vacuum sensor alloy

B5 Capacitive vacuum sensor products D13 Imaging for minimal invasive medicine

B6 MEMS microphone D14 Implantable stimulator

B7 MEMS microphone wafer

B8 MEMS microphone for humid environment E1 LIGA process

B9 Capacitive accelerometer for automobile E2 Laser processes and stealth dicing

B10 Wafer of accelerometer by surface micromachining

B11 Various accelerometers

B12 Integrated capacitive accelerometer

B13 3—axis accelerometer

B14 Electrostatically levitated rotational gyroscope

E3 Anodic bonding

E4 Anodically bondable LTCC with electrical
feedthrough

E5 Bonding materials

E6 Shared CMOS LSI wafer

E7 Laser—erased wafer process

C1 Electromagnetically driven resonating gyroscope E8 Massive parallel electron beam write
C2 Silicon ring gyroscope E9 Micro pump, micro valve and chemical analysis
C3 Piezoelectric gyroscope system for liquid
C4 Electrostatically driven capacitive sensing E10 Micro mixer and particle analysis

gyroscope E11 Flow sensor and mass—flow controller for gas
C5 Yaw rate, acceleration sensor E12 Bakable micro valve and anticorrosive mass—flow
C6 Accelerometer and gyroscope for automobile and controller

smartphone E13 Sensing in harsh environment
C7 Patterning E14 Silicon carbide (SiC) mold for glass press—molding
C8 Etching (Deep RIE, XeF; Etching, etc)



F1 Small size gas turbine engine dynamo

F2 Si micro—turbine and thermoelectric generator

F3 SiC and PZT by lost—mold process, SisNs by
reaction sintering

F4 Micro fuel cell

F5 Micro fuel reformer

F6 Digital micro thruster (solid rocket engine array)

F7 Electrostatic micro motor, actuator

F8 Distributed electrostatic micro actuator

F9 Piezoelectric micro stage

F10 Lateral motion piezoelectric microactuator

F11 Tactile display and tactile imager

F12 Micro refrigeration system

F13 Thermal MEMS switch

F14 Electrostatic and piezoelectric MEMS switch

G1 Wavelength swept pulsed quantum cascade laser

G2 Optical melt pressure & temperature sensor

G3 Capacitive high sensitive differential pressure
sensor “MANOSTAR”

G4 10™ anniversary of SEMI MEMS seminar

H1 Tohoku Univ. and Belgium IME

H2 Poly-SiGe for MEMS sensor applications

H3 MEMS gyroscope on CMOSIC using poly-SiGe
H4 SiGe micro—mirror array on CMOS IC

H5 CMORE SiGeMEMS mluti project wafer

H6 Holographic displays

H7 MEMS for energy harvester & electronic noise

I1  Piezoelectric and electrostatic optical scanners
12 Immunological analyzer of Helicobacter pylori’ s

urease

J1 Telegraph using electric wire in bottom of ocean

J2 CPU board for super computer

J3 Microwave radar using anode split magnetron

J4 Shimada laboratory in which high power anode split
magnetron was developed before the end of war (Z
project)

J5 Crystal detector and point contact transistor

J6 Transitions of power devices used in Shinkansen

J7 Massive parallel electron beam write

J8 Electromagnetically levitated lamp

J9 Model railway of magnetically levitated linear liner

J10 Linear Chuo Shinkansen using superconductivity
and its model railway

J11 Linear subway (Linear metro) travelling on wheels

J12 Micro car

J13 Disassembly of FOMA (3G) smartphone

J14 Continuous arterial pressure waveform with
Tonometry

J15 Topics related to collected books

J16 Micro flying robot (i FR)

J17 Planimeter (area meter) and proportional compass

K1 Books, photograph and Other materials about Prof.

Jun—ichi Nishizawa

L1 Hermetic seal bonding at low temperature with sub—

micron Au particles

M1 Five-storied pagoda made of glass

N1 Infrared array sensor (Panasonic Corp.)

N2 3D LSI (Honda research Institute Japan, Co Ltd)

N3 Remote control switch using energy harvester
(EnOcean GmpH)

N4 Membrane switch array for electrophoresis display

and oscillometric blood pressure monitor (E-paper,
Tokyo Sanyo Electric Co. Ltd, Kazuo Senda)



a1 Infrared sensor, imager
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infrared sensor (Panasonic) (displayed in corridor Card N!)

[R-to—visible transducer

(T.Tsukamoto, M.Esashi and S.Tanaka, J. of Micromechanics and Microengineering, 23, 11 (2013) 114015)
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Ultra—small infrared temperature sensor using thermopile integrated with Si lens (Ricoh)
(H.Noguchi, H.Watanabe et.al, 31th Sensor Symposium (2014) 21pm1-B1)




A2 Infrared sensor

Absorber Si
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Resonant infrared sensor

Reference : C.Cabuz, S.Shoji, K.Fukatsu, E.Cabuz, K.Minami and M.Esashi, Fabrication and Packaging of a Resonant Infrared
Sensor Integrated in Silicon, Sensors and Actuators A, 43 (1994) pp.92-99
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Micro Fourier transform infrared spectrometer

Reference : Y.—M. Lee, M. Toda, M.i Esashi, and T. Ono, Micro wishbone interferometer for Fourier transform infrared
spectrometry, J. of Micromechanics and Microengineering, 21 (2011) 065039



A3 2 axis galvano optical scanner

Silicon Wafer Y-axis plate with
X-axis plate driving coil
with dnving coil

detecting coil

X-axis
detecting coil

2 axis galvano optical scanner (Tohoku Univ. — Japan Signal)

Reference : N.Asada, H.Matsuki, K.Minami and M.Esashi : Silicon micromachined two—dimensional galvano optical scanner,
IEEE Trans. on Magnetics, 30 (1994) pp.4647-4649

5m

Om

Ranging imager system “Eco scan| (Japan Signal) applied for platform

Reference : T.Ishikawa, HInomata : Laser Ranging Sensor Using MEMS Optical Scanner "ECO SCAN”. Japan Signal
Technical Report. 33, 1, pp.41-46 (2009)

Eleciromagnets
for V-axis actuation

Electromagnets
for H-axis actuation

permanen! magnets
o, actuation

<7
[

>

Torsionbar orsionbar
for V-oxis

1

Electromagnetic non—resonance large scan—angle 2—axes optical scanner Zooming function

Reference : W.Makishi, Y.Kawai and M.Esashi : Magnetic Torque Driving 2D Micro Scanner with a Non—Resonant Large
Scan Angle, Trans. on IEEJ, 130-E, 4 (2010) 135-136



r+  DMD (Digital Micromirror Device) (Tl (Texas Instruments), USA)

Electrostatically actuated mirror array is fabricated on CMOS chip for video projectors and digital cinema.
Binary pulse width modulation called DLP (Digital Light Processing) is used for gray scale sensation.
Amorphous metal of Als3Ti is used for the hinge to solve the fatigue.

Mirror =10 deg

Mirror +10 deg
] L] L3 L)
] " ] L}
™ E [] L]
Landing Tip Substrate H ] ? # m
Principle of the movable mirror Photograph of the mirror array

Plasma
Spacer1 Spacer2 Wafer Undercut

Metai3 Partial Saw
Hinge
and
Yoke (Beam)

Plasma
T2/Burn-in Activation
Wind Die Attach
i and Bond

DMD process flow

References : P.F.Van Kessel, L.J.Hornbeck, R.E.Meier and M.R.Douglass: A MEMS-based projection display, Proc. of the IEEE,
86, 8 (1998) 1687-1704

TEXAS (NSTRUMENTS

Video projector Digital cinema DLP Pico projector for mobile use



as Digital cinema using DMD (Digital Micromirror Device)

DLP N FLRE RN 051 ] )
—REBTRSELS
|1

0FRHESHLHHT=5

Man who didn’ t give up for 20 years

Video projector using
. = : e - DMD in 1995

DLP (no.1— no.6) , Nikkei Electronics, 2005.2.28 — 2005.5.9 (in Japanese) http://www.dlp.com/p/
https://www.ti.com/about-ti/newsroom/news—releases/2015/2015-02-09-texas—instruments—fellow—larry—j——hornbeck—
phd——wins—the—oscar—.html

e . L P

Texas Instruments Fellow Larry J. Hornbeck, PhD, Wins the Oscar®
Academy Award® of Merit (Oscar® statuette) presented to DLP® chip inventor for his
contribution, converting a 100—year—old industry to digital cinema technology

DALLAS, Feb. 9, 2015 /PRNewswire/ — Larry J. Hornbeck, PhD, the inventor of the digital micromirror device (DMD) or
DLP® chip, the technology that led to the design and development of DLP Cinema® display technology from Texas
Instruments (TI) (NASDAQ: TXN), has been awarded an Academy Award® of Merit (Oscar® statuette) for his contribution to
revolutionizing how motion pictures are created, distributed and viewed. The industry’s conversion from 35—mm motion

picture film to digital cinema is nearly complete worldwide, with DLP Cinema technology now powering more than eight out of
10 digital movie theatre screens.
DLP Cinema technology gives viewers consistent brightness and color—accurate images compared to 35—mm motion

picture film. The technology not only makes it easier for studios to package and distribute movies, but also enables
audiences to experience the true vision of the creators of the content.

As a result of Hornbeck’s invention, for more than two decades, award—winning TI DLP® product innovations have solved
some of the world’s most complex display and light—control issues in the personal

electronics, industrial and automotive markets with powerful, flexible, programmable optical chipsets based on DLP
technology.

Development of the DLP chip began in TI's Central Research Laboratories in 1977 when Hornbeck first created “deformable

mirrors” to manipulate light in an analog fashion. But the analog technology consistently fell short of expectations. It was not
until 1987 that he invented the DMD, the breakthrough technology that would become known as the DLP chip. During the
mid—1990s, TI established the DLP Cinema team, chartered to develop a digital projector that could match the quality of
35—mm motion picture film.

After years of testing and perfecting, the resulting technology made its public debut in 1999, when “Star Wars: Episode 1 —
The Phantom Menace” was released as the first full-length motion picture shown with DLP Cinema technology. Over the
subsequent 15 years, the cinema industry has nearly completed the conversion from film projectors to digital cinema
projectors. Today, digital projectors powered by DLP Cinema technology are installed in more than 118,000 theatre screens
around the globe, according to TL

“It's wonderful to be recognized by the Academy. Following the initial inventions that defined the core technology, I was
fortunate to work with a team of brilliant Texas Instruments engineers to turn the first DMD into a disruptive innovation,”
said Hornbeck, who has 34 U.S. patents for his groundbreaking work in DMD technology. “Clearly, the early and continuing
development of innovative digital cinema technologies by the DLP Cinema team created a definitive advancement in the
motion picture industry beyond anyone’s wildest dreams.”


http://www.dlp.com/jp/
https://www.ti.com/about-ti/newsroom/news-releases/2015/2015-02-09-texas-instruments-fellow-larry-j--hornbeck--phd--wins-the-oscar-.html
https://www.ti.com/about-ti/newsroom/news-releases/2015/2015-02-09-texas-instruments-fellow-larry-j--hornbeck--phd--wins-the-oscar-.html
http://www.ti.com/lsds/ti/dlp-technology/products/dlp-cinema/dlp-cinema-overview.page?DCMP=Oscar2015&HQS=dlp-ecd-oscar-15q1-pr-pf-en
http://www.ti.com/lsds/ti/dlp-technology/products/dlp-cinema/dlp-cinema-overview.page?DCMP=Oscar2015&HQS=dlp-ecd-oscar-15q1-pr-pf-en
http://www.ti.com/lsds/ti/analog/dlp/overview.page?DCMP=Oscar2015&HQS=dlp-ecd-oscar-15q1-pr-lp-en
http://www.ti.com/lsds/ti/dlp/video-and-data-display/overview.page?DCMP=Oscar2015&HQS=dlp-ecd-oscar-15q1-pr-lppico-en
http://www.ti.com/lsds/ti/dlp/video-and-data-display/overview.page?DCMP=Oscar2015&HQS=dlp-ecd-oscar-15q1-pr-lppico-en
http://www.ti.com/lsds/ti/dlp/advanced-light-control/overview.page?DCMP=Oscar2015&HQS=dlp-ecd-oscar-15q1-pr-lpalc-en
http://www.ti.com/ww/en/dlp/automotive/index.html?DCMP=Oscar2015&HQS=dlp-ecd-oscar-15q1-pr-lpauto-en
http://www.ti.com/lsds/ti/dlp-technology/about-dlp-technology/history.page?DCMP=Oscar2015&HQS=dlp-ecd-oscar-15q1-pr-lpdlphist-en

a6 Optical encoder (NTT)
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Principle of conventional optical encoder  Principle of the developed optical encoder

Grating scale
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Fabrication of etched mirror
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Lissajous curve Displacement X
Measurement of displacement

* Accurate bonding on silicon substrate
* Use of long-life optical elements (LD, PD)
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=

Hybrid method (assembly)

* 4000 chips fabricated using batch
process on 2-inch GaAs substrate

V-shaped laser diode

Etched mirror
Waveguide
Photodiodes
Step (90° phase shifter)

Monolithic method

Reference : R.Sawada, O.Ohguchi, K.Mise and M.Tsubamoto, Fabrication of Advanced Integrated Optical Micro—encorder
Chip, IEEE MEMS’ 94 (1994) pp.337-342



a7 Piezoelectric, thermal inkjet printer head

Piezoelectric

actuator Heater
Hydrophilic
—— surface
“~._Hydrphobic
\ surface
‘ “Meniscus

9

Piezoelectric type Thermal type Princiole of ink droplet eiection
(EPSON, XAAR) (CANON. HP, Lexmark, XEROX) MLChips x/\
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E:‘ /, _ “"““ - Piezoelectric Ink—jet print head (Seiko Epson)
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On demandPiezoelectric Ink—jet print head

Reference : K.P.Petersen, Fabrication of an Integrated, Planar Silicon Ink—Jet
Structure, IEEE Trans. on Electron Devices, ED-26 (1979) pp.1918-1920

Ink—jet Head (Seiko Epson), 2003 MEMS Technology Outlook (2003) pp.71-74

Ink Inlet e Wire Bonding Pad
Y ol |

Si Channel Plate Nozzle Orifice

Nozzle Orifice Ch""‘"lpn Deep By-pass ink Inlet  Wire Bonding Pad

g g g g e e e [ W B

I
Poly Si Resistor  High Voltage MOS Transistor Logic LS|
(b)

Structure Nozzle
Reference : M.Murata, M.Kataoka, R.Nayve, A.Furugawa, Y.Ueda, T.Mihara, M.Fuijii and T.Iwamori (Fuji Xerox), High Resolution
Long Array Thermal Ink Jet Printhead with On—chip LSI Heater Plate and Micromachined Si Channel Plate, IEICE Trans.

Electronics, E-84-C (2001) pp.1792-1800



As Electrostatic inkjet printer head

Nozzle Crifice
Ink cavily /Ink reservoir
— ¥ Upper cover-glass

e N EE ¥
o = |
T il ] -
L

Electrode * Sioz 3 Pressure plate

\"‘\

25.8mm

——i

Ink tank — head assembly

Ink cavity

Electrode
in groove

Lower glass

Principle Structure
Electro static printer head (Seiko Epson)

Reference : S.Kamisuki, T.Hagata, C.Tezuka, Y.Nose, M.Fujii and M.Atobe, A Low Power,
E:ectrostatically—driven Commercial Inkjet Head, Proc. of IEEE MEMS (1998) pp.63-68

(3) DC voltage is stopped and Ink is ejecting
Principle Structure and nozzle photograph Strobe observation of the ink ejection
Electrostatic inkjet printer head for high speed low power line printer (Tohoku Univ. — Sony)

Cross section B

. Ink droplet
—J- Crosssection A gjlicon nitride  Diaphragm (poly-Si) :
Nozzle
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o

i Nozzle

|
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.
>
3
-
[
-

Ink cavity
+Cross section B

Air gap aF S 2
Silicon oxide  Ink cavity
(A)Initial state  (B)Voltage applied (C)Voltage turned off

Air Gap Diaphragm
Electrostatic inkjet printer head with vertical diaphragms

Reference : T.Norimatsu, S.Tanaka and M.Esashi, Vertical Diaphragm Electrostatic
Actuator for a High Density Ink Jet Printer Head, Trans. IEE ofJapan, 125-E (2005) pp.350-354



A MEMS resonator (USA)

Sikicon substrate

Resonant gate transistor (Westing house) Resonant micro-bridge (U.C.Berkeley)

Reference : H.C.Nathanson et.al. The resonant R.T.Howe and R.S.Muller, Resonant—Microbridge Vapar Sensor,
gate transistor, IEEE Trans. on Electron Devices, IEEE Trans. on Electron Devices, ED-33 (1986) pp.499-506
ED-14 (1967) 117-133

. Silicon MEMS Timing
Tl me 100% Pin Compatible with
X0, VOX0, TCXO nnd 32 kHe
e 35 3z |25 20| 20 | 15
mm x x X x *
25 | 20| 18| 12 | o8
" l BE 88 3
xc “:'m o LRl
TGO, DEXE =5“ "‘ csp

Drfferantial

7o | _XO.VGXQ, li .E MEMS
- { TCXO, DCXO Resonator
Si Die
1 H H H we'am .ﬂ

MEMS resonator chip Circuit chip
MEMS oscillator (SiTime)

100x Lower Phase Noise in 3 Years mTime-
50 " | Ref 10MHz
" |
y
N " SiTime X0 2009
b f
: = - g 100 ——Hh o
1. Etch SO| wafer 2. Protect under oxide 3. Cover and perforate % et w-——f-'——--—-. %
8-20%
s | b
] | 4 AL 1
& _140 x SiTime TCXO 2012 \
£ =y 1
i "aw.\.k_ UL \'w*m 4#(
f i ’
180 il o
*Example Quanz TC)(CJ T
100Hz 1KHZ 10kHz 100kHz 1MHz  SMHz
; : Freguency Offset
4. Remove oxide 5. Deposit thick silicon 6. Finish interconnects
Precision Silicon MEMS Silicon Always Wins BiTime

resonators verses traditional
Q_uartz

Highest Performance, Best Reliability, Smallest, Lowest Cost

Veouum - i D & (@

Dr. Esashd Masayoshi -
Frolessor.

b v o v Dol of ST e Corponisgnts MEMS Fast ™

John McDonald Femonicr 3% N hogh B 00me 507 CMOS wafer. Thes

b gy Fesorite s inogeoted i the STHAGE md ST s cocllatr griodeet
farmetes.

o

-ﬁ;? Samisk
) ¢ ._ ) BiTime

Reference : M.Lutz, A.Partridge, P.Gupta, N.Buchan, E.Klassen, J.McDounald and K.Petersenand, MEMS Oscillators for High
Volume Commercial Applications, Technical Digest of Transducers’ 07 (2007) pp.49-52
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a0 MEMS resonator (disk, Lamb etc.)

Packaged high Q MEMS trsonator (Tohoku Univ. = Shimazu )
Reference : K.Yoshimi, K.Minami, Y.Wakabayashi and M.Esashi, Packaging of Resonant Sensors, Technical Digest of the 11th
Sensor Symposium(1992) pp.35-38

1GHz I ?(.)H; SOHZ\

CIT—/—11 IW I |

)
Digital TV PHS \ A02 16& [WiMAX) i i
WLCDMA 802 1100 Quast-nodal point
Micro disk resonator (Tohoku Univ. = NICT)
Reference :T.Matsumura, M.Esashi, H.Harada and S.Tanaka : Multi-band Radio—frequency Filter Fabricated Using
Polyimide-based Membrane Transfer Bonding Technology, J. of Micromech. Microeng., 20, 9 (2010) 095027(9pp)

Pitch:12um, 331MHz

(5) IDT (Mo) patteming
g Mo

(1) Ge patterning _Ge
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Pitch:Bum, 498MHz

|

(3) Metal (Mo}: patterning

(7) Ge sacrificial etching
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(4) deposition and pa emlni AIN

|

Lamb wave resonator (Tohoku Univ. — Japan Denpa)
Reference : K.Hirano, M.Esashi and S.Tanaka, Aluninum Nitride Lamb Wave Resonator Using Germanium Sacrificial Layer, 2™
International Workshop on Piezo—devices Based on Latest MEMS Technologies (2008) pp.111-117
Al

Etching
window

3.0 4.0
Frequency [GHz]

Lamb wave resonator using Sc—AlIN,
Reference : A.Konno et.al :ScAIN Lamb Wave Resonator in GHz Range Released by XeF, Etching, 2013 IEEE Ultrasonics S
ymposium 2013 1378-1381)
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A1 FBAR (Film Bulk Acoustic Resonator)

bottom ¢lectrode AIN etching window
Top Electrode (Al) | /... (Pt/Ti)

Bottom Electrode / Zn0 Hi .

(Cr-Au)

S5i0; / (111)Ptane air gap top electrode
(100) Plane Electrode 5102 (Pt/Ti)

FBAR (S. Nakamura, Tohoku Univ.) FBAR

Reference : K.Nakamura, H.Sasaki and H.Shimizu, A Piezoelectric Composite Resonator Consisting of a ZnO Film on an
Anisotropically Etched Silicon Substrate, Proc. of 1st Symp. On Ultrasonic Electronics (1980), Jap. J. of Applied Physics,
20(1981) Supplement 20-3, pp.111-114

M.Hara, J.Kuypers, T.Abe and M.Esashi, Surface Micromachined AIN Thin Film 2GHz Resonator for CMOS Integration,
Sensors & Actuators A, 117 (2005) pp.211-216

A0
e

(a) Three-stage ladder-type filter topology.
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Frequency [GHz] () Top s i tadder-type FBAR lter. Frequency [GHz]
FBAR (Film Bulk Acoustic Resonator) (Tohoku Univ. — NICT)

Reference : T.Matsumura, M.Esashi, H.Harada and S.Tanaka, Multi-band Radio—frequency Filter Fabricated Using
Polyimide—based Membrane transfer Bonding Technology, J. of Micromech. Microeng., 20 (2010) 095027(9pp)

(1) Preparation of SOl wafer and CMOS IC (3) Removal of handle layer and BOX layer

ot T oy W

{4) FBAR fabrication and its
=T 3 interconnection with CMOS [C

C;Molc BCB Au/Cr Bu Al AN si

(2) BCB adhesive bonding by flipping the
SO[ wafer on CMOS wafer

BCB BOX  Si  (5) Etching of Si underneath the FBAR
/ Handle layer o'FSOI/ BCB Au/Cr Ru Al ANy o0 o

(Carrier wafer)

FBAR (film bulk acoustic resonator) fabricated on LSI

Reference : Kochhar et. al, 2012 IEEE Internl. Ultrasonic Symp. (2012) 1047
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A2 SAW device on LSI (surface acoustic wave device on LSI)

1. Bonding of LiNbOato Si
UV curable resin LiINBO4

SAW device

Si (carrier wafer)

2. Lapping and polishing of LiINbO3

2 SAW resonator
5. Au-Au bonding ey
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Reference : K.D.Park, M.Esashi and S.Tanaka, Preparation of Thin Lithium
Niobate Layer on Silicon Wafer for Wafer—level Integration of Acoustic
Devices and LSI, Trans. of IEE in Japan, 130-E (2010) pp.236—-241

(13 Fabrication o fsilicone bumps () Selective lazer debonding SAW filter
Device (2.9, BWiS) Laser £ i N S
o |
;,« Bonding interlaywer fr I Ih:ﬁr—éz:dl Ll L Ll
[ TGlazz zupportwater 7 | i CMOS LS| ¥ prererrr
T T T 77 i = : —
2 ] — ~ ,
I LT, argetwafdr%e.g. EE ] | : : — [
™ gilicone bump e o - A
4 Device transk “.u_ﬁ,&u J
(2 Wakralignment and bonding (4) Device ranskr + = 397 51 MHz
with sticky slicone [ | = -
[ | L1 L1 ’"E R 5
[ 1 - T (-
Il = | b g -
] ] 20 mm -~ B e i i
584 18 MHz

Multi SAW filter using selective transfer process

Reference ; S. Tanaka, M. Yoshida, H. Hirano and M. Esashi, Lithium Niobate SAW Device Hetero—transferred onto Silicon
Integrated Circuit Using Elastic and Sticky Bumps, 2012 IEEE International Ultrasonics Sympsium (2012) p.1047
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a3 Tunable SAW filter using variable capacitor

: T
7#71 A /T‘P

L/T[
FEFi\r:r | _W_JEL,_ |D}TLT‘[”_‘—“] RF out 6

p ] =
A Y AN
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= \ ——l )\—‘
Cp % 20\ 4 "‘
S B A PR PN
£ -40 \/
2
= 250
_60 1 ] 1 ] 1
.97 98 .99 1.0 1.01 1.02 1.03

Frequency [GHZz]

Principle and photograph Chracteristics

Laser
BST BST
SAW
* *
Reduction of adhesive force by laser Removal of sapphire substrate
BST variable capacitor on sapphire Bonding the BST variable capacitor

Fabrication process of variable capacitor using BST((Ba;-xSrx)TiO3)

Antena terminal Receiver

BST ( (Ba, ,Sr)TiO, ) varactor

Au TN
| B-LNOST 15 mirror/GC #1000

RF frofit end
usingftunable

il ﬁ‘ SAV filter
i T

Transferred BST varactor
(Tuning raticof 1.6 at 3 V)

Demonstration of wireless communication system
using cannel of digital TV in case of emergency

Reference : Hideki Hirano et.al, Bandwidth—tunable SAW Filter Based on
Wafer—level Transfer—integration of BaSrTiO; Film for Wireless LAN System
using TV White Space, Proc. IEEE Ultrason. Symp., USA (2014) 803-806

Reference : H.Hirano, T.Kimura, I.P.Koutsaroff, M.Kodato, K.Hashimoto,
M.Esashi and S.Tanaka, Integration of BST Varactors with Surface
Acoustic Wave Device by Film Transfer Technology for Tunable RF Filters
, J. of Micromech. Microeng., 23, 2 (2013) 025005 (9pp)
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a4 SAW passive wireless sensor
(Strategic Information and Communication R&D Promotion Program (SCOPE) 2006FY - 2008FY)

TDMA based SAW
Orthogonal temperature sensors
SEeNsor responses

Reader antenna

Reflector

Electrode

2.45 GHz FMCW ' 35 0°C /V) Piezoelectric
SOFIS unit , : carcuitFC /1/ material
' I T e urcui
3 L Antenna
Time

Principle of SAW passive wireless sensor

Reference : J. H. Kuypers, L. M. Reindl, S. Tanaka and M. Esashi, Maximum Accuracy Evaluation Scheme for Wireless SAW
Delay Line Sensors, IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 55 (2008) pp.1640-1652

Reflectar 2 Reflector 1 Reflector 3 Reflector 4

t2 t1 t3 t4 e
- -~ - =] := ...-...|..l L |
- » = - g, 1':',:;E!tt![gt!1!! [ I
LiNbO 2 or LA o lesnztiirells
- L]
LINBO 3 \\ E mi $1 (1) S
= Reference pressure cavity e &L = $2 (t2) .
a2 ¢ 3(3) *
8 1 2 3 t4td 3f L 4 (t4) .
8— .:E L L
g M 50 100 150 200
- Pressure [kPa]

Application to tire pressure monitor (Tohoku Univ. — Nissan motor)

Reference : S.Hashimoto, J.H.Kuypers, S.Tanaka and M.Esashi, Design and Fabrication of Passive Wireless SAW Sensor for
Pressure Measurement, Trans. IEE of Japan, 128-E (2008) pp.231-234

; Metal etching
LikbOs Cr/bu deposition K
Therma| paralization

invarsian / L ix

L iNhDg Hond LN
Cridudeposition spé;e_re
E Au-tu bond ing s

B

Auelectroplating Etch
= — | spee
Fabrication of 10T

=]

measure
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z
s
s,

3

!

= o
LiNb0, etching

[\
I|

Selective etching and simulation of anisotropic etching of LiNbO;

Remove
waler and
Ineasure
sphere

.

Reference : A. B. Randles, M. Esashi and S. Tanaka, Etch Stop Process for Fabrication of Thin Diaphragms in Lithium Niobate,

Jap. J. of Applied Physics, 46 (2007) pp.L1099-L1101
A.B.Randles, M.Esashi and S.Tanaka, Etch Rate Dependence on Crystal Orientation of Lithium Niobate, IEEE Trans. on

Ultrasonics, Ferroelectrrics, and Frequency Control, 57 (2010) pp.2372-2380
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B1 Piezoresistive pressure sensor

Si {100}

QX

Pressure

g

10>« <110>

7

Piezoresistive Si diaphragm pressure sensor

(107 2cm #/dyre)
Piezoresistive coefficient on (100) p—Si
maximum in <110> direction

Dr. Isemi Igarashi
(Toyota Central Research Laboratory)

#Fi{ Electronic Fuel Injection)

Intake pressure sensor

Combustion pressure

sensor

Catalist to
reduce NOx

Engine
centrol
conputer

Packaging of pressure sensor Pressure by Fujikura Ltd. Pressure sensor applied for engine control
Reference : LIgarashi, Piezo—resistive Effect of Ge and Its Application to Strain Gages, Applied Physics, 29 (1960) pp.73-78

O.N.Tufle (Honeywell), Silicon Diffused—element Piezoresistive Diaphragms, J. of Applied Physics, 33 (1962) pp.3322-3327)

Piezoresistive Absolute Pressure Sensor

., (a)
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% !
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fluid filled catheter sensor
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diaphragm sensor
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Photograph

\
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Blood pressure monitor in ventricular assist device

Fabrication process

Reference : M.Esashi, Y.Matsumoto and S.Shoji, Absolute Pressure Sensors by Air—tight Electrical Feedthrough Structure,
Sensors and Actuators, A21-A23 (1990) pp.1048-1052



B2 Integrated capacitive pressure sensor

L v | SN . o
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Fabrication process Circuit Characteristics
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Frequency and analog output I L
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0 L Behoao\ =
Monolithic capacitive pressure sensor } ] p’“‘j““
Wafer level packaged integrated capacitive pressure sensor (Tohoku Univ. — Toyda Machine Works)

(This sensor was used for filter clogging detection of air conditioner for about 20 years)
Reference : Y.Matsumoto, S.Shoji and M.Esashi, A Miniature Integrated Capacitive Pressure Sensor, Extended Abstracts of
the 22" International Conference on Solid State Devices and Materials (1990) pp.701-704

Capacitive pressure sensor  Circuit 1) Direct bonding

/ i LY \
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Structure and photograph Fabrication Circuit
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Integrated Capacitive Pressure Sensor by Si Direct Bonding

Reference : S.Shoji, T.Nisase, M.Esashi and T.Matsuo, Fabrication of an Implantable Capacitive Type Pressure Sensor, The
4th Int. Conf. on Solid State Sensors and Actuators (transducers’ 87), (1987) pp.305-308



B3 Resonant pressure sensor (Yokogawa Electric Work)

DRIVE
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Pressure

Principle
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Fabrication process Etching apparatus in process (b) Cross section of resonator

1 :m Sensor chip -‘
|
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| — Sensor chip
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Differential pressure transmitter (DP harp)

Reference : Klkeda, H.Kuwayama, T.Kobayashi, T.Watanabe, T.Nishikawa and T.Yoshida, Silicon Pressure Sensor with
Resonant Strain Gages Built into Diaphragm, Tech. Digests of the 7th Sensor Symposium (1988) pp.55-58



B4 Capacitive vacuum sensor

NEG ©:
4mm
=0 sy o
3()$m 30um | - Si
500V
I i B

~10

LA

-20

R Y
Pytiexglass ; \\

Displacement of diaphragm (um)

0.01 1 100 10000
Pressure (Pa)

400°C
Vacuum encapsulation by anodic bonding with getter
Reference : M.Esashi, S.Sugiyama, K.Ikeda, Y.Wang and H.Miyashita, Vacuum—Sealed
Silicon Micromachined Pressure Sensors, Proc. of the IEEE, 86 (1998) pp.1627-1639
Reference : H.Henmi, S.Shoji, Y.Shoji, K.Yoshimi and M.Esashi, Vacuum Packaging for Micro—
sensors by Glass—Silicon Anodic Bonding,, Sensors and Actuators A, 43 (1994) pp.243-248
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Dual diaphragm vacuum sensor
Reference : K.Hatanaka, D.Y.Sim, K.Minami and M.Esashi, Silicon Diaphragm
Capacitive Vacuum Sensor, Tech. Digest of the 13th Sensor Symp.,(1995) pp.37-40
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Electrostatic servo vacuum sensor
Reference : H.Miyashita and M.Esashi : Wide Dynamic Range Silicon Diaphragm Vacuum
Sensor by Electrostatic Servo System, J. Vac. Sci. Technology, B18, (2000) pp.2692-2697
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SiC diaphragm anti—corrosive vacuum sensor

Reference : B.Larangot, S.Tanaka and M.Esashi, Fabrication of Anti—Corrosive Capacitive
Vacuum Sensors with a Silicon Carbide/Polysilicon Bi-Layer Diaphragm and Electrical
Through—Hole Connections on the Opposite Side, Trans. IEE of Japan, 128-E (2008) pp.331-336




Bs Capacitive vacuum sensor products (Canon ANELVA, Daiavac)
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pp.37-41 (in Japanese)
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B6

MEMS microphone

()

SiO2  Electrode

00

727722222

Structure

L]

NI

Polyimide ¢ g0,

Fabrication process

Photograph

Driven Shield MEMS Microphone (Tohoku Univ. = Matsushita Communication Industry)

Reference : M.keda, N.Shimizu and M.Esashi, Surface Micromachined Driven Shielded Condenser Microphone with a
Sacrificial Layer Etched from the Backside, Tech. Digest of the Transducers’ 99, (1999) pp.1070-1073

Poly Electrode Over Pressure Stops Perforated Ba%

FreZplale Diaphragm
Anti-Stiction
Through Hole

Circuit chip

MEMS microphone used for smartphone (Knowles)

CH1

T Kasai et al. "NOVEL CONCEPT FOR A MEMS
MICROPHONE WITH DUAL CHANNELS FOR v
AN ULTRAWIDE DYNAMIC RANGE *, IEEE

MEMS 2011 Technical Digast, Cancun, MEXICO,

January 23-27, 2011, pp605-608

0.002Pa

40dBseL

0.0002Pa ——— 20dBspL

Wide dynamic range MEMS microphone (Omron)

Reference : Nikkei Micro Device, 248 (2006/2) p.38) in Japanese
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B7 MEMS microphone wafer (Nisshinbo Micro Devices)

Capacitiv MEMS microphone chip (New Japan Radio)

MEMS microphone chips on a 8 inch wafer (20 cm in diameter) (20,000 chips)




B8 MEMS microphone for humid environment

Membrane (Si)
Spacer (Si0z)

Gap
Back plate (Si)
Pressure vessel

Structure
P": Sl S !‘§! 2 N M lt d
®IED : - - elte
B 1R | s | T $i0,+B,0,
v U (Thick glass layer)
SiCl, H, BCl, e L.
JiA Thinning
7 Flame v
SR e = Bulk Si
etching

Si etching and

Nano patticleof 218! = .
S10,+B,0; (soot) - - glass etching

Fabrication process

: ! = Used in TV for swimming game in
Photograph of chip Beijing Olympic game etc
MEMS microphone for broadcasting (NHK — Tohoku Univ. — Panasonic)
Reference : T.Tajima, T.Nishiguchi, S.Chiba, A.Morita, M.Abe, K.Tanioka, N.Saito and M.Esashi, High—performance Ultra—small
Single Crystalline Silicon Microphone of an Integrated Structure, Microelectronic Engineering, 67-68 (2003) pp.508-519
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|/ Ry
Backplate = SS
Electret Insulator \ 77

Si microphone using inorganic electret for humid environment (NHK, Kobayashi Inst. of Physical Research, Rion)
(Hands—-on—Access Fab. Was used)

Reference : M.Goto et.al, Si electret condenser microphone with inorganic electret, IEEJ Trans. 132-E (2012) 309-315)



Bo Capacitive accelerometer for automobile

Movable Electrode
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LT—‘] 200006 20Ky X340 " i58dun

Accelerometer with electrostatic servo controller (Hitachi)
Reference: S.Suzuki, S.Tuchitani, K.Sato, Y.Yokota, M.Sato and M.Esashi : Semiconductor capacitance type accelerometer

with electrostatic servo controller, Sensors and Actuators, A21-23, (1990) 316-319
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Accelerometer with A2modulation (Ford motor, USA)

TTTTTTTIT

Reference : L.(Chip) Spangler and C.J.Kemp, ISAAC—Integrated Silicon Automobile
Accelerometer, Transducers’ 95 (1995) pp.585-588

Anchor > Z The SENSEON * Family of
(3 eevomota Advanced Acceleration Sensors

Upper ™~
Eloguodo

Circuit 3um BicMos)  POIY-Si

!

Monolithic integrated accelerometer (Analog Devices, USA) (Wafer and chips are in A12)
Reference : KH.—L..Chau, S.R.Lewis, Y.Zhao, R.T.Howe. S.F.Bart and R.G.Marcheselli, An Integrated Force—Balanced

Capacitive Accelerometer for Low—G Applications, Transducers’ 95 (1995) pp.563-596
9



Bio Wafer of accelerometer by surface micromachining (Analog Devices USA)

ANALOG NN N
ADXL0S

DEVICES

6" Production Wafer
Manufactured in 1999 by
Analog Devices, Inc.
Micromachined Products Division

Cambridge, Massachusefts
US.A

ERESS— e, RN
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B11 Various

2.5 mm

[

Piezoresistive accelerometer (Panasonic Electric Works)

accelerometers

Reference : High—accuracy high—reliability MEMS accelerometer, Technical Report of Panasonic Electric Works (Nov.2003)

pp.15-21

Post for interconnection

Electrodes for
force balancing

J sum  Lspm
Sum - LSW

Imm

T

40um

-

200 um

Imm

e

Mass

D — 3mm

Electrodes for C detection
—_—

Beam (P+ Silicon)

Narrow gap capacitive servo accelerometer (Tohoku Univ. — Samsung)

L]

Reference : G.Lim, S.Baek and M.Esashi : A New Bulk—Micromachining Using Deep RIE and Wet Etching for an Accelerometer,

Trans. IEE of Japan, 118-E (1998) pp.420-424

Excitation/Detection Electrodes

.| Glass

Si

1 Glass

Electrode

Reference :
Symposium (1995) pp.181-184

Fixed electrode

Gap of variable capacitor

\ Resonator
Supporting Torsional Bar

(a) Structure

Tensile Force

<—p
Electrostatic L DC Voltage
Force

l@

(b) Working Principle

Resonating accelerometer

Metal {Electrical feed through)

Glass

S 1!00;1 m

Movable electrode Buried thick oxide
Si (20 4 m thick)

SODIC wafer

Seismic mass and

Imm
—

H.Hashimoto, K.Minami and M.Esashi, Silicon Resonant Accelerometer, Technical Digest of the 13th Sensor

Capacitive accelerometer using deep RIE of SOI wafer with thick buried oxide (Tohoku Univ. — Daimler—Chrysler)
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Bi2 Integrated capacitive accelerometer
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Trigger

Integrated Capacitive Accelerometer
Reference : Y.Matsumoto and M.Esashi, Integrated Silicon Capacitive Accelerometer with PLL Servo Technique, Sensors
and Actuators A, 39 (1993) pp.209-217
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Differential capacitance two—wire accelerometer temperature sensor

Reference : T.Shirai, M.Esashi and N.Ura, A Two—Wire Silicon Capacitive Accelerometer, Electronics and Communications in
Japan, Part 2, 76 (1993) pp.73-83
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Electrode (TQ) Si02 Circuit 777777
Diode bridge Integrated capacitive accelerometer

Reference : Y.Shoji, M.Yoshida, K.Minami and M.Esashi, Diode Integrated Capacitive Accelerometer with Reduced Structural
Distortion, Transducers’95 (1995) pp.581-584
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B13 J—axis accelerometer
ANTS
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Piezoresistive 3—axis accelerometer (Fujikura)

s

Cx1(Cy1) Cx2(Cy2)

GND

Capacitive 3—axis accelerometer (Tohoku Univ. — Tateyama Kagaku)

Reference : M.Mizusima and M.Esashi : Capacitive 3—axis Accelerometer Using
SOI Wafer, Technical Digest of the 17th Sensor Symposium, (2000) pp.225-230
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Capacitive 3—axis servo accelerometer (Tohoku Univ. — Kobe Steel)
Reference : K.Jono, K.Minami and M.Esashi, Electrostatic Servo Type Three—axis Silicon Accelerometer, Measurement

Science and Technology, 6 (1995) pp.11-15
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Electrostatically levitated spherical 3—axis accelerometer (Ball Semiconductor — Tohoku Univ.)
Reference : R.Toda, N.Takeda, T.Murakoshi, S.Nakamura and M.Esashi : Electrostatically Levitated Spherical 3—Axis

Accelerometer, Technical Digest MEMS’2002 (2002) pp.710-713
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B14 Electrostatically levitated rotational gyroscope

Pinpoint for Polaris Launching

Electric V 3
The Electric Vacuum Gyro Go0t) deg par bt |
; il

H.W. Kunoebel : “The Electric Vacuum Gyro", Lndicten - 2

Control Engng, 11, 2, p 70, (Feb. 1964). i g
The Electric Vacuum Gyro Is a high precision 2- ’ A S
axis gyro for inertia navigation systems. A metal syl 27724 N W otion —
spherical rotor is levitated by high electric field in WD N Regiinlics L
high vacuurn (10-8 — 10 mmHg) and rotated. ) e woim ] [
The friction by mechanical supports are Wolor ¢l o ) e secr
eliminated and hence high precision and low prbori b=
drift are achieved. This method was invented by v e
Prof. A.Nordsieck in University of llinois during - o e
Pis I;eslearch % pithe NOmia NaVIJEON:SYSIONS,  duie hels e e v e o e e
or Polaris submarine.

Wafer for

electrostatically
levitated ring rotor

z (Spin axis) Common electrode

Upper electrode )
type rotational gyro

(large ring type)

Rotation electrode

Pyrex Glass Cu{nmnn Electrode Frame (Si)
\ Rotor (Si) | c \
S Getter
{ \ " \ \
{ 1 ) A
y
L] b7
\ -
Rotor / Rotation electrode \ P4+ (boron)

Lower electrode Control Electrode Feedthrough

Electrostatically levitated disk rotor type rotational gyro
(Tohoku University — Tokimec (at present Tokyo Keiki))

Ref. : K.Fukatsu, T.Murakoshi and M.Esashi, Electrostatically Levitated Micro Motor
for Inertia Measurement System, Tech. Digest of the Transducers’ 99 (1999) p.1558

Electrostatically levitated ring rotor type
rotational gyro (large ring & small ring type)
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Motien Logger
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Rotor
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Electrostatically levitated ring rotor type rotational gyro (2 axis rotation and  Application to motion logger used for
3 axis acceleration) (Tohoku University — Tokimec (at present Tokyo Keiki))  subway in Tokyo

Reference : T.Murakoshi, Y.Endo, K.Sigeru, S.Nakamura and M.Esashi: Electrostatically levitated ring—shaped rotational—
gyro/accelerometer, Jpn. J. Appli. Phys., 42, Part1 (2003) 2468-2472
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ct  Electromagnetically driven resonating gyroscope

b v o
s,

Feed-through

Torsion bar

i _-Detection
¥ electrode
¢ island

Y

Mass

—— Resonance
¢ “detection
island

0 Supporting 1sland
Vibratig Current
direction terminal island
Q i
Detection
Pop 8 0 L2 > 1 electrodes

Per

Vibiratig
magnet

direction

Electromagnetically excited capacitive sensing gyro by anisotropic etching of (110) Si (Tohoku Univ. — Toyota Motor)

Reference : M.Hashimoto, C.Cabuz, K.Minami and M.Esashi, Silicon Resonant Angular Rate Sensor Using Electromagnetic
Exitation and Capacitive Detection, Micro System Technologies'94 (1994) pp.763-772

zii Angular rate %71-
y

Lorenz - / y /4 i
force F "7 ' Coriolis
l// I force Fe

Detection Electrode
on the glass
Fe=2mvQ

v velocity of the mass
m  mass

Reference : J.Choi, K.Minami and M.Esashi : Application of Deep Reactive lIon Etching for Silicon Angular Rate Sensor,
Microsystem Technologies, 2 (1996) pp.186-199

Qiz)

Sense(x)

Excitation(y)

Synchronou
demodulator

Excitation frequency
:548Hz

@ Function
generator

Electromagnetically excited and electromotive voltage sensing resonating gyro for Z—axis

Reference : J.—J. Choi, K.Minami, M.Esashi, Electromagnetical Excitation and Induced Electromotive Voltage Sensing Silicon
Angular Rate Sensor, Trans. IEE of Japan, 118-E (1998) pp.641-646



c2 Silicon ring gyroscope

SILICON™
SENSING.

Eotation

8 Rotation of the vibration
Y

k-
« Coriolis force

ESC (Electronic Stability Control)

~Top electrode

T PZT
' Bottom electrode

Si wafer

-V ~ Compressive

Piezoelectric Si vibrating ring gyroscope



ca Piezoelectric gyroscope

ELECTRODE

A
EXCITATION o . —
- N
/ & |‘%. %
i QUARTZ VIBRATION .
[ 7 ELEMENT | © el
|' Q B E | EXCITATION FORK
2 e [ CORIOLIS FORCE ot
r I Fe=2m Vx@ ELECTRODE
! / r ® O
; o P m
Il’ FLECTRODE 17
| FIXED PART = Lo

DETECTION FORK

CROSS SECTION
Quartz resonating gyro (Toyota Central Research Laboratory)

Reference : Y.Nonomura, M.Fujiyoshi, Y.Omura, K.Tsukada, M.Okuwa, T.Morikawa, N.Sugitani, S.Satou, N.Kurata and
S.Matsushige, Quartz rate gyro sensor for automotive control, Sensors and Actuators A, 110 (2004) pp.136-141

Driving arms —_—

2> I

S v*i

q; ) w
V Driving mode D Dtection mode

Quartz rate gyro (Epson Toyokom)

Anchor, Pads

Reference : T.Kikuchi, Miniturized Quartz Vibratory Gyrosensor, 4" Intnl. Symp. On Acoustic
Wave Devices for Future Mobile Communication Systems (2010) pp.51-55

Piezoactuator

Pizoresistor

= Piezoelectric film

for detection Piezoactuator
Sensor
I Driving
& Detecting
Piezoelectric rate gyro (Tohoku Univ. — Toyota Motor) i
and Materials, 11

Reference : M.Nagao, K.Minami and M.Esashi, Silicon Angular Rate Sensor Using PZT Thin Film, Sensors

(1999) pp.31-39

Piezoslesctric
thin film (PZT)

=y

Piezoelectric angular rate sensor (Matsushita Electric Industry)

Reference : R.Takayama, E.Fujii, T.Kamada, A.Murata, T.Hirasawa, A.Tomozawa, S.Fujii,H.Torii, K.Murata, Preparation of <001>
Oriented Thin Films and the Applications to Micro Pizoelectric Devices, Trans. of IEE in Japan, 127-E (2007) pp.553-557



csa Electrostatically driven capacitive sensing gyroscope
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Electrostatically driven capacitive sensing gyro with electrostatic frequency tuning (Tohoku Univ. — Panasonic)

Reference : M.Yamashita, K.Minami and M.Esashi, An X-shaped Tuning Fork Type Resonant Gyroscope by Silicon
Micromachine Technology, Micro System Technologies'96 (1996) pp 385 390

Rezonator tilt 0 Senging b L _j o
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Electrostatically driven capacitive sensing gyro with rotating resonance
(Tohoku Univ. — Ford Motor) (Tohoku Univ. — Toyota Motor)

Reference : J.—J. Choi, R.Toda, K..Minami and M.Esashi, Silicon Angular Resonance Gyroscope by Deep ICPRIE and XeF,
Gas Etching, Proc.of the Micro Electro Mechanical Systems’98 (1998) pp.322-327

M.Nagao, K.Minami and M.Esashi, A Silicon Micromachined Angular Rate Sensor, Trans. of IEE in Japan, 118-E (1998) pp.212-
217

156
i

01 | angular rate
¥

_.."' Pyrex glass
* Vertical driving mode Feedthrough <
B
. ; A.0mm
& : Horizontal detecting mode T3 deiving electrods ] detemting shectoroda

Trident—type Tuning Fork Gyro (Tohoku Univ. — ALPS Electric)

Reference : M.Abe, E.Shinohara, K.Hasegawa, S.Murata and M.Esashi Trident—type Tuning Fork Silicon Gyroscope by the

Phase Difference Detection, Proc. of the Micro Electro Mechanical Systems’2000 (2000) pp.508-513



cs Yaw rate, acceleration sensor (Toyota Motor)

1992-1997
Two researchers from Toyota stayed in Tohoku University
for collaborative development of resonating gyroscope
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Reference : M.Nagao, HWatanabe, E.Nakatani, K.Shirai, K.Aoyama and M.Hashimoto: A silicon micromachined gyroscope and
accelerometer for vehicle stability control system, 2004 SAE World Congress, 2004-01-1113 (2004)



ce Accelerometer and gyroscope for automobile and smartphone

. . LA
\ "R Iifters CMOS cwcwt,?‘(.‘«:
ey “BAW dupigiers LA AT
' *RF switch / variable capacitor - MEMS micro-mirror C -
*TCXO oscillators =

*Accelerometer
*Gyroscope

+Electronic compass
*Pressure sensor

*CMOS Image Sensor
*Auto-Focus actuator

Wire bonding

Si
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] [L | B t
e BB BT
- - | | o ;
Si | |
Seismic mass Fixed electrode
Accelerometer of STMicroelectronics

*Front camera
fil +ALS & Proximity sensor
it P - *Microdisplay

Silicon microphone

MEMS in mobile equipments (Yole Development)

Reference : H.Noguchi, Latest Developments on MEMS Inertial Sensors and Its Applications, SEMI Technology Symposium
2008, Makuhari, p.45 (2008)
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3 axis gyro of STMicroelectronics (L3G4200D)

CONTROL LOGIC = [MT4

TRIMMING
CIRCUITS o

— D RADY/INTZ

& &
PHASE GENERATOR INTERRUPT GEN,

Reference : L.Prandi, C.Caminada, L.Coronato, G.Cazzaniga, F.Biganzoli, R.Antonello and R.Oboe, A Low—-power 2—axis
Digital-output MEMS Gyroscope with Single Drive and Multiplexed Angular Rate Readout, ISSCC 2011. (2011) pp.104-105

Si0z 500rm - Al

i CMOS wafer / r/_
e Cavily etch

| awe—— w

Direct bonding
v Al-Ge bonding (450 °C. 300N/ Wafer. 4% H,/N.)

000 % o
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S, e
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(Gyroscope)

2 axes accelometer
Donated by Akebono brake
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Deep RIE
o—@
5 - % Industry Corp. Ltd..
| T
t 30 um '

Gyro of Invensense
Reference : J.Seeger, M.Lim and S.Nasiri, Development of High—performance, High—volume Consumer
MEMS Gyroscopes, Solid-State Sensors, Actuators and Microsystems Workshop, (2010), p.61




c7 Patterning

Photomask UV light Phtomask, LI Hight ——
(Glass) Q Air (Glass) [‘ C‘ Water
n=1.5 [ v Y7 ] ~ ¥ v/ | k] t/ ]

n=1.5
n=1 2 n=1.34 Ed ﬁ
n=1.6 n=16
Photoresist Photoresist
——— — = ‘
Glass \L—IQ' | i
n=15%

Ar
n=1.0 i

. . . . Exposure : MAB (SUSS MicroTec ) with water-immersion
Refraction large  Reflection large  Refraction Small  Reflection Small  Ohotoresist : TSMR V90 (Tokyo Ohka)

Liquid immersion contact lithography

Reference : K.—S.Chang, S.Tanaka and M.Esashi, A Micro—Fuel Processor with Trench—Refilled Thick Silicon Dioxide for
Thermal Isolation Fabricated by Water—immersion Contact Photolithography, J. of Micromech. Microeng., 15 (2005) pp.S171-
S178

N oW oe Uom o~
T
oD
Lo J

EE [um]

Resist spray coater Usio

Reference : V.K.Singh, M.Sasaki, K.Hane and M.Esashi, Flow Condition in Resist Spray Coating and Patterning Performance
for Three—Dimensional Photolithography over Deep Structures, Jpn. J. Appl. Phys., 43 (2004) pp.2387-2391
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Electron beam exposure system for alignment without mark

Reference : S.Shoji, M.Esashi and T.Matsuo, A New Three—Dimensional Lithographic Technique and its Applications to the
Fabrication of Micro Probe Sensors, Digest of Technical Papers, The 4th Int. Conf.on Solid State Sensors and Actuators
(1987) pp.91-94



cs Etching (Deep RIE, XeF, Etching, Thickness Monitor during Etching)

Wet anisotropic etching of (110) Si
(thickness 200 tm, width 25/50/100 tm)

Sm-Co
Permanent Magnet

Si Deep RIE
(thickness 200 tm, wafer temp. —120°C)

Wafer

Gas Inlet

Polyimide RIE
(Thickness 80 tn, O, gas)

Liquid
Nitrogen

208 O3 _ZSkV 80w

«30 0000 20KV

Deep RIE

Reference : M.Takinami, K.Minami and M.Esashi : High—Speed Directional Low—Temperature Dry Etching for Bulk Silicon
Micromachining, Technical Digest of the 11th Sensor Symposium (1992) pp.15-18

un!ﬁF’ Injection Evacuation
Ty T =y
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Si dry etching with XeF;

Reference : R.Toda, K.Minami and M.Esashi, Thin Beam Bulk Micromachining Based on RIE
and Xenon Difluoride Silicon Etching, Sensors and Actuators, A66 (1998) pp.268—272

Thickness 2/3/5/7 tm from the top

Thickness
Reflux condenser L 18 l‘ll pum B0l um 438 um

1 Etchung vessel
pinhole /7 Vo2 {[ L si diaphragm

Halogen lamp \

Spectrometer
Phatodetector

o
-

\ & 850 900 950 850 900 950
omputer
Heater Pulse moter (nm) (nim)
Etchant (TMAH 80°C) —

Thickness monitor during wet etching
Reference : K. Minami, H.Tosaka and M.Esashi, Optical in—situ Monitoring of Silicon Diaphragm Thickness during Wet Etching,
J. of Micromechanics and Microengineering, 5 (1995) pp.41-46



co Deposition

Backside
thinning and
Si Deep RIE G OVD 5102 CWD Metalization

Electrical interconnection through Si wafer for high speed signal, Cu conformal CVD Ozone TEOS SiO, CVD
(Tohoku Univ. — Sharp Inc.) (Trench refill)

Reference : M.Sumikawa and M.Esashi, Electrical interconnection through Si wafer for high speed signal

, 19th Electronic packaging Convention (2005) pp.117-118

— -Ferrite Core 1} Sputiening and patterning of Ni and Cu:
jpaterning of plating resist
S 1 1 411 I 10 1] T el

; iysics m—

EOmm 1—1.3mm

v
8.5mm = NSmm

Planar transformer using electroplated coil (Tohoku Univ. — Japan Signal)

Reference : N.Asada, H.Matsumoto and M.Esashi, A Fail-Saif Logic Operator Using an Insulated Planar Transformer, Trans.
of IEE in Japan, 114-A (1994) pp.255-259
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Anodic Bonding

A = . @ TalaTaial
— « [
© Heating * Pressing Resist (PMMA)  (Fast Atom Beam Etching)
(180°C, SDON/cm?)

Nanoimprint using diamond mold (b)

Reference : T.0no, C.Konoma, H.Miyashita, Y.Kanamori and M.Esashi, Pattern Transfer of Self-Ordered Structure with
Diamond Mold, Jpn. J. Appl. Phys., 42, Part 1 (2003) pp.3867-3870
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(100) oriented PZTfilm by LD MO (Liquid Delivery Metal Organic) CVD (Tohoku Univ. — Japan Signal)

Reference : H.Matsuo, Y.Kawai, S.Tanaka and M.Esashi, Investigation for (100)-/(001)-Oriented Pb(Zr,Ti)Os Films Using
Platinum Nanofacets and PbTiOs; Seeding Layer, Jap. J. Appl. Phys, 49 (2010) 061503



cio Probe for scanning probe microscope (SPM)

*Latex beads with 400 nm are spread on Si wafer

After pick up

topper _
Fower

Capacitive vibration detector
Electrostatically driven probe for Time—of—flight Scanning Force Microscopy

Reference : C.Y.Shao, Y .Kawai, M.Esashi and T.Ono, Electrostatic Actuator Probe with Curved
Electrodes for Time—of—flight Scanning Force Microscopy, Review of Scientific Instruments,
81 (2010) 083702

Picroelcetric sctisutor

Piezoelectric driven probe for Time—of—flight Scanning Force Microscopy

Reference : Y.Kawai, T.Ono, M.Esashi, E.Meyer and C.Gerber, Resonator Combined with a Piezoelectric Actuator for Chemical
Analysis by Force Microscopy, Rev. of Sci. Instru., 78 (2007) 063709(4pp)

SPM image obtained Dynamic frictional force image
using bending mode obtained using bending mode

-
10x10 pm

Quartz AFM probe

Reference : A.Takahashi, M.Esashi and T.Ono, Quartz—crystal Scanning Probe Microcantilevers with a Silicon Tip Based on
Direct Bonding of Silicon and Quartz, Nanotechnology, 21 (2010) 405502(5pp)

Position sensor
3 < Laser
E5heN

Torsional cantilever
(Force sensing) -

Planar coil

Magnet -~

T

Electromagnetically driven AFM probe
Reference : D.W.Lee, T.Ono and M.Esashi, High—Speed Imaging by Electro—Magnetically Actuated Probe with Dual Spring, J.
of Microelectromechanical Systems, 9 (2000) pp.419-424
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ct11  Near—field optical probe and bow—tie antenna

(c)

Si cantilever

(d)

=
=
.
=

NSOM

Y £ & &
Probe for Near—field Scanning Optical Microscopy

Reference : P.N.Minh, T.Ono and M.Esashi, Microfabrication of Miniature Aperture at the Apex of SiO, Tip on Silicon
Cantilever for Near—field Scanning Microscopy, Sensors and Actuators, A80 (2000) pp.163-169

Apply voltage to

442nm He-Cd center ¢lectrode
TLaser

Photo Multiplier R
Scatterad Li
[l 4
et 0nb

Localized and highly enhanced

optical near-field. et Controller &
XYZ s Display
Narrow gap Scanner
{several 10 nm. .
Tt determines the, Bow-tic antenna Lock' in L |
resolution) (Opposed metal triangles) Signal Amplifier
Reference

= & 4
/% z

AFM - i

Bow-tie antenna

Reference : K.wami, T.Ono and M.Esashi, Optical Near—Field Probe Integrated with Self—-Aligned Bow—Tie Antenna and
Electrostatic Actuator for Local Field Enhancement, J. of Microelectromechanical Systems, 15 (2006) pp.1201-1208
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C12

Highly sensitive sensors using thin resonator

Thin resonator

200nm thick Si cantilever

{ urelyed by Prof Ona in Tohak Univ )

ki~ 400 pN/m, fe~1000Hz. Q~6000

Fr=T0% 107N/ Hz B10K

Fermanent

/
~20pm NdFeB BERE

370 % 60y

Experimental

setup for MRFM

RFcall

Cantilover

Sample DPPH

ESR (Electron Spin Resonance) imaging by MRFM (Magnetic Resonance Force Microscope) (JEOL — Tohoku Univ.)

Reference : S.Tsuiji, Y.Yoshinari, E.Kawai, K.Nakajima, H.S.Park and D.Shindo, Magnetic resonance force microscopy combined
with surface topography, J. of Magnetic Resonance, 188 (2007) pp.380-396
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Capacitive detection of resonating cantilever mass sensor

Reference : S.—J.Kim, T.Ono and M.Esashi, Mass Detection Using Capacitive Resonant Silicon Resonator Employing LC

Resonant Circuit Technique,
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I Loy i Tilter

Rev. of Sci. Instru., 78 (2007) 085103(6)
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Reduction of thermal fluctuation of resonant frequency by parametric noise squeezing

Reference : T.Ono, HWakamatsu and M.Esashi, Parametrically Amplified Thermal Resonant Sensor with Pseudo—Cooling
Effect, J.of Micromech. Microeng., 15 (2005) pp.2282-2288
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c13  Multi-probe data storage

2 ah g™
Ni electroplating o ‘ - -
Pyrex glass/( .- > %, s
; & 5 2 X
3 £ -
= 2= .5 2
e 2 > .
= Y direction z = Y
Prohe/ Nano-heater - > « A
/Xdirection
i Vitioin. : 2z 0 1 2um
Thermal recoding to phase change recording media

Reference : D.W.Lee, T.Ono, T.Abe and M.Esashi, Microprobe Array with Electrical Interconnection
for Thermal Imaging and Data Storage, J. of Microelectromechanical Systems, 11 (2002) pp.215-219

(1) Si anisotropic etching Si

r
|_ Y Si Si0z

(2) Seeding by electrophoresis

.? 1 §=8;. 8,
Ve~ EL—‘ &y
Diamond powder \1 A:ﬂjt[:-:r FM Demodulater

Si0z i

(3) Diamond CVD Beference | &,

(1]
] ' ;Diamond

(4) Anodic bonding, Si etching

Glass

# W conductor

Electrical recoding and reading using diamond probe (Tohoku Univ. — Pioneer)

Reference : H.Takahashi, A.Onoe, T.Ono, Y.Cho and M.Esashi, High—Density Ferroelectric Recording Using Diamond Probe
by Scanning Nonlinear Dielectric Microscopy, Jap. J. of Applied Physics. 45 (2006) pp.1530-1533
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{5) Dry etching using the PS
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5 » = i i SAM of 4-
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Si Vf'smefash’cf’méée : %
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(3) Formation of perpendicular- | Bright part : PMMA cylinder
oriented microphase-separated Dark part : PS matrix (6) Electrolytic polymerization

structure of PS-b-PMMA of polyaniline
Patterned recording media using micro—phase separation of diblock copolymer

electrode

Reference : S.Yoshida, T.Ono and M.Esashi, Conductive Polymer Patterned Media for Scanning Multiprobe Data Storage,

Nanotechnology, 18 (2007) 505302(5pp)
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ci4 Electron source

Cabon nanotube
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Cabon nanotube electron source

Reference : P.N.Minh, L.T.T.Tuyen, T.Ono, H.Mimura, K.Yokoo and M.Esashi, Carbon Nanotube on a Si Tip for Electron Field
Emitter, Jpn. J. Appl. Phys., 41 Part2 (2002) pp.L1409-L1411

Folishi
(mn)s. A
i Zi0g stching
Gate electrode CNT/ {3.1 tip Lens electrode S——
S ——
. Crw 8iDy'plasma TECS [y Sputter deposition
- | R | \AJ
A A
: j}“l’ | |
f l l Sputter depositlonc _y Nidiffusion Cthr oth
N CrW gate y R
i - - | A | A J |
Pyrex g]asq Feedthrough interconnect T R r fr— — | |

Carbon nanotube electron source with electrostatic lens

Reference : J.Ho, T.Ono, C.—H Tsai and M.Esashi, Photolithographic Fabrication of Gated Self—aligned Parallel Electron Beam
Emitters with a Single—stranded Carbon Nanotube, Nanotechnology, 19 (2008) 365601(5pp)

Carbon nano tube -1
e * & Laser control signal
Gate pn junction integrated B 0°
electrode emitter tip £ OFF ‘ ON OFF | ON ‘ OFF
o ® S g .
50 Time
e i i Emission current
Base FY z
== glectrode =3
20
® 10
Laser pn junction integrated 30pm

emitter tip :
Optically—controlled multi electron source

Reference : E.-Tomono, H.Miyashita, T.Ono and M.Esashi, Optically—-Controlled Multi
Electron Source, The 5th Asia—Pacific Conference on Transducers and
Micro—Nano Technology (APCOT 2010) (2010) pp.78-79

Optically—controlled
multi electron source

Diamond Schottky emitter

Reference : C.—H.Tsai, T.Ono and M.Esashi, Fabrication of Diamond Schottky Emitter Array by Using Electrophoresis Pre—
treatment and Hot—filament Chemical Vapor Deposition, Diamond and Related Materials, 16 (2007) pp.1398—1402
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pi Electrode for biopotential recording

Diviiis Lead wires T\
R (100 MQ1)
|}—: Shurcy T EEG recordings 10 sec NOISE
mxmi Inst  3mm]_ 9 Glass MM,
Conductive epoxy Using conventional metal (Ag-AgCl) electrodes

:'—( Z20
i 0.25 mm < X

—15 mm®#—

Silver electrode .
BaTiO3ceramic M"M’W‘WJVNW‘M A VA WA AN At _ant

Using barium-titanate-ceramics capacitive-type electrodes
Capacitive electrode
Reference : T.Matsuo, M.Esashi, K.Iinuma, Capacitive Electrode for Biomedical Use (—the Use of Barium—titanate Ceramics
for Biomedical Sensing Electrode —), Medical Electronics and Biomedical Engng., 11 (1973) pp.156—162
T.Matsuo, Klinuma and M.Esashi, A Barium—Titanate—Ceramics Capacitive—Type EEG Electrod, IEEE Trans.on Biomedical
Engineering, BME-20 (1973) pp.299-300

section AA’
CVD Si0:/Si;N.

W | .

PR lhe/rmll Si0,

section CC'

Micro multielectrode Flexibl multilectrodes

Reference : Y.Ohta, M.Esashi, T.Matsuo, Multielectrode Fabrication for Simultaneous Recording of Nerve Impulses Using IC
Techniques, Medical Electronics and Biomedical Engng., 19 (1981) pp.106-113

T.Matsuo, A.Okitsu, M.Esashi, Fabrication of Flexible Multi Electrode for Biomedical Use, Tohoku region meeting of Electrical Eng,,
1B11 (1978)

s .\—u—.ﬂ"‘—‘
i 100 pv
k -
2 msec
e Sty T
|
__—— Polyethyene Cuff Muscle strech 100 pv|
§ = e
Nerve \’ I

Nerve regeneration electrode (Univ. of Alberta, Canada)

Reference : A.Mannard, R.B.Stein and D.Charles, Regeneration Electrode Units : Implants for Recording from Single
Peripheral Nerve Fibers in Freely Moving Animals, Science, 183 (1974) pp.547-549

CHANNEL STCPER (p+) SOURCE (x+) '

SUBSTRATE (p)

(100) S« WAFER

10,6000 A DRAIN (W), (x#)

o u“‘.’; N

Nerve regeneration electrode using open gate MOSFET

Reference : A.Yamaguchi, T.Matsuo, M.Esashi, Fabrication of Multi-Hole—Active Electrode for Nerve Bundle, 17%" Convention
of Japan Soc. ME & BE (1978) p.261



p2  Semiconductor ion sensor (ISFET)

Microscope - Tooth pick

Sample solution

Tl » %'02 Slchup 5 -
Rota AC
: ry
n* p-Si r o s stage 100V
“ Carbon heater Foot swrtch

Medical active electrode

Reference : T.Matsuo, M.Esashi, Klinuma, Medical Active Electrode Using Field Effect of Semiconductor(1), Tohoku
Convention in Electrical Soc.. (1971) p.28

M.Esashi, T.Matsuo, Medical active electrode using field effect of semiconductor —Operation as a cation selective electrode
—, 12*" Gonvention ME&BE, (1973) pp.507-508

Drain
Sourc lon sensitive layer

SizNy 1000A
Si0: (1000A [ ------------

Cu s 7
Cr 2 .
@ m?;:wwu
@

ISFET (Ion Sensitive Field Effect Transistor)

Reference : M.Esashi and T.Matsuo, Biomedical Cation Sensor Using Field Effect of Semiconductor, J. of the Japan Soc. of
Applied Physics, 44, Supplement (1975) pp.339-343

200 ym

o

pH ISFET

Vgs-eq (mV)
o

|
~N
o
=

14 pH

pNa ISFET

/‘Theoreﬁcul Nernstian slope

pNa sensor pHB

0 1 2 3 4 5 pNatlogQyy)
Multi ion sensitive ISFET

Reference : M.Esashi and T.Matsuo, Integrated Micro Multi lon Sensor Using Field Effect of
Semiconductor, IEEE Trans. on Biomedical Engineering, BME—25 (1978) pp.184—-192
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Polymer gate FET

Reference : H.Nakajima, M.Esashi and T.Matsuo, The pH-response of Organic Gate ISFETs and the Influence of
Macro—molecule Adsorption, J. of Chemical Soc. of Japan, 10 (1980) pp.1499-1508



p3 Catheter pH, CO, sensor

Hydrogel pMFET Nylon Tube

é 3
i N {

Sdicone Resin 7¢l Miﬂwe Wire

ShiconeResin Epoxy Ngnln Wire
Catheter-tip pH ISFET
ok
s N
=

Hydrogel PHFET Epoxy Resin

Catheter-tip CO, ISFET
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3 4

Continuous pH and CO, measurement of sed arterial blood of mongral dog by the
catheter-tip pH ISFET and catheter-tip CO, ISFET.

Catheter pH, CO; sensor (Kurare — Tohoku Univ.)

Reference : K.Shimada, M.Yano, K.Shibatani, Y.Komoto, M.Esashi
and T.Matsuo, Application of Catheter—tip .S.F.E.T. for
& Comput.,

Continuous in Vivo Measurement, Med.& Biol.Eng.

18 (1980) pp.741-745

TIME(he)

Sensor element

PH-21

Catheter

Z

Connector

Sensor element

ué Catheter

Lead wire

Connector

S;mpling / feeding port

Sensor element
Sensor element

.

Catheter

Lead wire

Connector

- | v—

=i

Connector
7 = Qzﬂ: I =
Catheter pH, 2 sésrrc-:ommercialized in 1980 (Kurare, Nohon Kohden) E NIHON KOHDEN
e Catheter (mm)
Type Application No p— Diamater Monitor Note
_P_H—ZI | pH measurement in muscle etc | PH-2135 350 1.1 KR-5000 | With reference
o3y | PH measurement in esophagus PH-3110 (Adult )| 1000 | 2.4 | KR-5000 | With reference
B and stomach PH-3165 (Infant ) | 650 2.4 KR-5010 | and feed port
| PH-60 pH measurement in mou‘tl:ﬁ PH—GOI 0 - 100 1.0 KR-5000 |Without reference
PH-80 Reference electrode for PH-60 | PH-8005 50 1.1 KR-5000
C0-10 PCO, measurement in muscle ete| C0-1035 350 0.9 KR-5000 | With reference




ps Intermittent sampling continuous blood gas monitor

Normally open Normal ly close

micro valve micro valve
] normally close normally open
Indwel ling | 574
. 7'rm
needle > - { —
o ~ -
pHISFET . s i
g - Reference H : . ¢ chape memory metal
£ Vi1 electrode 3 s e
g el 54 B : 06— bias spring
e | o
a & : E z glass tube
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2 . e/~ silicon
it To suction pump jggurs —To T T pyrex glass
eference : : ; aluminium
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T ———— Al Plate
- : It Tm—<5ihcone Rubber
¥ , f=="F" Pyrex Glass
Gty - = 300pm Silicon
R R Pyrex Glass
—————— Al Plate
24 mm
Intermittent sampling blood gas monitor

Reference : S.Shoji, M.Esashi and T.Matsuo, Prototype Miniature Blood Gas
Analyser Fabricated on a Silicon Wafer, Sensors & Actuators, 14 (1988) pp.101-107
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o
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Cathode Reference ISFET o 1 N 1 M 1 e 1
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Flow cell for continuous blood gas analysis

Reference : S.Shoji and M.Esashi, Micro Flow Cell for Blood Gas Analysis Realizing
Very Small Sample Volume, Sensors and Actuators B, 8 (1992) pp.205-208

Catheter tube (, 0IM &He-p-HEMA Silicone tube

= o HEMA
VLO' ODHEMA’(NH“)2C7207
in atr-saturated

flowing water

A)
Silicone resin

.
Lead wire [ /% Si E ﬁ
Polysilicon Cathode ( Au)> Anode
i -Em —" (Ag)

Clark type oxygen sensor in blood vessel

1 2 3 4 5 6 7 8
Time(hour)

Reference : M.Esashi, A.Nishikawa, T.Matsuo, Fabrication of Micro Oxygen Sensor by IC Techniques, Technical Report of
ICEC, MBE81-36 (1981)
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ps Application of ISFET to dentistry, oceanography and fish cultivation
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pH measurement of teeth

Reference : R.Chida, K.Igarashi, K.Kamiyama, E.Hoshino and M.Esashi, Characterization of Human Dental Plaque Formed on
Hydrogen—ion—sensitive Field—effect Transistor Electrodes, J. of Dental Research, 65 (1986) pp.448-451
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Vertical profiles of pH obteined by ISFET-pH sensor (@), on board analysis (Il
T . P R R B == cwxkeasss. 4 glass electrode a1 25T ; SWS scale). correction with in siw temperature and
M ea pH eNnSor (m. b 4 55') pressure (4) and calculation from total carbonate and alkalinity (x).

Application of ISFET to oceanography (Central Research Institute of Electrical Power Industry, Japan Marine Science and
Technology Center)

Reference : K.Shitashima and M.Kyo, Application of Chemical Sensors to Oceanography — Development of Deep Sea pH
Sensor Using ISFET —, Geochemistry, 32 (1998) pp.1-11
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¥ 16000 . 12,00

Portable pH sensor (Shindengen Kogyo)

Reference : Y.Ito, Development of ISFET and pH Sensors, Chemical Sensors, 14 (1998) pp.8-17



psé Micro ISFET and integrated micro probe

SOURCE & SUBSTRATE

LEAD WIRE
= -z=e>
A" TS
Tl ‘,' mm
| ek
L 6 ubi e
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N n p' sioa(6000k)

n TYPE DIFFUSION LAYERS

Micro ISFET with 60 tm tip

Reference : M.Esashi and T.Matsuo, Biomedical Cation Sensor Using
Field Effect of Semiconductor, J. of the Japan Soc. of Applied Physics,
44, Supplement (1975) pp.339-343

SOURCE(n®) GATE
(5+Surm)

0pm  10pm
Bl B o
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SNEL 0 1 2 3 4 5
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r—=Cr-Cu-Au
ey
’ P
2 d SOURCE (n*) (b) pH Io‘lpH

d-d'CROSS SECTION

—b

Activation potential and pH after light stimulation

Micro ISFET with 10 tm tip

Reference : S.Shoji, M.Esashi and T.Matsuo, Prototype Micro ISFET for Biomedical
Research, Electronics and Communications in Japan, Part 2, 69 (1986) pp.21-29

o« 100pm : 2 - sov

1psec!
(a) Input of the lnverter

) J (b) Output detected by n'l-e-:l'miﬂDPWb‘
’—-J' “—l v
o U

(c) Output detected by i d microprobing heud

Integrated micro probe

Reference : S.Shoji, M.Esashi and T.Matsuo, Fabrication of an Integrated Micro Probing Head for Fault Analysisrof MOS
Integrated Circuits, Sensors & Actuators, 14 (1988) pp.125-132



p7 Gas sensors

< 10 mm B-8
: MICRO HEATER TEMP.
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Magnetic oxygen sensor

Reference : M.Esashi, Micro Flow Sensor and Integrated Magnetic Oxygen Sensor
Using It, Digest of Technical Papers Transducers’91 (1991) pp.34-37

Extended Pd-gate

(6-8pm thick)
Extended palladium—gate FET (Tohoku Univ. — Lmkoplng Univ. of Tech.. (Sweden))

Reference : F.Enquist, M.Esashi, M.Armgarth, I.Lundstrom and T.Matsuo, Design of a High
Temperature Extended Palladium—gate Field Effect Transistor for the Detection of
Organic Molecules, Digest of Technical Papers, The 4th Int.Conf.on Solid State Sensors
and Actuators (1987) pp.644-648
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Multi QCM by deep RIE of quartz

Reference : T.Abe and M.Esashi, One—chip Multichannel Quartz Crystal Microbalance
(QCM) Fabricated by Deep RIE, Sensors and Actuators, A82 (2000) pp.139-143
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Bi—convex QCM
Reference : L.Li, T.Abe and M.Esashi, Fabrication of Miniaturized Bi—convex Quartz Crystal Microbalance Using Reactive lon
Etching and Melting Photoresist, Sensors & Actuators A, 114 (2004) pp.496-500
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ps Disposable chemical analysis chip

Sensor Chips
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< ) ——— Cawuige Lalwl
=

Sample Eriry
Wel Gaskel

= Ut

= Canridge Caver

—Sumple Erxry Wel chamber|

= Tape Caviest
Vent

Bicsernor Civja

Cabbrane Fouct

= Punchancg Bt

( S conaenee
g >

4 T Al Btacer

diaphragm pump
(under label)

s Sample entry port
Blood analysis chip (i-STAT)

Reference : [.R.Larks, Microfabricated Biosensors and Microanalytical Systems for Blood Analysis, Acc. Chem. Res., 31
(1998) pp.317-324

”d“ 36
7///////////////A’ﬂ Master mold (top) :

UV transparent silicone
rubber mold (top)
(Silpot 184, DowCorning)

UV curable resin

Mold (bottom)

u.h-u—_—ﬁi-sg&l

Casting
Absorptiometric blood analysis chip made of polymer UV imprinting (Tohoku Univ. — Sysmetics)

Reference : K.Sawa and M.Esashi : Micromolding of Disposable Polymer Parts for Medical Diagnostics, Technical Digest of
the 18th Sensor Symposium (2001) pp.229-232

LA AL
T T T T . )

b). Fill reactant | using
capillary force

LA as
AR VLY NE R

7 s 7
LS

3 capillary force o pump

Absorptiometric analysis chip which hold chemical by surface tension (Tohoku Univ. — Friburg Univ. (Germany))
Reference : R.U.Seidel, D.Y.Sim, W.Menz and M.Esashi, A New Approach to On—Site Liquid Analysis, Sensors and Materials,
12 (2000) pp.57-68

target DNA
5 gCT-AgC- g CT-ggC-TTT- Fluorescence
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UV lig ‘tl Mask 1 —
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[ X &|II ||0Hlf » P
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Target DNA with fluorescent lavel o ! ~ & ATCg
és i
Photo by epifluorescence
microscope
A B CD ATCg

DNA chip for gene analysis for SNPS of lever cancer (Tohoku Univ. — Cancer Institute — Tokyo Institute of Technology)
Reference : K.Takahashi, K.Seio, M.Sekine, O.Hino and M.Esashi, A Photochemical/chemical Direct Method of Synthesizing
High—performance Deoxyribonucleic Acid Chips for Rapid and Parallel Gene Analysis, Sensors and Actuators, B83 (2002) pp.67-76
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ps Bio LSI and tactile sensor network

(Special Coordination Funds for Promoting Science and Technology,
Formation of Innovation Center for Fusion of Advanced Technologies)
Sensing point '
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Event driven type tactile sensor network for nursing care robot (Tohoku Univ. — Toyota Motor — Toyota Central Research Laboratory)
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Tactile sensor for robot skin (Tohoku Univ. — Toyota Motor — Toyota Central Research Laboratory)

Reference : M.Muroyama, M.Makihata, Y.Nakano, S.Matsuzaki, H.Yamada, Ui.Yamaguchi, T.Nakayama, H.Nonomura,

M.Fujiyoshi, S.Tanaka and M.Esashi, Development of an LSI for Tactile Sensor Systems on the Whole—Body of Robots, Trans.

IEE of Japan, 131-E (2011) pp.302-309
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Tactile sensor network with polling type common 2-wire

Reference : S.Kobayashi, T.Mitsui, S.Shoji and M.Esashi, Two—Lead Tactile Sensor
Array Using Piezo—resistive Effect of MOS Transistor, Technical Digest of the 9th
Sensor Symposium (1990) pp.137-140




pio Catheter blood pressure sensor

Metal Rod Glass Rod

w/l//’/ly///// //IIIII

Insulator Support
Blood pressure transducer with liquid filled catheter (Nihon Kohden — Tohoku Univ.)

Reference : H.Ozawa, T.Shibuya, S.Takeda, M.Hyogo, T.Sekiguchi and M.Esashi, Property
Improvement of Blood Pressure Transducers, 25" Gonvention of ME&BE, 3—-PF-3 (1986)
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Piezoresistive multi pressure sensor catheter (Tohoku Univ. — Nihon Kohden)

Reference : M.Esashi, H.Komatsu, T.Matsuo, M.Takahashi, T.Takishima, K.Imabayashi and H.Ozawa, Fabrication of
Catheter—tip and Sidewall Miniature Pressure Sensors, IEEE Trans. on Electron Devices, ED-29 (1982) pp.57-63
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Small diameter fiber optic blood pressure sensor

Reference : T.Katsumata, Y.Haga, K.Minami and M.Esashi Micromachined, 125 tm Diameter Ultra
Miniature Fiber—Optic Pressure Sensor for Catheter, Trans. IEE of Japan, 120-E (2000) pp.58-63
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p11 Active catheter

Forward-looking Inner tube
ultrasound imager  Active guide wire stainless stoel coil
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lL4mm /) 7
".‘l*;‘ £ Bending
\ |h o \ <
TR R \
// . SMA coil actuator
Catheter Blood vessel Stenuseq lesion Sllﬁncs; control | ,}’,"'/. !hrx;cndmg‘ %&n’slun]
(excenmc) SMAcol‘l'u:hulm RN [ =
Concept of multifunction active catheter Active ileus tube

Reference : Y.Haga and M.Esashi, Biomedical Microsystems for Minimally Invasive Diagnosis and Treatment, Proc. of the
IEEE, 92 (2004) pp.98-114

4 Nd:YAG Laser

< |">Lens

Metal rod SMA coil (insulated)

NiZ* 4

Nickel 0 50m

Assembly of multi—function active catheter using Shape Memory Alloy (SMA)

Reference : Y.Haga, M.Esashi, Assembly of Bending, Torsional and Extending Active Catheter Using Electroplating, Trans. IEE
of Japan, 120-E (2000) pp.515-520

Ti-Ni SEA tube &1 Oomm

Super Elastic Alloy (SEA) tube

V.

Silicone rubber tube

Suction type active catheter

Reference : Y.Muyari, Y.Mineta, T.Mineta and M.Esashi, Development of Hydraulic Suction Type Active Catheter Using Super
Elastic Alloy Tube, Proc. of the 20th Sensor Symposium (2003) pp.57-60

Inner tube Liner coil
Adhesive
Ultrasound probe | = Cross section
Ultrasound resonator = e Flemhle shaft

Adhesive  SMA coll Leud wire

Silicone rubber tube

4

Endscope using active bending
ultrasound image sensor

Small diameter ultrasound image sensor with
active bending mechanism using SMA

Reference : Y.Haga, Y.Tanahashi and M.Esashi, Small
Diameter Active Catheter Using Shape Memory Alloy,
Proc. of IEEE MEMS'98 (1998) pp.419-424
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pi2  Multi—link motion mechanism using shape memory alloy

Lead wires
E 4 2 B ooty
E 2 3 Si (circuit) o
= S , i Wica Slots for SMA actuators
Glass
= Outer tube

SMA actuator

Conductive epoxy

e e = '=//ﬁ!_ )
R

Inner tube

Link Bias spring

Reference : G.Lim, K.Minami, K.Yamamoto, M.Sugihara, M.Uchiyama and M.Esashi, Multi-link Active Catheter Snake—Like
Motion, Robotica, 14 (1996) pp.499-506

Power supply (Vpp)

cLocx
%tg,u‘ ﬁ E%%%‘ 3-PHASE cu:?l

Liner coil ~ Outer tube oATA 1y g
C&C IC wnh LS8 8-STAGE SHIFT REGISTER MSB
ﬂelele 't Actuaior contral bits *tLM dadress ors

interconnect LATCH - Stan
leads o T ADORESS | A:HA!W
[cmomess] |
f (B
A2l l_—"-J v v V oy
Inner tube | : AN
e "Jm :
actuator i 5 i
Ground (GND!

Multilink active catheter with common 2—wire integrated CMOS communication control circuits

Reference : K—T.Park and M.Esashi, A Multilink Active Catheter
with Polyimide—Based Integrated CMOS Interface Circuits, IEEE J.
of Microelectromechanical Systems, 8 (1999) pp.349-357

P Tmm ¢ 2mm r Si wall

@ 7mm

Head i/

i

Power |

t |
i 2 8 IR S |
> .
SignaF 9 o < B oMo oto g < E
Clock i : ; B Circuit}

Peristaltic Motion System (Artificial earthworm)

Reference : E.Shinohara, K.Minami and M.Esashi, Peristaltic Motion System Like
Earthworm, Trans. IEE of Japan,119—-E (1999) pp.334-339
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p13 Imaging for minimal invasive medicine

Lower electrode

1-3 composite
PZN-PT
(Fres. 10MHz)

Insulator

Upper electrode

Ground Acoustic impedance

matching layer

Polymer

Forward looking ultrasound imager

Reference : J.—J.Chen, M.Esashi, O.0sato, K.Chihara, Y.Haga, Development of a Forward —looking Ultrasound Imager for
Intravascular Treatment, Trans. of the Japanese Soc. For Medical and Biological Engng., 43 (2006) pp.553—-559

Packaging {Outer diameter <2mm)

Laser for therapy

GRIN Lens Optical fiber

.
N

. " -
Reflected light -
N -

""" Opical ficer GRIN lens Light ;
¥ \ \ Glass : _‘" ‘
i e A
[Observation] computer A . ‘\r
SRS Object (discased arca) Piezo-unimorph actuator Pivot Movable mirror b 2 g

Optical scanner endoscope

Reference : H.Akahori, HWada, M.Esashi and Y.Haga, Tube Shape Piezoelectric 2D Microscanner for Minimally Invasive Laser
Treatment, Technical Digest MEMS'2005 (2005) pp.76-79

Cathetzr Soaxis MI sensor
; / D

% Data of 3D
angiogram

Excliation coil  Signal processor

Display system of position and direction for catheter tip using 3—axis magnetic sensor

Reference : K.Totsu, Y.Haga and M.Esashi, Three—axis Magneto—impedance Effect Sensor System for Detecting Position and
Orientation of Catheter Tip, Sensors and Actuators, A 111 (2004) pp.304-309

Vessel \i,'all Recerve coil
N / Lesion
— i Conventional MRI system
%ﬂvﬁc '
Matching cireuit — Thyoush hole e N
S 4
§

Receiving coil for MRI signal located at the catheter end

Reference : S.Goto, T.Matsunaga, Y.Matsuoka, K.Kuroda, M.Esashi and Y.Haga, Development of High—Resolution Intraluminal and
Intravascular MRI Probe Using Microfabrication on Cylindrical Substrates, Tech. Digests of MEMS 2007 (2007) pp.329-332
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p14 Implantable stimulator

Ta. gtom alumina PCB Au-plate«"]
sintered, anodized Ta | Ptlr washer (ASIC other side) elgiloy spring Iy washer
Ferrites
final
seal
ASIC
Au Wire Bonds
solder Cu coil femite | moisture getter a tube Diode Chip ————~
. . Alumina yPCB —— 3
glass capillary serial glass bead

number

Implantable electrical stimulator BION (BIOnic Neuron) (Univ. of Southern California)

Reference : G.E.Loeb, F.J.R.Richmond, W.H.Moore and R.A.Peck, Design and Fabrication of Hermetic Microelectronic Implant,
15t Annual Internl. IEEE-EMBS Special Topic Conf. on Microtechnologies in Medicine & Biology (2000) pp.455-459

8V VOLTAGE I
RF SIGNAL REGULATOR
3.5V VOLTAGE
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RECOVERY CONTROL
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CLOCK
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(Finite State

s ANODE
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g TowERTr AT
p - ybri rge L
— [T
_ 8 Hygrr:d Ic 1 0 0 1 1
» Activate the Next
‘“Sé'-'."é‘«'r%'é? RESET Stimulator

Implantable electrical stinulator (Univ. of Michigan)

Reference : B.Ziaie, M.D.Nardin, A.R.Coghlan and K.Najafi : A single—channel implantable micro stimulator for functional
neuromuscular stimulation, IEEE Trans. on Biomedical Eng., 44 (1997) pp.909-920

External coil

Speech
processor

el A 1 ™ 0l

Cochlear implant (Cochlear (Australia))

Reference : T.R,Gheewala, R.D.Melen and R.LWhite : A CMOS implantable multielectrode auditory stimulator for the deaf,
IEEE J. Solid-State Circuit, SC-10 (1975) pp.472-479
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et LIGA process
EREERE

Mask ——— Gate plate —
Resist =R Mould insert -
Substrate —
Irradiation
Resist structure \M Moulding mass
Development

Metal structure e e —
L L
Galvanoforming Unmoulding

LIGA process by X ray exposure, electroplating and plastic molding (Germany)

Reference : EW.Becker, W.Ehrfeld, P.Hagmann, A.Maner and D.Munchmeyer, Fabrication of Microstructures with High Aspect
Ratios and Great Structural Heights by Synchrotron Radiation Lithography, Galvanoforming, and Plastic Moulding (LIGA
Process), Microelectronic Engineering, 4 (1986) pp.35-56

Self focussing
reflection grating
(d=0,2 pm; g=2 pm)

IR-MICROSPECTROMETER

Geselischaft flur
Mikrostrukturtechnik mbH

Light input
through optical fiber

Light olitput diode array
via refiecting edge

Micro spectrometer fabricated with LIGAprocess (Micro Parts, Germany)

Reference : Microspectrometer Fabricated by the LIGA Process, Interdisciplinary Science Review, 18 (1993) pp.273-279

‘f
SORYUVZ(RFERY7T)

Synchrotron orbital radiation facility (SORTEC) Adhesion during drying Drying using low surface tension liquid
LIGA process using negative resist (THB—-N1 (JSR) Ltd.) (Tohoku Univ. = SORTEC)

«1.0k @816 20KV SPum ]

Reference : S.Watanabe, M.Esashi and Y.Yamashita, Fabrication Methods for High Aspect Ratio Microstructures, J.of
Intelligent Material Systems and Structures, 8 (1997) pp.173-176



e2 Laser processes and stealth dicing

ArF excimer laser Silicon dioxide film

"4._7 (Sourca - Hexamethyldisiiazane) Boaa
' (HMDS) s © So
3 ? 3 aa
= Mask > )
' 8 3
1 Mirror =
O / 11 S
Stereo microscope bQuartz window eI T 8
e e
‘ _~Reactor EE——TTEE—y _g
“Jﬁu O mrre——r—y S
CEPETRTTE—————) o
I*Cooled Cu block m <
Optical fiber , —————
) 3 Pressure of HMDS : 470Pa
r's XY stage Pressure of Oz : 67Pa R st e ey o |
Substrate temp. : 2 C 4000 2000 1500 1000
Laser irradiation time : 2min Wave number (cm-1)

Laser projection CVD

Reference : K.Takashima, K.Minami, M.Esashi and J.Nishizawa, Laser Projection CVD Using the Low Temperature
Condensation Method, Applied Surface Science, 79/80 (1994) pp.366-374

Si microstructure  YAG laser

YAG lqscr

Glass window

% 9 / XYZ stage Temperature

ey controller

Bottom electrode Feedthrough

Laser assisted Si etching

Reference : K.Minami, Y.Wakabayashi, M.Yoshida, K.Watanabe and M.Esashi, YAG Laser—Assisted Etching of Silicon for
Fabricating Sensors and Actuators, J. of Micromechanics and Microengineering, 3 (1993) pp.81-86

(2nd: Crack propagation)

CO, lazer Iis

Condenszer lens

Q\ Polanizer
e N Lo
NldlYAGlaaer N 'r“—l illummater

pe= Flipper nunror

(1st: Internal

i Top
transformation) |

Objective lens

Programmable
4 axes stage
(x.y.28)

Bottom

Laser (stealth) dicing of Si—glass structure (Tohoku Univ. — Inst. For Laser Tech.)

Reference : M.Fujita, Y.Izawa, Y.Tsurumi, S.Tanaka, H.Fukushi, K.Sueda, Y.Nakata, M.Esashi and N.Miyanaga , Debris—free
Low-stress High—speed Laser Assisted Dicing for Multi-layered MEMS, Trans. IEE of Japan, 130-E (2010) pp.118-123



es  Anodic bonding

Bonding interface
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Reference : Y.Shaoji, K.Minami, M.Esashi, Glass—silicon Anodic Bonding for the Reduction of Structural Distortion, Trans. IEE
of Japan, 115-A (1995) pp.1208-1213

Pyrex glass

Circuit
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Influences of anodic bonding to CMOS circuit

Reference : M.Shirai, M.Esashi, Circuit Damage by Anodic Bonding, Technical Report IEE of Japan, ST-92-7 (1992) pp.9-17
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Vacuum packaging and pressure controlled packaging (right) by anodic bonding

Reference : N.Ura, K.Nakaichi, K.Minami, M.Esashi, Vacuum Packaging by Anodic Bonding, The 11t Sensor Symposium (1992)
p.63

M.Esashi, Vacuum Packaging Technology for Microsensors, Trans. IEE of Japan, 120-E (2000) pp.310-314



es Anodically bondable LTCC with electrical feedthrough (Nikko)

1. Green sheet

... )

2.Punching

RN N

~~
S
3 plqumg holes with Au paSte "’é 28 /" —4— Sj 1. Production of LTCC wafer
..... a 2
8 = TOE | LTCC wafer
W1s
'5 N Auvia

-

2. Wet etching of LTCC wafer

=
o

5: Smtenng

6. Anodic bonding

i1

Si

o

" Porous Au bump

0 100 200 300 400 500 3, Wafer alignment
Temperature (°C)

\ . AuPYCr , SO,
\ Si

g Anoak\bondlng

\

Anodically bondable LTCC (Low Temperature Co—fired Ceramics) with electrical
feedthrough and electrical interconnection using porous gold (Nikko — Tohoku Univ.)

Reference : M.Mohri, A.Okada, H.Fukushi, M.Esashi and S.Tanaka, Packaging Technology for Hermetic
Sealing with Electrical Connection Using Anodically-Bondable LTCC Substrate with Etched
Cavities, The 28th Sensor Symposium on Sensors, Micromachines and Applied Systems (2011) p.62

4 AuSn solder Interconnect
Ti L S Si \ -

f" LTcc |

Photo resist

= |
Nim s

N

Probe card using LTCC for wafer—level burn—in test

Reference : S.—H.Choe, S.Tanaka and M.Esashi, A Matched Expansion MEMS Probe Card with Low CTE LTCC Substrate,
IEEE International Test Conference 2007 (2007) Paper 20.2



s Bonding materials (WPI-AIMR, Fraunhofer ENAS - Tohoku University)

1. Sputtering 2. PR patterning 3. Electroplating
AuSn alloy

AL o —
r I = sl
C—"— s

4. PR removal and
Dealloying

nanoporous Au

=

Nanoporous gold (NPG) for low temperature substrate bondlng

Reference : W. =S. Wang, Y. —C. Lin, L. Y. Chen, M. W. Chen, T. Gessner and M. Esashi,
Demonstration of Substrate Bonding utilizing Au Film and Nanoporous Gold Structures,
Proceedings of the International Conference on Wafer Bond ’ 11, Dec. 7-8 (2011)

Throughviahole NPG

Pressure, voltage and heat
. . LTCC.;‘ '
P U B
:§:$h2 o2t h,>h; :> T
¢hy
Si dhy

MEMS / Mechanical / S
components  sealing frame = 56 B

Electrical interconnection by using nano—sponge for MEMS packagmg

Reference : Y. —C. Lin, W. =S. Wang, L. Y. Chen, M. W. Chen, T. Gessner and M. Esashi, Anodically-bondable LTCC substrates
with Novel nano—structured electrical Interconnection for mems packaging, Proceedings of the international conference on
solid—state sensors and actuators (Transducers *11), June 5-9 (2011) pp. 2351-2354

Au Au-Ga alloy

resist
Si-wafer
Left : Bonded wafer
deposition Right : Ga is electroplated on the
lower part
GaCl, gallium cloride
CgHisNO;  triethanolamine
Si-wafer resist 2 5
NaCl sodium chloride
removal

KOH potassium hydroxide

Room temperature Ga SLID (Solld Liquid Inter—-Diffusion bonding) (left:bonding interface, right:electroplating)

Reference : J.Frémel, Y.—C.Lin, M.Wiemer, T.Gessner and M.Esashi, Low Temperature Metal Interdiffusion Bonding for Micro
Devices, 2012 3™ IEEE International Workshop on Low Temperature Bonding for 3D Integration (LTB-3D), Tokyo (2012,
22-23 May) 163)



s Shared CMOS LSI wafer (Special Coordination Funds for Promoting Science and

Technology, Formation of Innovation Center for Fusion of Advanced Technologies)
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7 Laser—erased wafer process

MEMS side

TSV

our CMOS LSI

Laser ablation area

our CMOS-LSI

Bonding

Multi project wafer in which other chips are erased by laser and process Application to tactile sensor network chip
for making MEMS and TSV on the CMOSLSI wafer

(1) Laser abrasion » Bonding pad TSV pad
” TEOSSi0; 20

14) UV-releasable tape

m

Ni electroless plating
s

(2) Laser abrasion , Bonding pad
2-3um TEOS 8i0,

Bonding pad

Bonding resist Si0,/ Metall

OO D __
Ll Film resist Cw/Ni/Au eleetro plating

&‘I=====r—£

! Insulator TEOS SiO,

77

Sl o Bl

ackside alignment mark

Cr/Ru/Au Seed layer & re-wiring

fetall
Fabrication process
(Y.Suzuki, S.Tanaka et.al, Fabrication of Deep TSV in Laser—Erased CMOS-LSI Multi—project WAFER for Surface
Mountablelntegrated MEMS, Sensor Symp. 2016, 24pm2-B-6)



es Massive parallel electron beam write (MPEBW)
(Funding Program for World—Leading Innovative R&D on Science and Technology (FIRST))

Micro column array
[T :Q “ 492 e 4 pC == Ay |
5 < . | Active matrix ne-Si
< < . |H | emitter array
z 10° £ -
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- Si Layer (t lum R (5]
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e B
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(dot size: ¢ 3-5 nm) -
10
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Principle of nano—crystalline (nc) Si emitter and concept of the electron beam exposure system using the nc—Si emitter
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nc-Si Emitter Array Exposed Pattern Images
,; 30 _‘~“ I . IMMM;\II;.mu‘:mpu
Planer type nc—Si emitter with CMOS LSI for driving active

through Si via and result of exposure matrix electron emitter

Nc-Si electron emitter Electron emitter array
(left : front side. right : back side)
(top : chip. bottom : magnified)

N.Ikegami, T.Yoshida, A.Kojima, H.Ohyi, N.Koshida and
M.Esashi.,

Active—Matrix nc—Si Electron Emitter Array for Massively
Parallel Direct—Write Electron—-Beam System, J. Micro/Nanolith. MEMS MOEMS 11, 3 (2012) 031406
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Fabrication of nc—Si emitter on CMOS LSI (under development)
50nm thick resist

- Soum Exposed area

nc—Si Pierce—gun emitter, emitter side nc—Si Pierce—gun emitter Exposure using nc—Si emitter
(left), bump side (right)

—_—
10mm

H.Nishino, S.Yoshino, S.Tanaka, M.Esashi, A Kogima, N.Ilkegami, N.Koshida, Basic study for fabrication of integrated
Pierce—gun type area electron emitter for massive parallel electron beam exposure system, 2013 IEEJ convention,
(2013/3/20 Nagoya) 3-127 (in Japanese)



s Micro pump, micro valve and chemical analysis system for liquid
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One—way valve, micro pump and flow sensor

Reference : S.Shoji, M.Esashi, Fabrication of a Micro—pump for Integrated Chemical Analysing Systems, Trans. ICIEC, J71-C
(1988) pp.1705-1711
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Tree—way valve

Reference : S.Shoji, S.Nakagawa and M.Esashi, Micropump and Sample—injector for Integrated
Chemical Analyzing Systems, Sensors and Actuators, A21-A23 (1990) pp.189-192
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Flow injection analysis system integrated on a chip

Reference : S.Nakagawa, S.Shoji and M.Esashi, A Micro Chemical Analyzing System Integrated on a Silicon Wafer, Proc. of
the Micro Electro Mechanical Systems’90 (1990) pp.89-94



eto Micro mixer and particle analysis (Hitachi)

Micro-Plumes

Transmitted # Conduit for
Upper Glass i :
Sutfsce light absorptlom
Bottom with

Micro-Nozzles 10 mm Y Yo ?

Vo u
d fod

width = 1.2 mm, depth =0.16 mm
60 micro-nozzles (40 um x 40 um)

Absorptionmetric Micro—flowcellusing micro mixer

Mixed/Reacted fluid

Reference : R.Miyake, K. Tsuzuki, T.Takagi, K.Imai, A Highly Sensitive and Small Flow—type Chemical Analysis System with
Integrated Absorptionmetric Micro—flowcell, Trans. IEE of Japan, 117-E (1997) pp.147-154

Reagent Reference water

_ | msagzzc
TR

M -

— AC 100V

| |
ANm water analysis system £

Water—analysis system

Reference : R.Miyake, H.Enoki, S.Mori, T.Ishihara, A Small Water—Analysis System with Micro—machined Flowcells, Technical
Report IEE of Japan, CHS—-00-7 (2000) pp.33-37
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Micro sheath flow chamber for flow cytometer

Reference : R.Miyake, H.Ohki and I.Yamazaki, A Development of Micro Sheath Flow Chamber, Proc. of IEEE MEMS’ 91 (1991)
pp.265-270
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er1 Flow sensor and mass—flow controller for gas
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Thermal mass—flow sensor
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Reference : M.Esashi, H.Kawai, K.Yoshimi, Differential Output Type Micro Flow Sensor,

Trans. ICIEC, J75-C-1I (1992) pp.738-742
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l,l'-_j __.'.;._h,—.t—:::‘:rrzhttWr , *
k: [ si L) U] [260pm

. v“' 1 b L

/:\Pvlex glaqq ’/{ ‘;
|: [ - / l L 9 mm
| epoxy : /
1 s _Jz.

piezo actuator

cross section (A-A")

Differential pressure mass—flow sensor+micro valve

Reference : M.Esashi, S.Eoh, T.Matsuo and S.Choi, The Fabrication of Integrated Mass Flow Controller, Digest of Technical
Papers, The 4th Int.Conf.on Solid State Sensors and Actuators (1987) pp.830-833
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ei2 Bakable micro valve and anticorrosive mass—flow controller

e

Vacuum Chamber
Wafer

Microvalve Valve seat Prneumatic actuators

# Gas A
= }Cunlml air
— Control gas -y —= Gas o 20m
= ' Kovar block o
. ; |scem |
R v g T

i e

Kovar Temperature [C] 40
Gas outlet Control air '_':: i{s) |<k-x gas press. : 0.13 [keflem?|
—A— 120 .,.;ra.‘

Gas A(B) -0.4-03-02-0.10.0 0.1 0.2\0.3 0.4

Microvalve

closing opening
Pneumatic Pressure [kgf/em?)

Bakable micro valve

Reference : D.Y.Sim, T.Kurabayashi and M.Esashi, A Bakable Microvalve with a Kovar—Glass—Silicon—Glass Structure, J. of
Micromechanics and Microengineering, 6 (1996) pp.266—-271

Valve Diaphragm

Stacked Piezo -I Pyrex Glass
Actuator f Epoxy resin 20 T T T T2 60
] 1 11 Flow Sensor L
g 15 e p 41 45 S
- ‘,’ @
2 2 @ &
Y [0 SN i R S . 1 - -
T -7 2) >
P o &/ S
g i 5
---------------------------- o Pl N s
Ny OB sheeo® g i e B M
! SiO2 Film Pt Heater :
g Stainless Steel Plate : @
|
l} | L L Y L
| Gas Flow AIN Film i . 4

20 40 60 80 100 120
Inlet Pressure (kPa)

Anticorrosive mass—flow controller

Reference : K.Hirata, D.Y.Sim and M.Esashi, Stainless Steel-Based Integrated Mass—Flow Controller for Reactive and
Corrosive Gases, Technical Digest of the Transducers’ 01 (2001) pp.962-965

Valve Motion - spring
/ | Valve 10 s J—L
plate 5 s BT - e
= Jii e Valve open time
o 8&f ‘ {
= M
o r ‘
2 ‘ asec
8 6} 01500
............... £ H .
SO U OO VOO A
Si substrate 4
Pipe f—— 100zm Time

Electromagnetically driven microvalve (NTT)

Reference : K..Yanagisawa, HKuwano and A.Tago, An Electromagnetically Driven Microvalve, Digest of Technical Papers,
Transducers’ 93 (1993) pp.102-105
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e13  Sensing in harsh environment

White noise ov1 4 100 138
"’miw-um\:x Ch. |

4— FRiv
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Alower h
R, Beam
“ ——f—— 3
I Vbias-tower m— (Sprlllg)
= A
(a) Planar structure
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Abslecicnde Mass electrode

[T I '

T

SOI wafer : 5/2{120 D 'E'

= I =B |
LTy wem | | ESEEEE
A A’ “_LD I '[j 500 pm | - G lr(rpm 200 pum
(b) Cross-sectional structure (a) Overall top view  (b) Magnified view of the  (c) Magnified view of springs

mass supporting counter electrode

e Probability of pull-in
20 ;
0 Wﬁmﬁﬁ—d R L _yoy
-20 @ ybms-lm\’cr = 2 l V /0-3 /
- | | l | l l I = ”bi:ns—lu\vcr =23V o6
V17 - } -
~ A .
{3

5

4 * o : ]
— b -80E-06 -40E-06 O0O0E+00 40E-06 8.0E-06
0.01s Pull-in to upper electrode Compvressive strain Tensile strain

Stochastic sensor

Reference : Y.Hatakeyama, M.Esashi and S.Tanaka, Stochastic Gravity Sensor with Robust Output Using
White—Noise—Applied Vi—Stable State for Low S/N Environments, Tech. Digest IEEE MEMS 2012 (2012) pp.132-135

Bl Experiment
= "_':i_:‘:‘t:::_;‘\n\
B Theory e
D -
s %
= <
= 5
= o 40F
: o
20F
Operational amplifier for high temperature SOS (Silicon On Sapphire) OMOS 0 100 zogEMPPC:;OO
Reference : M.Esashi, S.Ohtaka, T.Matsuo, Fabrication of High Temperature Integrated Smmem———

Circuit and High Temperature Pressure Sensor, Technical Report, IEICE of Japan,
SSD86-57 (1986) pp.67-74
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e14  Silicon carbide (SiC) mold for glass press—molding
X (B =\

U light (LED) Superposition

/ /
H>(\ (Q o=meDllfel ﬁn

Forming of non—spherical lens shape by multiple maskless exposure using DMD

Reference : K.Totsu, K.Fujishiro, S.Tanaka and M.Esashi, Fabrication of Three—dimensional Microstructure Using Maskless
Gray—scale Lithography, Sensors and Actuators A, 131 (2006) pp.387—-392

UV Light (1) Photol ithography (Si etching) Double wall  Suscepter .
v 4
l 1 ! {4 ! Si Heating of pipes;D}q
Positive resist (2) SiC OV SiC VD
Si A R HAREpHAE

‘Deve lopment (3) Lapping and polishing

¥

Fabrication of SiC mold SiC CVD system

00 | — Tempeature('C) 7 14
- / \l‘\ — PressueMP) | L2
£ 600 > 11 g
2 3 e I e
‘::) € qo | / ‘ Il T g
W 3 ‘\ 106 &
5 . 04 2
ﬁ 200 = ‘ i 0.5 =~

0 1]

000 028 057 126 L35 224

=56 Step 3 Time(him)
SiC mold Glass press—molding

10°

MP:

g

Ultimate Tensile Yield Stress (|

-h
=

600 1000 1400
Temperature (K)

8

SiC moI (after time use) Pyrex Is formed by moIing Mechanical property of SiC at high temperature
Glass press—molding using SiC mold (A.H.Epstein, J. of Eng.. for Gas Turbines and Power, 126, (2004) 205)

Reference : K.—0O. Min, S.Tanaka and M.Esashi, Glass Press Mold Fabricated by SiC APCVD, SiC-SiC Bonding and Silicon
Lost Molding, Proceedings of the 21th Sensor Symposium (2004) pp.473-478
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1 Small size gas turbine engine dynamo

Bearing Scroll Dummy magnet
Turbine Bearing \ / Compressor
/

\ LY

in HI

/ \
Thrust plate

Dummyedi Cas tikine. doaiie, develonsd

Exhaust g&
receiver -
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Turbine
outlet

air

N
=
3
0w
7]
o
g

o

Turbine
inlet

Pressure
sensor port

Air supply
tube for
hydroinertia
bearings

- A L ~ Thermo-
h / R - — (I \ = couple

Displacement
sensor

Thermocouple

Mass flow meter

ﬁ G

Bg Compressor Optical fiber

g § outlet displacement meter
@%  Compressor

e~ inlet

Small gas turbine dynamo (Tohoku Univ. — IHI Corp. — Tohoku—Gakuin Univ. — Tokyo Metroplitan Univ. — The Univ. of Tokyo)
(for outdoor robot etc.)

Reference : S.Tanaka, K.Hikichi, S.Togo, M.Murayama, Y.Hirose, T.Sakurai, S.Yuasa, S.Teramoto, T.Niino, T.Mori, M.Esashi and
K.Isomura, World's Smallest Gas Turbine Establishing Brayton Cycle, Technical Digest, Power MEMS 2007 (2007) pp.359-362

Il‘Iilllllml“|I1I|I|\|I||’ |||!|IEI|I=;III|I‘IIIII|I|I|

T
E 6
§ 51
£ 4
g3 00 08
& 2{ 00°
I 1 OFirst cycle
E 0 ©300th cycle

0 200000 400000 600000
Rotational speed, rpm

5 axis stage high speed spindle milling machine used N T
for shaping turbine blade (Toshiba machine F-MACH) \ AN
Radial foil bearing (Tohoku Univ. — IHI — Tohoku—Gakuin Univ.)

Reference : K.Hikichi, S.Togo, K.Isomura, N.Saji, M.Esashi and S.Tanaka, Ultra—high—speed Tape—type Radial Foil Bearing for
Micro Turbomachinery, Technical Digests Power MEMS 2009 (2009) pp.79-82



F2  Si micro—turbine and thermoelectric generator

—— R

20000

® current modulator
) Turvine 15000
Air Infrared light / i bearing
7R 7 ‘ \ O 10000

\\\\\\ \—,‘-_‘\\\\\\\ \\\\\\\\\\ :
Z }//////////*m gz BV

3000

rotational speed (rpm)

previous modulator

1

- L
Roton/ \ Spiral air bearing 0 s 10 15 20 25 30
Adhesive Wire grid polarizer volume flow rate for turbine rotation (I/min.)

Si air—turbine for high—speed polarization modulator

Reference : S.Tanaka, M.Hara and M.Esashi, Mechanical Polarization Modulator Using Micro—turbo Machinery for Fourier
Transform Infrared Spectroscopy, Sensors and Actuators, A 96 (2002) pp.215-222

1) Preparation of 2nd and 3rd 4) Directbonding

l silicon wafer ‘ Q = ‘\_ﬂﬂ u B

’ | ] 5) Photolithography

2) Si0O, deposition, patterning and cayity through DRIE
and DRIE g l H
] i ] ==
)
- O Cavity-through
3) SiO, etching deep reactive ion etching

[ L

) O e - | I O

Si air—turbine with radial-inflow type journal bearing

Reference : S.Tanaka, Y.Miura, P.Kang, K.Hikichi and M.Esashi, MEMS—based Air Turbine with Radial—-
inflow Type Journal Bearing, Trans. on Electrical and Electronic Engng. 3 (2008) pp.297-304

Combustion Power (W)

O Sibk Combustion

Flow Rate of Butane (scem)
("

05 ® Quenchimg 1

Value an Data Poine = Averago Temperaturs of the Cambuszor (G
00 0

0.00 1.00 2.00 300
Eqgutivalence Ratio

Thermoelectric generator

Reference : K.Yoshida, S.Tanaka, S.Tomonari, D.Satoh and M.Esashi, High—Energy Density Miniature Thermoelectric
Generator Using Catalytic Combustion, J. of Microelectromechanical Systems, 15 (2006) pp. 195-203



3 SiC and PZT by lost—mold process, SisN4 by reaction sintering

(3)6Wlnimandmcuw—dnmhg
vy | ¥ 1 ¥

m Shwldfabncmon

for o]

DQ\%}MG

mmmnpmpcmmm;

(4) Sample release
L =
(a2-8iC, C, 8! and Phenol resin)
Phenokreskr-based adhesive
"\ Exchant (HF + HNO3) 3 ; 1
Fabrication Si mold SiC microstructure

SiC microstructure by lost mold process

Reference : S.Tanaka, S.Sugimoto, J.F.Li, RWatanabe and M.Esashi, Silicon Carbide Micro—Reaction
-Sintering Using Micromachined Silicon Molds, J. of Microelectromechanical Systems, 10 (2001) pp.55-61

Mask Glass-Encapsulation 10 T SR 0 R SRR SLASA T
& HIP E
Pressure 5‘ ' ; [
Mold preparation Heat \ I - "
Si wafer ‘ by degp LS v, ¢ . Crs?
- <[] X
P ooy S WK :
R e o
@ \
/ f‘ * 5‘ \ BN powder g ; \
|O" ‘r‘
Removal of Si molds = HiPed PZT
by etching 14
PZT rods i
10f i E
1 1 l Leaaalasasl | .4

Froqusncy (kHz)
PZT microstructure by lost mold process

Reference : J.—F.Li, SWang, K.Wakabayashi, M.Esashi and R.Watanabe, Properties of Modified Lead Zirconate Titanate
Ceramics Prepared at Low Temperature (800° C) by Hot Isostatic Pressing, J.American Ceramic Soc., 83 (2000) pp.955—
957

Pressure
Punch rod |
Graphite punch\N\‘
Grap]]itc die e | I Electric source |
,,'“—‘__I_
Sample
Watercooled L Chamber
vacuum chamber/ / Control]ﬂ Gas inlet Graphite
. /] // ~ heat shield
Graphlte pw‘ —— Carbon heater
[ ]
Punch rod Thermocouple BN crucible
Pressure Gas outlet I~ Sample
Spark plasma sintering of Si powder Mechanical shaping Sintering at 1400°C in N, to form SisN4

SisNs structure by sintering in N, of porous Si made by spark plasma sintering of Si powder and mechanical shaping

Reference : S.Sugimoto, S.Tanaka, J.—F.Li, T.Yamada, RWatanabe and M.Esashi, Three—Dimensional Micromachining of Silicon
Nitride for Power Microelectromechanical Systems, Technical Digest of the Transducers’ 01 (2001) pp.1140-1143



r4  Micro fuel cell

(6) PEM attachment{coating

(1) 51 3N, formation and patterning

| TR
(2) Anodization

(3) Deep RIE

f ________ ......... U___U ....... |_| ....... |_|
Catalytic

electrode

Porous Si

Polymer Electrolyte Membrane (PEM) fuel cell using porous Si as gas permeable membrane

Reference : K.B.Min, S.Tanaka and M.Esashi, MEMS—Based Polymer Electrolyte Fuel
Cell, Electrochemistry, 70 (2002) pp.924-927

Fuel

rsEenalr Air, H,0, CO,

Pressure balance micro
valve to control methanol
concentration

" Turbo air pump with SU-8 impeller

Direct methanol micro fuel cell system
(Tohoku Univ. — Matsushita Electric Works)
Close state

Pressure
Balance tank

Pressure
Boss

Inlet

(Tohoku Univ. — Nippon Kayaku)

‘mechanism

¢ Full open state (Voltage on)

i = —

| | ® Close state (Voltage off)
A Opened pressure balance tank " §

Air flow rate (sccm)

Open state

outlet

Input pressure (kPa)

Pressure balance type micro valve (Tohoku Univ. — Matsushita Electric Works)

Reference :
S.Tanaka, K.—S.Chang, K.—B.Min, D.Satoh, K.Yoshida and M.Esashi, MEMS—based Components i
of a Miniature Fuel Cell/fuel Reformer System, Chemical Eng. J., 101 (2004) pp.143-149 & oo
K.Yoshida, S.Tanaka, Y.Hagihara, S.Tomonari and M.Esashi, Normally Closed Electrostatic
Microvalve with Pressure Balance Mechanism for Prtable Fuel Cell Application, Sensors
and Actuators A, 157 (2010) pp.290-298

R.Hino, M.Esashi and S.Tanaka, Antisymetric—mode Lamb Wave Methanol Sensor with

Edge Reflectors for Fuel Cell Applications, Technical Digest MEMS 2010 (2010) pp.871-874

A.Nakajima, P.Kang, N.Honda, K.Hikichi, M.Esashi and S.Tanaka, Fabrication and High—speed
Characterization of SU-8 Shrouded Two—dimensional Microimpellers, J.of Micromech. Microeng., 17 (2007) pp.S230-S2



5 Micro fuel reformer

6.0 40 ulihin
o S/IC 138 /X 36 pl/min
£ 50 H,593 WLHYV ~~ 4
= 30 pWimin
Z 40 i
Methanol-sir mixture 5 ——u
é’ 3.0 / 20 pl/min
iy ) Fuel cell system
Z 20 / Fuel reformer
- v
'c:. 1.0 L0 plmin Fuel, air
fan)

Fuel tunk

Fuel, water

00 20 40 60 80 100 120 140

| 5
Reactor
Heating power (W)

Micro fuel reformer (Tohoku Univ. — Matsushita Electric Works)

Polymer EIoctrontoFueI Cell

Reference : K.Yoshida, S.Tanaka, H.Hiraki and M.Esashi : A Micro Fuel Reformer Integrated with a Combustor and a
Microchannel Evaporator, J.of Micromech. Microeng., 16 (2006) pp.S191-S197

Temperature controller

—AH < AI[(CH,),CHO],+0,4N,
Heater

Exhaust

Fuel reformer

Al[(CH,),CHO],

deposition

After deposition of Aly0j

300 um 300 pm 6 um

In Situ CVD of catalyst for fuel reformer

Reference : T.Takahashi, S.Tanaka and M.Esashi : Development of an in Situ Chemical
Vapor Deposition Method for an Alumina Catalyst Bed in a Suspended Membrane
Micro Fuel Reformer, J.of Micromech. Microeng., 16, (2006) pp.S206-S210

H, + CO,
CH3OH(l) + H0O(1) (CO, CH,)

2 Package pressure: 7 mPa Heat input = 1.2 W
Vacyum  Diaphragm

Calculation
G 250 o/ Treagtor

= 2
4 200 Measurement
Glass % 150
. Catalyst R
Si ?Ei 100 Calculation .7_-9 ki
Glass e 5 R
0 N Measurement
Vacuum Evaporator
Evaporato 0 5 10 15

Heater/Temperature sensor Time (min)
Vacuum—packaged micro fuel reformer

Reference : A Kasuga, S.Tanaka and M.Esashi, Design and Fabrication of a Vacuum—packaged Micro Fuel Reformer, Technical
Digest, Power MEMS 2007 (2007) pp.35-38



re Digital micro thruster (solid rocket engine array)

Current path

_—— Control circuit

© — Solder ball

_ — Solid propellant

[ — Electric feedthrough
Micro-ignition heater
Diaphragm

Nozzle

Heater for
ignition

ATMIE AT Ay T
& L) LORR AT A B4

Top and bottom sides Measurement of thrust force
Digital micro thruster (Tohoku Univ. — JAXA)

Reference : S.Tanaka, R.Hosokawa, S.Tokudome, K.Hori, H.Saito, M.\Watanabe and M.Esashi, MEMS—-Based Solid Propellant
Rocket Array Thruster with Electrical Feedthroughs, Trans. Japan Soc. Aero. Space Sci., 46 (2003) pp.47-51
Ti/B/Ti/B/Ti/B/Ti/B/Ti multilayer 2B T TiBy + 1320 callg:
(Ti: 250 nm, B: 220 nm)

AwPt/Ti electrical line ‘
(300/30/20 nm) Third

Epoxy resin
Solid propellant

(a) Before xg.nmon

NI, ety SiO, insulation layer igal 32?
(600 nm) -
p** Si diaphragm Slecond
ass ]
' ' (© pm) lgaver - —
Cross-sectional view %
1 ) . First RN
Bridge silicon :
(10X 10 pum?, layer o
30 X 30 um?
100 X 100 um?) Diaphragm
Top view Nozzle

Igniter using a reaction of Bi / Ti (Tohoku Univ. — JAXA)

Reference : S.Tanaka, K.Kondo, H.Habu, Altoh, M.Watanabe, K.Hori and M.Esashi, Test of B/Ti Multilayer Reactive Igniters
for a Micro Solid Rocket Array Thruster, Sensors and Actuators A, 144 (2008) pp.361-366



F7

Stator Anchor Electric Shield

Stator Pole Air gap Rotor

Electrostatic micro motor, actuator

Bushing Mold Isolation
/ ¥ Fist LTO A —
= Substrate
Bushing

Bearing Anchor

i

Bearing Clearance

Bearin

Electrostatic micro motor (MIT USA)

Reference : M.Mehregany, P.Nagarkar, S.D.Senturia and J.H.Lang, Operation of Micro—
fabricated Harmonic and Ordinary Side—driven Motors, IEEE MEMS’ 90 (1990) pp.1-8

e )

(a) cylindrical
substrate

Jung
Drive signal

(b) rotor electrode

< coatin
Drive voltage &

1 0L,

SwitchingI circuit ;
(c) insulate layer

deposition

(d) sacmiicial layer
formation

Electrostatic wobble motor (Panasonic Research Institute)

Reference : S.Aoki, H.Ogura, K.Nakamura, A.Ono, A Conventric Build—up Process to
Fabricate Practical Wobble Motors, Procedings IEEE MEMS’ 94 (1994) pp.114-118

(e) stator and ground
electorodes plating

(f) wire bonding and
resin molding

(g) sacrificial laygr
removing

Packaged stepping electrostatic microactuator

c
T Z 1 Leaf Vi =Vs sinwt
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{ i 135 H V=V sin (@t +4x/3) /— A ~
4 v ]
= 7)1 gg 5 Actuator m
‘E- / é '/g & Vsa
- g Z
4 i
aggliaiie
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e a
Moving Electrodes B C FIX,CQ Electrodes
Silicon) (PUTi)
) VI O .
RN o i o |
: R L 3 Silicon
; ! Glass Li_] L%'l LTJ J
e A B C Position Detection

Reference : T.Matsubara, M.Yamaguchi, K.Minami and M.Esashi, Stepping Electrostatic Microactuator, Digest of Technical

Papers Transducers’93 (1993) pp.50-53



Distributed

1

F8

Cu

—

Photoresist

Reference : K.Minami, S.Kawamura and M.Esashi, Fabrication of Distributed Electrostatic

electrostatic micro actuator

Generated force per unit (zN)

a=100x m
b=20um
100 t=3um
h=100pm
80}
Simulation

Distributed electrostatic micro actuator

Micro Actuator, IEEE Journal of Micromechanical Systems, 2 (1993) pp.121-127

High-frequency Actuator

voltage source q\
for capacitance ‘
detection Dri ving

{_ voltage source
B §

4

L

I-V
' |Convertggl N

TAC-DC |

Reference
capacitor

Converter |

' Amplifier HComparator -

Voltage (V)

Displacement [mm]
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voltage

Initial length

10 20
External force [gf]

Compliance control of distributed electrostatic microstructure
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30

A Gain of

feedback
circuit

—O0—A=100
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—e— A=3
—a—A=]

- -%- - Without
feedback

Reference : M.Yamaguchi, S.Kawamura, K.Minami and M.Esashi, Control of Distributed Electrostatic Microstructures, Journal
of Micromechanics and Microengineering, 3 (1993) pp.90-95

|

1.200m

L 1.2mm

Y
Outer electrode  Inner electrode

Displacement[pum]

Bellows—shape electrostatic

Reference voltage[V]

microactuator

Reference : K.Minami, H.Morishita and M.Esashi, A Bellows—shape Electrostatic Microactuator, Sensors and Actuators, 72

(1999) pp.269-276




ro  Piezoelectric micro stage

) PZT coramic phate (thickness < ﬁ(l)um) @) Polshing

S | M

(3} Dicing (wadth<an jt m, Depth<100 jt m) (5) Ni electroplating and polishing

B AL AR RS
I 22 " atalalginininialn! sl cunnm—

(6) Dicing (Dapth<400 & m)

©) Deoiasmoncfseed hverforelectmnlam; I:[n:mmﬂmﬁm_ B I

(@) Ni eloctroplating and polishing

Multi-layer actuator by dicing PZT ceramic plate and filling the groove with electroplated metal

Reference : G.Suzuki and M.Esashi, Planer Fabrication of Multilayer Piezoelectric Actuator by Groove Cutting and
Electroplating, Proc. of the Micro Electro Mechanical Systems’2000 (2000) pp.46-51

REVTRRIRNIRRES I
—

RRRARRRERRNNNL

Multi layer piezoelectric actuator X motion

XYZ Gtage made of‘F.’ZT ;érarﬁ.ic plafe

Reference : D.Zhang, C.Chang, T.Ono and M.Esashi, A Piezodriven XY—microstage for Multiprobe Nanorecording, Sensors

and Actuators, A 108 (2003) pp.230-233

Outer electrodes of actuators Internal electrodes of actuators
by \\ Polyimide

—p— ke

Glass |

7 Y
Capacitor sensor strips on stage Capacitor sensor strips on glass

Snesor Output (V)

Open Loop

Hyst x25%

0 10 20 30 40 50
Applied Voltage (V)

Feedback position control using capacitive position sensor

Snesor Output (V)

Reference : H.G.Xu, T.Ono and M.Esashi, Precise Motion Control of a Nanopositioning PZT
Capacitive Displacement Sensors, J.of Micromech. Microeng., 16 (2006) pp.2747-2754

1. Align PZT actuator to the XY-stage
il PZT acwator }

spring

2. Autach PZT actuator 1o XY-stage by electroplating
Ni ejectroplating

3. Remove photoresist

= Ol s

Si stage with multi-layer PZT actuators

Capacitive sensor
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_._k_._.
(=T - Y

10 12 1.4 16 18 20
Reference Input (V)

Microstage Using Integrated

Reference : M.Faizul M.Sabri, T.Ono and M.Esashi, Modeling and Experimental Validation of the Performance of a Silicon XY-
microstage Driver by PZT Actuators, J.of Micromech. Microeng., 19 (2009) 095004(9pp)



Fio Lateral motion piezoelectric microactuator
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Structure Photograph
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Displacement versus voltage
Lateral motion piezoelectric microactuator
Reference : N.Wang, S.Yoshida, M.Kumano, Y.Kawai and M.Esashi, Fabrication of High—aspect-ratio PZT Structure by

Nanocomposite SOl-gel Method for Laterally—driven Piezoelectric MEMS Switch, 2012 7" IEEE Intnl. Conf. on Nano/Micro
Engineered and Molecular Systems (IEEE NEMS 2012) (2012) pp.321-326

10




Fi1 Tactile display and tactile imager
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pe) SMACOIIS i matenal tube | 4 SMA coil actuator
Printed circuit / ‘ pat
SMA canl
} Dnving cucmt
part
Electncal

coector \1 I I I I I I I

Shape memory alloy actuator
o bl ]

e & B

2%
| i
; PER i
I Bl N i

P ! R o
ANMECE L NES

Tactile display

Reference : Y.Haga, W.Makishi, K.Iwami, K.Totsu, K.Nakamura and M.Esashi : Dynamic Braille Display Using SMA Coil Actuator
and Magnetic Latch, Sensors & Actuators A, 119 (2005) pp.316—322

A

2mm >

<4

14
-
v,
4 0 ol

Vdd
[ | . IJ GND
sleofelelelelole] ‘ &‘{
ollellololeoleolofo] = :
olololololelolo] k= ' T&\
olololelolelolo] _ &%
clololololelolo] , | Vout
olololololololo] b g:ﬁ‘ p—
olololololololo] b ; e
slololololololo] B IKIE
A O | : |
. Senser Chip R ¢ W2 LR, , %}\
Polyimide
|y ) B. ‘Y ‘& vdd
Lead Wire G -GND

Tactile imager

Reference : M.Esashi, S.Shoji, A,Yamamoto, and K.Nakamura, Fabrication of Semiconductor Tactile Imager, Electronics and
Communications in Japan, Part 2, 73 (1990) pp.97-104
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Fi2 Micro refrigeration system
(a) Phase |

T T
— !

Low temperature
~External actuation force

Top view Cold plate (Sensors are placed on it)

(b) Phase 2

(c) Phase 3

Side view | N (d) Phase 4
I— O U

Cold side thermal switch Hot side thermal switch

Magnetic material Refrigeration cycle (a)Adiabatic demagnetization
(b)Heat dissipation from cold plate (c)Adiabatic

Bottom view icrostage
. & magnetization (d)Heat dissipation to ambient.

ON Measurenaent sectxm
Petmanent magnss

e 4
Micro magnetic refrigerator for cooling of micro devices
{a)

Solonoids Permanent magnets
L

Peltier device

-~ Device halder

(b)

Solenoid | Metal rod

Yerparaira, v

il ﬁ."q“.l-;" M-m'!l' el e
v b w

Teue, s2¢

»

Test device
Refrigeration system
Rotating permanent magnets generate modulated  Magnetic field induced temperature change of the magnetic material

magnetic field

Reference : T.Tsukamoto, M.Esashi and S.Tanaka, A Micro Thermal Switch with a Stiffness—enhanced Thermal Isolation

Structure, J.of Micromech. Microeng., 21 (2011) 104008(6pp)
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F13 T hermal MEMS switch

Cantilever with
Electrical feedthrough micro heater RF signal line

Spring contact

Metal Si0» Glass

Thermal MEMS switch

Reference : Y.Liu, X.Li, T.Abe, Y.Haga and M.Esashi, A Thermomechanical Relay with Microspring Contact Array, Technical
Digest IEEE Micro Electro Mechanical Systems'2001 (2001) pp.220-223

0 E :ﬂ_ ] 0
-1k 102
@ -2 ¢ 1 -10 2
550 —— -5 3
g =4 F ] i -20 %
v | 02
o E E o
8 " é // =Insertion Loss| ; e ,i,
s -8 37{ —Isnlation IE =40 o
-9 E — H =45 o)
Advantages of conventional ) j / B
mechanical switch Advantages of small size -10 I L | 1 _50
and integration
*Imune to high voltage ) 0 5 10 15 20
*Wide frequency range
Excellent isolation at high Frequency [G HZ]
frequency

RF MEMS switch

*Imunity to electrostatic discharge : 1000V Fii ' ! : ' ' ' ' ' l ' ' ' 'I

*Frequency range : DC — 10GHz

Drive power <160mW (6V) o [mm]

On resistance <03 Q (inifial )

Switching speed | <3ms

Cotact life 8000 times (3V-15mA dry)

Sol test system T2000 = T

LSI tester using the thermal MEMS switch and Advantest comp;c;nent producing the MEMS switch in Sendai

Reference : K.Nakamura, F.Takayanagi, Y.Moro, H.Sanpeo, M.Onozawa and M.Esashi : Development of RF MEMS switch,
Advantest Technical Report, 22 (2004) pp.9-16
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Fi4 Electrostatic and piezoelectric MEMS switch
2400pm
... = > Bridge (electroplated Ni)
G|S|G  Dielectric layer
H (5i0y)
2400pm ‘
‘ -
i \ (Eb'nmphled Ni) ke
v l Actuation pad i Pyrex glass
i -

Electrostatically actuated capacitive switch

Reference : T.Yuki, J.H.Kuypers, S.Tanaka and M.Esashi, Capacitive RF Switch
Fabricated by Low—temperature Surface Process and Packaged Using Dry
Film Resist, Proc. of the 24th Sensor Symp. (2007) pp.37-40

Dielectric layer
(S103)

MEMS Switch

Actuation pad

DOUT_1~4

Formation of PZT bimarph Bonding Au electroplating Lol -
el on
- PtITi PZT Si support wafer Au anchor
TiO2 Au =
Iniﬁd904
Si support wafer =
14
Polymer spin coating 12 4
Polyrmer gl T Initial gap
H
'™
i B
LS| wafer i i [
Ay Si0,  Polymer 2 i { -
x 0 T
|LS| 0 2 ;“*ﬁlw 3 10
CLK Delay Circuit
¥bih——1 I s 1 S
IN - — { = —
N 23:becoraer—- DFF—IiN | ;—I LiNv (Sgu‘;’;u—l'..oo-) ]—I m
i H 1 sour 200 JH I : ._J
H N “H::]_E:j :E}:‘* Outpi 107
T 160 o
= L=y =~ * ! SOUT 3 = = = == —IN_1
FHOFA— Ny - [ Output o1 Em S O i M "
T J g — el -DOUT 1
HH oFF— s | _]_}—l ] Hﬂw_osour 4 2 —DOUT2
GNDo I = '__1_'?' __________ et 20 ——ﬂ ﬂ— ﬂ _DOUT 3
L B t ~DOUT 4
e i IO s O [ OO
:,_‘% iy E} oy t R TRE YT T M : - | B J‘-l_ |
\ T 1 i T 4 0 2000 4000 00 %00 10000
I RO TR T : Time [ps]
MEMS switch using piezoelectric thin film
Reference : K.Matsuo, M.Moriyama, M.Esashi and S.Tanaka, Low-voltage PZT-actuated MEMS Switch Monolithically

Integrated with CMOS Circuit, Technical Digest IEEE MEMS 2012 (2012) pp.1153-1156
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a1 Wavelength swept pulsed quantum cascade laser (EC—QCL)

(Hamamatsu Photonics K.K.)

Pulsed quantum cascade laser (EC—QCL) which can scan wide wavelength by using external resonator was
commercialized by Hamamatsu Photonics K.K. using movable MEMS grating which was fabricated using the

hands—on access fabrication facility in Nishizawa center. This enable remote, noncontact and high

throughput middle infrared spectrometry.

Broac—and gain medium
Norrspherical lers|

Laser output

‘M‘

Broadband gain medium _
Movable MEMS grating

Aspheric lens
- A'
N <
<:[|)—< )
T &
Non-reflective coating — . \
A-A’ cross section
Structure Movable MEMS grating
2
—FTIR
— EC-QCL
?.72 7.4 7.6 7.8 8 5.2 8.4
Wave length (xm
SEM image of MEMS grating Measured IR spectrum of methane gas

Hamamatsu Photonics K.K. www.hamamatsu.com Tel. 053-459-1113



http://www.hamamatsu.com/

G2 Optical melt Pressure & temperature sensor (NAGANO KEIKI CO., LTD)

Melt Pressure & Temperature Sensor

|{Rev.1

KF10 &GO © REF 515

Optical Melt Pressure & Temperature Sensor

Improved durability using monocrystaline sapphire diaphragm head

------
W

............

Measurement of high pressur at 400°C
with £0.5% F.S.

Princeple of optical pressure sensor

Gap in sapphier element is changed by pressure and is measured by white light .
interferometer. Temperature is measured by using thermocouple.

== Optical fiber
Electric wire
=== Thermocouple

Optical fiber
White light
v

Thermocouple Amplifier

Power supply

White light | |Electronic
interferometer = circuit Pressure output

[Temperature output

Diaphragm .
Sensor head

WEEEIES ©NAGANOKEIKI

REHEKIDHT
Ait / 71438544 XREXBEERA-THOR4S (RTEL03(3776)5811 FAX 03(3776)5320

OEMALRTRIU-2-LEZTHACEEL, F—lam—3 URL
aA-Nt%-,/0120-10-8790  https/www.naganokeiki.co.jp/



a3 Capacitive high sensitive differential pressure sensor “MANOSTAR”
(Yamamoto Electric Works Co. Ltd)

MANOSTAR digital differential pressure sensor QDP33 was developed in the “MEMS
human resource training program (MEMS Park Consortium)” using the “Hands—on—access

fabrication facility”

Glass Metal
.t al
‘L LTy TLT
A
/ \

Glass ;
S

Cross section Chip photo

MANOSTAR DIGITAL SENSOR

WDP33
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G4

10™ anniversary of SEMI MEMS seminar

Fabrication of MEMS accessory by processing wafers

in 9 MEMS factories in Japan
(10th anniversary of SEMI microsystem / MEMS seminar)
Collaboration between companies (2006/12/6)

9) Photolithography 7) Anisotropic wet etching of Si

Design by Esashi RICOH @ s ok

NSiRE RICOH 8) Oxide etchine ’
_ omRON

4 Photolithoraph ; b LR
R'COH @"'5) MEMS CORE y ‘

2 T =

| 9) Dicing = Fuji electric Co. jp

SOl substrate  OLYMPUS




H1 Tohoku Univ. and Belgium IMEC (Interuniversity Micro Electronics Center)
Strategic Partner

*One university from each region,
Japan, USA and Europe

*Promotion of international research exchange

*Exchange of researchers and students

«Hiroshi Kazui (Director, 1
Tohoku Univ.) and Luc 5.
Van Den Hove (IMEC
president)

Signing ceremony
(2012/6/11) —

B

Rudi Cartuyvels (Vice President)

¥ Jo De Boeck (Vice President)

ssoc. Prof. Tanaka (Fac.of Eng.)

) (Contact person in Tohoku Univ.)

!

g Ann Witvrouw (Exe.Researcher) [
(Contact person in IMEC)

Joint
Seminar in
IMEC
(2012/6/21)
Alternative
annual
meeting in
IMEC and
_ Tohoku

- University

Luc Van den Hove (President) S
=

Prof.Esashi (WP1-AIMR)

B Prot.Matsue (WPL-AIMR) oL IES



H2 Poly—SiGe for MEMS sensor applications

Exhibit #1: Sample to determine the piczoresistivity of
a poly-SiGe layer by measuring the resistance changes
during 4-point bending tests.

Exhibit #1

], OPTIMIZATION OFTHE
PROPERTIES OF POLY- SiGe FOR
MEMS SENSOR APPLICATIONS

P. Gonzalez!?.L. Haspeslagh!. Kristin De Meyer!-? and Ann Witvrouw!
limec. Kapeldreef 75. 3001 Leuven (Belginm): 2KULeuven. Kasteelpark Arenberg 10. 3001 Leuven

INTRODUCTION -

Poly-SiGe has emesiged as a promising MEMS

SHUC Ay kel Snce Rt e e desivedd IR T AN 1 #The piezoresistive and electrical properties of boron-doped paoly-
: SiGe for different doping doses (from 2 - 10 cm? to 4 - 1015
cm?) and Ge content {49% and 64%) are evaluated

mechanical properties  at  CMOS-compatible
temperature

= With proper tuning of the boron and germanium content, a
gauge factor over 20 and a TCR as low as 0 ar= achievable

» Finite-glement simulations of a possible poly-SiGe pressure
sensor ware done, showing the effect of sensor area.

T
Monolithic integration of MEMS on top of CMOS can
improve parformance, yield and reliability as well as
lower packaging and assembly costs

( 400nm-thick poly-SizsGees and poly-SieGes; layers were deposited using /:_p'm'sﬁ‘"t\f is estimated from the
and dopad through ion implantation of boron at 65 keV with desages bebween resistance variation when stressing the films

2-10¥ and 4 - 10" cm? in 2 four point bending fixture

—| Poly-Si;sGeq, : [PalySigGesy|
* Wafer temperature: 5000C | | ® Wafer temparature: 5400C |
* Annealing tempersture:5700C | i- Annealing temperature: 6209C |

I DELAMINATOR TOOL
Fixed W

* Resistivity is measured on blanket wafers using a four-point probe

of patterned resistors in the temperature range 25-1509C

(PIEZORESISTIVITY p—

.\GTCR is calculated by performing four point resistance measurements

_\ With the measured relative resistance variation and X80 mm* sampls |
the simulated stress the pi istive coefficients F=8 N = e
The resistivity reduces with increasing s :.arglabed = PEIIRT BHESS e
— e E concentration and Ge content N - somp.
5 'a |
= .\‘\ [-.‘AR{'R -5 cos? g+, sind o - cospsinp|] ™ =4 |
B P e = R
= [ o s used to determine the
™ 5 e el Poly-Sl,,Ge, Poly-SiyGe value of the sress o
T W T 4 e o l'";l'ﬂ:‘l mil:-“l m ;L;—“J m:;;-": induced in the resistors
Doping doss [cnr) = o o 5 3
& o u_| e 210" 122 1.0 124 15
7 S \H'k,:“ m=== 10" 8.0 0.7 13.7 0.04
3 as =3 | 8101 5.5 0.3 8.6 0.43
i Ae 4-1015 3.8 -0.3 4 -0.5
g 1 & @ o ™ B
t. \ TrC) = f [ \
= The temperature dependence of * The gauge factor (G) of poly-SiGe, tails| —4 =
e - resistivity wvaries from non-linear || off for high and low doping lav = K,‘ [l
{ and  negative  (thermionic || oa g =20.2 was found, slightly smaller/® = LN
. emission] to peositive and linear than reported values for poly-Si (22-29) o~
Daping docs jam} {carrier mobility} by increasing B - | -3
. concentration » The possibility to post-process on top of|
T TeN cabe funed Scconding Ty CMOS [higher SNR) might offset the slightly
specifications, making it positive, smaller gauge f
negative or even 0

APPLICATION TO A PRESSURE SENSOR

Due to the positive nt, it is best to place the
transversal piezoresistors in the centre of the
membrane whers the stress is negative

— The piezoresistive coefficients for poly-Si;.Ge.,
4 — (with B=4- 104 em'?) are used along with FE| s=—p
L simulations to predict the sensitivity of a Araa (a)
" | piezoresistive poly-SiGe pressure sensor 200=200 pm* 5.2
\ - -, 2504250 pm? 8.6
L i o 300-300 pm? | 12.75

-'_- Obtamned ithvitie: VA for the diff it studied,
\ S s d lharvllmanesagl\-lls Eler.arsezltsrtr;r mldu?us are -leam UﬁEHnmj::?. 2 "
CONCLUSIONS

The piezoresistive and electrical properties of poly-SiGe were studied as a function of doping concentration and Ge content. The gauge factor of paly-SiGe
could be improved by a factor of 3-4 owver the state of the art. This optimized film also has a very low TCR, which is ideal for piezaresistive sensor
applications. A pressure sensor was proposed as a first application.




3 MEMS gyroscope on CMOSIC using poly—SiGe

ISSCC 2005 / SESSION 4 / TD: MIXED-DOMAIN SYSTEMS

4.7 Processing of MEMS Gyroscopes on Top
of CMOS ICs

A. Witvrouw', A. Mehta’, A. Verbist', B. Du Bois', S. Van Aerde?,
J. Ramos-Martos®, J. Ceballos®, A. Ragel’, J. M. Mora®, M.A. Lagos®, A. Arias®,
J. M. Hinojosa®, J. Spengler’, C. Leinenbach®, T. Fuchs®, S. Kronmiiller®

'IMEC, Leuven, Beigium, “ASM, Leuven, Belgium, *IMSE-CNM, Sevilla, Spain, Exhibit #2: First poly-SiGe above-CMOS integrated
“Philips, Bdblingen, Germany, *Bosch, Gerlingen-Schillerhdhe, Germany gyroscope. The CMOS technology used is a standard

0.35 pm technology with 5 interconnect levels.

Magn Det WD Exp e pm

96K SE 650 1
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+
— Resat ()
Clok ——] Timing  |—Amglify (4 I

|— Excitation () .
= L ¥
=
g
R
Vout{dBV] Drive Mode Frequency Response
w Poly-SiGe cap Al h(md&ad
0

RPN

[orive 18 dBm on 10 Vdo |

Poly-SiGe MENS Poly-SiGGe MEMS
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H4

Exhibit #3:

Ann Witvrouw analog-CMOS wafers

interconnect levels

11MPixel micro-mirror array

iy

i
. < € ¥ty Ay -
- 3 S
:'/l—( W" ;;Fpgjd‘.i ¥
A e
e "AP‘J s el
ﬁl",i < ¢ A r!,;‘"
“ﬁ'si:‘i:ﬂ” ﬁ
> ¥ ’4#
- 8

2100 % 5200
Mirror atray

sure 11M mirrors with <10 nm
6 kHz u rah
0 Gbi's data requires CMP optimized in CMOS & MEMS
2500 (analog) wires | Cleaning challenge (# part./cm? = 1 of 0.8um
Eeiliﬁabsnﬂy’um: G yuemgars A 12 tit oycies)
sembly of delicate chip |

Micro-mirrors: processing

! r specs
|including reliability at CMOS-
compatible T
o

|
SiGe-based micro-
mirror module

+«— Planarised interface

0.18 pm analog
CMOS with 6 metal
levels (from NXP)

<1 Haspesiagh ot al
Proc [EDM 2008

0.18pum HV CMOS

Flat mirrors !

T arge jas]

eep !

Functional

e hev)

SiGe micro—mirror array on CMOS IC

Il megapixel micro-mirror array with 8
pm pitch made in poly-SiGe above standard 0.18um

fabricated by NXP, featuring 6

11MPixel micro-mirror array: g

Spatial Light
Modulator:

- Light is
deflected
by each mirror
to create image

- Applications:
video
projection,
mask writing,
maskless
imaging

T1 DLP Discovery 4000
1920x1080 (2M)
Digital
Mirror Pitch 10.8 um
Mirror Area 21 x 12 mm?(2.5 cm?)

<www.dlp.com

Eraunhofer SLM:
2048x512 (1M¢

Analog
Mirror Pitch 16 um

Mirror Area 33 x Bmm?2(2 6 cm?)
<www.ipms fraunhofer de

This work:
5200x2100 (11M)
Analog 2100 x 5200
Mirror Pitch 8 um Mirror. array
Mirror area 42 x 17 mm?
(7 cm?)

: - !
Micro-mirrors: processing

SiGe mirror
Anchor

Sacrificial oxide

Planarized
SiGe electrode

W-plug

SiC protection layef

Micro-mirrors: packaging and testing

Mirror performance after packaging

123648 mirrors tested
Item Specification Results
Good Mirrors % [ 995 %
Mean Cupping < 10nm 54nm
Residual Piston <lnm. <l nm

Direct imaging
3 mirror contact holes

r
| Imaging resuits: J. Launia et al,
| Microel. Eng, 86, 560-572 (2009)

Packaging and assembly
A Witvrouw et al Proc. MEMS0Y

O T Y




s CMORE SiGeMEMS mluti project wafer

Exhibit_#4: Poly-SiGe MEMS MultiProject Wafer
(MPW) from the first SiGeMEMS MPW run
orgamzed by Europractice in 2011,

EUROPRACTICE

G 8 ERVIVECE

imec CMORE SiGeMEMS MPW

EUROPRACTICE IC Service offers Multi-Project Wafer Services in imec's
CMORE SiGeMEMS standalone and SiGeMEMS/CMOS integrated technology:

Imec's CMORE Silicon MEMS platf lcgy, referred to as SiGeMEMS, s developed to
enable monolithic Integration of CMOS and MEMS. Systems integrating MEMS devices with the driving and
readout electronics on the same die lead to better performances in terms of signal to noise ratio through reduced
Interconnect p and allow for smaller die size and package. and also for lower
power consumption. SiGeMEMS |s based on &8 MEMS-last approach which allows state-of-the-at CMOS
foundries to be employed

Technology

The SiGeMEMS precess, belonging to imec's CMORE service
platform, is vevy versaﬂe Thanks to its flaxible and modular

pecific tuning and optimization, i
add!asses a hfge number of applications like gyro's, switches,
umicrophones. wspeakers, CMUTs, T-sensors, P-sensors, ... and
array type devices like pmirrers, probe-based memories, and arrays
for plluidics and ppower generation...

EUROPRACTICE now offers a fixed baseline SIGeMEMS process
in a Muti-Project Wafer Service. This unique baseline process consists of MEMS structures defined by an
electrode layer and & 4um-thick SiGe-mechanical layer on top of a TSMC 0.18um CMOS wafer. Nanogaps of
500nm will allow fabrication of extremely small features. A standalone MEMS version, |dentical but processed on
a wafer with a single metal layer, will be available for initial prototyping.

Europractice-imec SiGeMEMS MPW runs in 2012

Price

Technology
WVersion

SGAVEVS VEVS 9y hecoonid

CcNas
Vtacraee.

EGANEVSTEME D 15 10 2611 s Fxe
MDA (SV018LS | 23 302V)

e 1) T8 run 18 praeinery 35d £ D9 woosied ourng 2013

EU-Discounted Pvlu 30y ipeaxo ELRCIRACTICE
memzentic

S .
Dusiety Auased MIMTA coPery

sl sricn b uaniiies wd e
PSTUEE ot beSngng 19 DUWDLS TEegry (COmPANes

sovks coniact imes CMORE w o e
85851054 & 95120 4ana 208 03 30 rsot
2o
www.europractice-ic.com

=
EUROPRACTICE

imec
=7

SERVICE
imec CMORE SiGeMEMS MPW
Principle
Imec's CMORE S:iGeMEMS tachnology offered through the EUROPRACTICE IC
MPW service is armed at creating, ing and eval g test ct ]
prior to further specfic and production projects. By o g the

designs of multiple customers on the same masks sat, MPWSs allow to fabricate
test structures and proiotypes of devices at a low cost

Advantages of SiGeMEMS

Manolithic integration with IC .

* Very compact

®  Best solution for applications that are very sensitive 10 parasitics

® High intrinsic system raliability: less componants, less interconnections

MEMS last above CMOS
®  Most fexitle with respect to choics of CMOS technology
*  Extremely well suited for MEMS array applications
*  vry high.densty ane masevey parsliel L)
INTCONNECt oS CCsR D
> large wrrays of MEMS (e g umimor rays)

Poly-SiGe!
* High perfarmance: low parasitics
* Good mechanical properties & reliability

Deter than Al Mighar stiength and O factor
Deliae 11N AL o8 Crews w0 igon

Summary of SiGeMEMS main features and dimensions

L = =
Seciticia caise [ 20e Erecrodel | T
Ol
General conditions :
EUROPRACTICE SIGRMEMS MPW Servco i accessbio for univarsitics and research ingitutes (EURTFRACTICE regisiered memiers)
» more info of v SUrOSACKCE-iS com

Comparies can have aiditional extensions 1o take advaniage of the wersstile. fledbie and moduler echnology:
*  Viletde leyer ticwesses

acanctiaye & ppe
* ADicenen agest \ngtonel 502 0r lares

Companies should contact imec CMORE o www imec bafomarg

For more information : epmem@imec be




Hs Holographic displays

Exhibit 25: Holographic display Pleise point the lsee
ponicr Wwards the die in order 1o see the t!nln
aiage of building ‘imee 37 (in consryerion in 2031

o brochure exhiba #3

St forhelogrnhic disiay schewiogy.

DIGITAL DIFFRACTIVE OPTICS

Holographic image demersrator

PATH TO HIGH-QUALITY HOLOGRAPHIC DISPLAYS

Vision

Imagine having a meeting, You and your
guests sit around the table arguing,
discussing or presenting data. just lke
any meeting you have today, only for
one detzil: some of the pecple around
the table are 3D images — dynamic
holograms — of peaple sitting in an office
thousands of miles away. You will look
them in the eye, feel their hesitatons,
and see their body language. Unlike with
today's displays, you won't miss a cue,

Holographic visualization promises to
offera natural 3D experience for multiple
viewers, without the undesiratle side
effects of current 3D stereoscopic
visualization (uncomfortable glasses,
strained eyes, fatiguing experience).
Imec's vision is to design the ultimate 3D
display: a holograpnic display with wide
viewing angle and a high-definition visual
experience.

Imec

Chadllenges

Bulding a high-quality, rea-time
holographic display requires severa
breakthroughs from today’s holographic
prototypes. The challenges are threefcld:

— Toachieve high image quality, millions
of light-diffracting elements are needed.
These must all be individually controlled.

— To achieve a wide viewing angle, the
light-diffracting elements should be sizad
dese to or below the wavelength of the
visible light, i.e. as small as a few hundred
ranometers.

To achieve real-time imaging, massive
computing power is needed.

Technology

Imec is scaling its MEMS technology to
meel these challergng demands. Our
prototypes show promising results,
setting the path to high-quality dispiays.

Imec aims for system-level solutions
utilizing a unique combination of its
multi-discplinay teams with strong
competences in:

Advanced lithography

Silicon processing

5iGe MEMS processing platform
MEMS design & prototypng
Computational holography
Holographic {lens-less) maging
Sub-wavelength diffractive optics

Embecded system design
Parallel computing platforms

Our longerterm goal is to create
a display system for computer-
generzted holography with bilions of
sub-wavelength  diffractive  elements,
delivering  high-definition 3D viual
experience

www.imec.be

3EM-rmage of sub-waveength bimry hoicgrphic paet



H7 MEMS for energy harvesters & electronic noise

MEMS FOR ENERGY
HARVESTERS &
ELECTRONIC NOSE

Background
Wireless sensor nodes are able to operate autonomously, for extended periods of time, provided
they are equipped with Ultra Low Power components, and their energy is supplied by energy
harvesters. For both the sensors as well as the harvesters, MEMS fabrication by bulk machining is
an enabling technology.

Imec, The Netherlands

ALAINPY capactor

/

P rolw
Coatiog on
o

Energy Harvesting

The Piezo Vibration Harvester is
processed on SOI wafers. An Al-AIN-Pt is
deposited and subsequently the beam and
mass are defined using DRIE. The devices
are vacuum packaged with two glass wafers
with a cavity. Roller coating Is used for this
process. Several devices have been
designed, each with their own resonance
frequency (between 200Hz and | kHz).
The maximum power output has been
489uW at an input acceleration of 4.5g.

)
+ w=fenods
e

packaprg

. Ultra Low Power Electronic Nose

MEMS cantilevers are traditionally used for mass
based (bio-)sensing as the resonance frequency
shifts when molecules adsorb.

Here, an electronic nose based on the response of
an array of MEMS resonators is developed, where
each resonator is coated with a different polymer
and thus reacts differently when exposed to the
environment. This approach, where swelling of the
polymers gives a stress induced resonance shift, is
significantly more sensitive (~300x compared to
mass based sensing), thus enabling detection of
low-mass volatiles with a scalable MEMS array.
Additionally, a dedicated ASIC is developed that
actuates the device through a piezo-electric patch,
and tracks the resonance frequency.







11 Piezoelectric and electrostatic optical scanners

¥

_~;Scanning pattern

Objzy/ af spring ) Mirror

‘;//;' = Spflng

L 3

' Piezoelectric <

actuator
Photo detector .
PZT Thin
Light source Fllm

Piezoelectric 2 axis optical scanner (Omron)

Reference : T.Kawabata, M.Ikeda, H.Goto, M.Matsumoto and T.Yada, The 2-Dimensional Micro Scanner Integrated with PZT
Thin Film Actuator, Transducers’ 97 (1997) pp.339-342

!
l 42mm
(at a distance of 300mm)

2 axis optical scanner using piezoelectric thin film for laser projector

25nm

Reference : H.Matsuo, Y.Kawai and M.Esashi, Novel Design for Optical Scanner with Piezoelectric Film Deposited by Metal
Organic Chemical Vapor Deposition, Jap. J. Appl. Phys., 49, 6 (2010) 04DL19

Optical fiber Electric wire
\

Sweat gland

GRIN lens IR Laser

PNZT cantilever

— Imm

Large scan angleoptical scannerusing PNZTfilm (Tohoku Univ.—Fuji Film) Application to OCT (Finger skin))

Reference : T.Naono, T.Fujii, M.Esashi and S.Tanaka, Large Scan Angle Piezoelectric MEMS Optical Scanner
Actuated by Nb Doped PZT Thin Film, J. Micromech. Microeng. 24, 1 (2014) 015010(12))

RIAIFOMREGEHBLTIS—%45° T LT85

Laser

Electrostatic optical scanner for barcode reader (Tohoku Univ. — Optoelectro nics)




. . R4
12 Immunological analyzer of Helicobacter pylori s urease

E 7 70—+ VW TH.pyloriv V7 — €O 2% il

Helicotac

roumyL7—eaes \udsvz PYL-1T100

B2 NIHON KOHDEN

PYL-110012. HRHoHOAN Y 252 2 —0a) (Hpyloril LT —E52E /27 0—F)L
Dbz Z WX X4 MEBMAOpHE Y Iz LD RIEFRICRIBLET

RN L W F o 7 ORIEIIE A B HopyloriD A {E % S ApH &1 5% T, #9205
LMTY

Immuno-reaction Measurement of enzyme (urease) activity of
. _ H.pylori : pH change by ammonia (reaction
Antibody  H.pylori product) is measured using the ISFET

L J-ii

+
GUT-tEIREOHM @ 458 LpHDME

1549

. »

. Urea

I Layangs—kay sur—t
FLEHTE%/ 20— 2 ARR

B SN 1

By, 7

2.0 A

ApH

1.0 1

The block dmgram of the present system. 1,
solid-phase (‘Ilpl”ﬂl') tube ; 2, pH-measuring cell ; 3, o- 0 = & : - =
ring ; 1, pH FET;35, reference electrode ; 6, pelista 0.1
pump: 7, bottle of substrate solution;8, bottle for ’ ! 10 100 1000
waste solution ; 9, electronic circuit for operating pH-

FET and for controlling pump ; 10, CPU ; 11, display. H 'Pylorl Urease (mU/ml)

Reference : Y.Kohli, T.Kato, S.Ito, H.Miyazi, T.Azuma, K.Nagata, H.Tsuruta, S.Matsui, K.Oka and M.Nakamura, Diagnostic

System for Helicobacter pylori Urease Based on a pH-sensitive Field Effect Transistor, Digestive Endoscopy, 7 (1995)
pp.27-34



J1  Telegraph using electric wire in bottom of ocean

Enboshing Morse telegraph machine donated when Perry arrived in 1854

Enboshing Morse telegraph machine (POSTAL MUSEUM JAPAN)

Ll o~k b A Reseiven sienal using Submarine electrical cable through

transatlantic crossing  gtraits of Dover was installed in 1850. The
Great Britten tried to install the submarine
! cable in all over the world. Transatlantic
W/\L‘I\H\/\_’W\M\f\-; R el i crossing cable was planned in 1957 and it
| ‘I : g | g | chadsnin was once linked in 1858/8. Queen Victoria
and President Buchanan exchanged
congratulatory telegram. The telegram
from the queen Victoria took 67 minutes
to send 102 words at that time, which was
2 words per 1 minute.

The received waveform was distorted.
This is because the electrical resistance is
increased by long distance and the
capacitance is increased in submarine. Slow
B o et 4 transmission was needed to solve this
problem at that time. Kelvin type optical
mirror galvanometer show left was used to

Kelvin type (optical) mirror galvanometer

Permanent magnat receive the signal. The mirror was tilt by

T,’:/f‘iq\\ the received signal electromagnetically and
: ‘ reflected light was observed. Two person
was needed for reading the signal and for
keeping the record. This was hard work.
Siphon recorder shown in lower left was

invented to solve this problem and this
could record the electrical signal by using

pen and ink.

(Eiju Matsumoto : Submarine telegraph and
Galvanometer, Measurement and Control, 38,
Siphon recorder 8 (1997) p.505) in Japanese




J2  CPU board for super computer (large computer)

l----

I

TCM (Thermal conduction module) for cooling GPU (Central processor Unit) (central part having no cover correspond
to photograph shown below) (donated by Yoshiyuki Kawazoe)
(Ref) A. J. Blodgett and D. R. Barbour : Thermal conduction module : a high—-performance multilayer ceramic package,

IBM Journal of Research and Development, 26, 1 (1982) pp.30—36, https://doi.org/10.1147/rd.261.0030

10000000
HITACH SR16000 hModel i
201 2/4-2018/4
Computing performance
1000000 = 9000 T Flops
o HITACH SR1G0C0 Wode! ki
o 2000 /2200742
2 100000 ~— Computing performance
= 8216 G Ko
" I
T 10000 — Cray CS—Streem, XCEO-LC
= 2018/5—
g Oomputlng perfarmance
. J— 3081 T Flops
o
o
s - l—ﬂ'l'AOI-ﬂ SR11000 Model K2
§ 2007 /320 2/3
o, / Computing perforrance
75 T Flops
10
Super computer HITACH S-3800/380
01994{3—,2601 /IJFD
. . omputoing performance
Flipchip package MCM (HITAC M-880) 1 24 15 Flops , | .
1994~2001 2001~2007 2007~2012  2012~2018 2018

Uzed per iDd_( ye_.ar)

(Tadakatsu Nakajima : Cooling technology for ~ Super computer in Center of Mathematical Science in Inst. for Materials
66, 8 (1997) 21-25) (in Japanese) Research in Tohoku Univ.

(https://www.sc.imr.tohoku.ac jp/center/successive.html)



https://dl.acm.org/toc/ibmj/1982/26/1
https://doi.org/10.1147/rd.261.0030
https://www.sc.imr.tohoku.ac.jp/center/successive.html

J3 Microwave radar using anode split magnetron

\=2
W L

Technical transfer material from Germany

during the 2" world war (O plus E (2011/6)

2,4 w4 & Sotie E9

$id 28 e (IR IR R 1)1 A
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2
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7
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100e TKe 10ne ruuke M TOMe 100Me 1 0DOMe

Cristal detector using pyrite  requency response of crystal detector with different crystals

Anode split magnetron (Kinjiro Okabe)

AERRVARLEO(ELTEINE

REA—DOESERIRTRT

?

Crystal detector using pyrite—Ni (Frequency mixer)

kb T '

Local oscillator Controller

(M-80 (Split ancdes— (6HBA(Detector
magnetrow )) +B6CE+237)

[

Middie frquency oscillator
(6302+ 6C6E(4 stages))

Low freq. ossillator,

7l (8302)

Detector

| (6C8)

HoY ] e o i — e
Power supply (12F) ‘ =5 -

oW

Receiver circuit of microwave radar (Koichi Shimoda : Development of domestic microwave radar, O plus E, 33, 10

(2011) 1044-1052)



J4 Shimada laboratory in which high power anode split magnetron was developed before
the end of war (Z project)

Shimada laboratory in which many scholars participated
Shimada laboratory in Shizuoka (6,600 m?) was built in 1943
May. The director (part time) was Prof. Yasushi Watanabe in
Tohoku Imperial Univ.. He was an acquaintance of Yoji Ito in
Navy. Vise director was Shoichiro Mizuma. He gathered
following full time staffs. They are Yanami Masao (Navy
research center), Sohzabro Yamazaki and his supporting staff
(Japan Radio Co. Ltd.), Yuzuru Watanabe (Associate Prof. in
Kikuchi Lab. in Osaka Imperial Univ..), Zenuemon Abe
(Associate Prof. in Watanabe Lab. in Tohoku Imperial Univ.), and
Iwao Takao (Prof. in The Ryojun Engineering College, former
engineer in Navy), Advisers from Tokyo Imperial Univ. were
Prof. Masao Kotani (Physics), Prof. Yusuke Hagiwara
(Astrophysics) and Prof. Sanichiro Mizushima (Chemistry). Prof,
Shinichiro Tomonaga (Physics) in Univ. of Literature and
Science Tokyo Imperial Univ. participated as well. They
participated with their assistants as Minoru Ogawa (The

director of The Institute of Physical and Chemical Research mg g
(RIKEN) now). F wL\ E

Many students in science and engineering were conscripted as
supporters. Total number of staff were approximately 1,000
when it started. Many famous scholars participated as part—
time staff, They are Masashi Kikuchi (Osaka Imperial Univ.),
Yoshio Nishina (RIKEN), Fushimi Kohji (Osaka Imperial Univ.),
Takeo Nagamiya (Osaka Imperial Univ.), Iwao Sato (Tohoku
Imperial Univ.), and Juichi Hino (Tohoku Imperial Univ.,
Medicine).

Murder ray
The navy “Z project” has revived as

microwave oven Shimada laboratory in Shizuoka

Absurd concept to shot
down B29

Wave length 20 cm,
Yasuzo Nakagawa output 100 kW magnetron

(Asahi sensho 485 “Struggle of creative technology”) Dr. Shinichiro Tomonaga participated the Z project



J5 Crystal detector and point contact transistor

Nip o divaeric
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Principle of crystal Characteristic Inventor J.C. Bose Displayed crystal detector

I Metal needle

detector
Crystal detector (point contact diode) (J.C. Bose : On the selective conductivity exhibited by certain polarizing
substances, Proc. of the Royal Soc. London, vol.LX (1897) 433-436)

Ed b =T =2, vausb—, TI27 %

bV ASREANDBBS FUF

Photograph of point contact transistor and inventors Point contact transistor(Western electric Inc.)
4T e (mA)
~ 50 um Load straight line 1.25
Emitter E L l_f__ Collector C RL 40 kQ, Vee 100V_—
1 c at
- ¥ —® k lc
le \ Ic 2 Ll
T 2+F
g p inverse iayfr_ly_l_ + ¥+ RL
Veb| ®  Hole® ‘_ ® - @& Vcb
) ~ nitype Ge 1
-Q\ ® Electron g
Vee — ® =5
—_— Donner - = Vee
0 1 1 1
| o -1 -20 -
T + b, | Base B + _l_ 1 0. =

Principle and characteristics of point contact transistor
J. Bardeen and W.H. Brattain : Physical principles involved in transistor action, Physical Review, 75, 8 (1949) 1208-1226.



J6

Massive parallel electron beam write

“ -

[
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Massive parallel electron beam write using 100 X 100 active matrix electron sources (right)

Development member (2009 — 2016)
(Miyaguchi, Esashi, Kogima, Ikegami, Ohi, Sugata and Koshida (authors of the book))

PC

:D'—_n—

] lsolated

power
sLpphy

—5 kv

High
voltape
S0UrcE

AC 100V

Crossover area

In column LSI Pierce type electron emitter

EE contral
bioard out
of colurmn

driver circuit T
ctive matrix ¢ ==
/ -SkV

L [e-si electron emitter ar;f;ay|
T Condenser lens array CRV +0——500
i1 | [Extraction electrode

/" Anode aperture array |

——Arraysize : 10mmC]
Electron beam size - 1um[]
‘ Electron beam pitch @ 100 um

Deflectors |

- Objective lens (1/100) |

I'Wafer |

Array size 1 100um[] ]

Electron beam size : 10nm [J
Electran beam pitch @ 1pm

EB write System

BUIEFE—L

HERE OR3R

< EEELT

Development of massive parallel electron beam write system

Tohoku Univ. Press (2018)

LS|

Metal pad
A 5102

/

== )
/Cciumnar poly Si thin Ti/Au * nc-Si

* Au-Au bonding
n'poly Si

14 mm

Active matrix nano crystal Si i(nc—Si) electron source

M. Esashi, H. Miyaguchi, A. Kojima, N. Ikegami, N. Koshida, and H. Ohyi : Development of a massively parallel electron

beam write (MPEBW) system: aiming for the digital fabrication of integrated circuits, Jap. J. of Applied Physics 61,
SD0807 (2022) 1-19



J7 Transitions of power devices used in Shinkansen

Veicle of Shinkansen {3 100% 300% 700% N700%:/N700A | N7005

R F IV Sry

Completion year 1964 S '. 1985 1992 119991 - 2013
Used power devices | Diode ‘Thynster GTO ] "GBT N ilow IOSS IGBT IS‘C .
Cooling method Forced air cooling - - Travelling wmd coclmg_g_qupr dewce
Motor DC motor _ ]4 poles 3 phase induction motor i ~ 16 poles 3 phase

‘induction motor

Transition of power devices and motors in Shinkansen

25KV < P Main motor
S e gﬁﬂz M pwm VVVF M1
<> o VCR Converter IQUOV inverter
: Ova;giidcﬁ:l 5 g I#" XX X ! ¥F gz M M2
L . 4 M T
b et e 111 ; H o~ o
b iy g1 ™ frarllrr e gr[EOm
LR j=0) 7
5 i 1430V
) £ BESV F1y ¢
) ) =
< B! =) M1
- . -
9 REEE 2% $3 3% ’-;ﬂ' ) M2
£ ¥ = |
) sV ¥4x5| |35 35 x4 [ ) IM3
connectad 4 PIN diodes e 1 H;ﬁ) M4
— (2,500 B0DA) g | L430V
B85V ¥ 33
GTO (4,500V, 3.000A)

Main circuit of 0 type Shinkansen vehicle

Containning power regeneration break

Sinile-phase AC Mam circuit of 300 type Shinkansen vehicle
: [si-168T| SiC-MOSFET |
~ Single phase
AC ++DC ++ 3 phase AC ' =~ 167 um
Power running N\ - = Induction motor
reak __________--.._____1 g >67 um
£ : —’_:O A— 254104 cmi ol Ng=2.5x 108 cm?
; i | ' -— ) Unipolar device
: 3000V — ] g
Main g _usi ;}iﬂ e QNS — Small switching loss, high speed and
transfnn’ner: ; E Loy -L e B ' ‘1.-"1-"«"‘ - high tenmerafure operation
L , — 1kV Si-IGB1 1kV SiC-MOSFET
i i 1

frequency

f Switching T r\,

1500H, : {Tokyo Inst. of Technalogy, Prof. Hirofumi Akagi)
- Fa
LL s s R e ;O (Sakae Ishikawa, II Induction motor drive system which

fruited in “Nozomi”, Transaction of Electrical Eng, Japan
D, 114, 6 (1994) pp.604-607) in Japanese

Overhead Converter Inverter Main motor : Squirrel cage 3 phase induction motor

wire 25k
"1'3‘ ;l-%ﬂlr;_”% o =0 m Control : VVVF inverter control using SiC
- Lt "l ,MJ ’I-r i =) M Maximum speed : Tokaido {285 km/h (curve +25 km/h)
=3 ;.L\} { qﬂ " l-‘ ||Li =) ™ Sanyo : 300 km/h, West kyushu : 250 km/h
= E“ H: 4 M H s £ %
it } ]” .;_r_.} I ==0J Train : 16 trains (Tohkaido, Sanyo),6 trains (West kyushu)
3 IGET (2200V withstand voltage) Year of manufacture : Prototype 2018. production 2020
Power regeneration break Manufacturing plant : Hitachi Kasado plant
Rl @ - Nihon sharyo seizo Toyokawa plant (except Y type)

o . . Production quantity : 830 set (at 2024/10/1)
Main circuit of 700 type Shinkansen vehicle

(Tetsuo Uzuka, Electrical train and power devices, N700S type Shinkansen which used SiC devices
SEAJ J., No,159 (2017/11) 18-21) in Japanese (Masayuki Ueno, Nikkei electronics, (2017) 9 (p107), 10 (p.101))



Js  Electromagnetically levitated lamp

Lamp by Flyte Ltd. in Sweden. The lamp is

electromagnetically levitated by permanent

magnet in the lamp and electromagnetic coil in

stage. Wireless power supply for the lamp is

carried out by electromagnetic coupling.
https://www.plywood.jp/36321001

» About levitation

Achieving levitation will require some practice. If it is your first time, expeet
that it may take numerous attempts. As you gain experience, vou will be able to
levitate your Flyte Bulb every time effortlessly. Ifitis your first time levitating

S e l | | I e Flyte, use the Flyte Co-Pilot, 1 tool designed to make the levitation process even
| easier,
li h b ]b
I
1 I‘ee

» You are about to defy gravity

Levitation is achieved when the center of your Flyte Bulb is lowered directly
over the center of your Flyte base. The challenge is to find the specific balancing
levitation point.

» The Flyte kit includes :

Flyte is a levitating light which hovers by magnetic
levitation and is powered through the air. With
Flyte, we've set the light bulb free,

»Setting up your Flyte with Co-Pilot

Place your Flvre Base ona flat non
metallic surface, Conneet the wextile cable
to the Flyte Base, Connect the other end
of the textle cable to the AC Adapter
Plug it inte the outlet,

Place your Flyte Co-Pllot directly on top
of the Flvte Base. This will act as target to
the spevi ation balancing point

Start from o height of abour 15em) &
inches above the Flvte Base. Swiflly
Iower your Flyte Bulb with both hands
direerly over the conter of the Fivte Base,
keeping It level until vou feel the upward
magnetic force supporting the weight of
the Flyte Bulh

e ° 1 AC Adaprer
2. Flyte Base
) 3. Flyte Bulb

4. Textile Cable

5 Flyte Co-Pilot :Serap tool )

f. Lser Manual - Warranty

When you fieel the magnetie force
supporting the weight of the Flvte Bulb,
gently let go keeping it centered and
level, If it falls, simply life the bulb by
the cap and try again, Expect that it
will take numerous attempts and may
requine some practice (o master,

Onee vou have achicved levitation,
remove the Flyte Co-Pilor Each
attempt to levitate your Flyte should

st o longer than 5 seconds, Alter each
attempt, start over once more by rising
the Flyte Bulb ar Jeast 150my 6 inches
abave the Flyte Base.

Gently tap the corner of your Flyte Base
tor tun OO the LED Light.

The LED light will tuen On/OFF while
levitation will remain intact, The touch
sensitive corner s located diggonally
across from the AC adapter fack,

*To pemove vour Flyie Bulb lift the Budb

by the cap, and place it back in the foam
conttainer for stovage,



https://www.plywood.jp/36321001

J9 Model railway of magnetically levitated linear liner (Tomy Co., Ltd.)

Principle of motion -
Foward magnetic field is detected by a high - ﬁﬁ—i&
speed magnetic field sensor and magnetic field —=

AR 7l

£-0d 4l e AF

is generated by current in the coil on viecle. |~ [ B T | B ©
Repulsive force generated between the - ] -
magnetic field by the coil on the viecle and Apply current to the coil on the = Propulsive force is generated by

that by the magnet on the rail moves foward vehicle responding to the magnetic repulsive force between magnetic
the train. field generated by the front side  field by the coil and magnet on rail.

magnet on the rail.

- I — L]

i) I T e WA A
Bl [C]

When the front side magnetic field The viecle move forward by inertia. When magnetic ﬂelgj |5'de_tected n
front side, current is applied to the

iésomg gige;:#ed' the current to the coil on the vehicle again. These are
’ are repeated for the motion of the
viecle.

Principle of magnetic levitation

""' ™) Magnet for levitation on vehicle Coil for motion by magnetization
A -

DA o B b e

/ @ @ 9
= M

Magnet like belt on rail and 4 magnets |
on corners of vehicle cause repulsive |
which levitate the vehicle about 4mm.

|

= |

®

Magnet for levitation on rail Magnet for motion on rail

f \ y o

(Linear liner magazine (Tomy Co., Ltd.)) (in Japanese)



J10 Linear Chuo Shinkansen using superconductivity and its model railway

| Super conductor magnet

-269°C Nb—T| alloy

Side wall |

Coil for levitation and guide

Coil for running

Linear Chuo Shinkansen (https://ja.wikipedia. org/W|k|/%E4%BS%AD%E5%A4%AE%E6%96%BO%E5%BQ%BQ%E7%E7%)

BITILED8

¢ %958 s
Running EEC’)E}E E;‘E%aiﬂg Usﬁ
FLomEye o iffs .
TN—S—N—S NS NS N Usitb‘EfD %EQC%E Ejjéi
P—— = A8 /
& == AN Zokmex G5 E
& - R G e ] DS NERIL L km b S |
UR . ~E s 24 B BT
L. N s—=— FENEDNS 3;035551?59 O 9
—— — ——eNeNeNgNS 780 gas CRECEE 5
3 e N 51 nS5adsxH EREER 7
FEI LS (!I

cui XA o/FHIE %J’.‘@@@
uide e hewtatlon (about100 mm from rall LhBEMe R

[ BE@ &bl ceEuEH
Mg §2s2egs IIW* 15,887
VBB o NEW CSLZ0% s ErERiis

£ k o " y *‘ s
N-”:-[S « NN IR N ) N L T
< BEE S0, ‘.u-"“;ﬁ'ﬁf-"\“ STLEES
o B E SR L{}—:} \5 %b‘“E?riHlJ?
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Principle of running, levitation and guide (Linear liner magazine (Takara tommy))

Model railway of magnetically levitated linear liner using super

Conductor (the rail has 3,600 Nd—Fe magnet)

Cooling of the linear liner in liquid nitrogen (77K)

Kensuke Nakajima Lab. (Graduate school of Sci. and Eng., Yamagata Univ.) http://nakajima—lab.yz.yamagata—u.ac.jp/
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https://ja.wikipedia.org/wiki/%E4%B8%AD%E5%A4%AE%E6%96%B0%E5%B9%B9%E7%E7%25
http://nakajima-lab.yz.yamagata-u.ac.jp/

J11  Linear subway (Linear metro) travelling on wheels

= ED‘:TEt BT KB —E Rotation motot Linear motor
#H m | HRE | Em [ E
EET | CRR  EE~Fmm [120m
WP | BER HEMA~=E - {EMEE | 7.9m
t | KIE~ 15
e fﬁiﬁﬁ& 68 RE~PIRM 15.0km
SERR HefH~S8 12.1km Above ground
_ﬁr.E'r'ﬁ 4“535 7 —/71' /\ B& -~ 13.1km
e BEM~HPE 40.7km [N pole S pole
WET | RER |wmsE~w# 144km

MERE WETELZDTHMFAIUR, HBtHiR (2022)

TRl

U=rPE—%¥—

3.15m

=
UPHYaY
F—h

7.3m 5.3m
<BEWTH FEERCEROBE)> <HEWTH ATER(RBRU=7)> REno
EROBEEGHMR =7 OEGFTEOHE ﬂsxm N —

TDK https://www.tdk.com/ja/tech—-mag/knowledge/160

R (hamicas)

M)=7Ar010, ieOMIEEEIVWEZZET

WET TS, BEERNE RE CIETFE ., SUERILBEEE S RS EEE L. i MR ERERRL L.
FEEROER. MmO e B S AR F SO L ERFESRL. SOEREET. fjuulﬁﬁi’%?:l*%ﬁ?%)}iuﬁ
W CER L — T EALLEU PR AR 3L R L BRI S R AR 855 T 28 | A SRR B T R
Do E TR, HIREIEE SIS, BRI CRIBN TaY. AELHFEL Wl DR EROEERE SESLTLET.

2052 RIS A L e E R R 2 Sk TRAR L BRI L., LR eDiiies T E R it CE T B B
EERL WSS B e B TEELRERFE T E T

@E{FRE: SERRE 16m./TH
@E{FE: 2, 45m

@B $525: ERRED. 15m
WERR: 4

Above ground part of linear

Linear metro (Tozai line in Sendai)  http://www.jametro.or jp/linear/touzai.html
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https://www.tdk.com/ja/tech-mag/knowledge/160
http://www.jametro.or.jp/linear/touzai.html

Ji2 Micro car (Denso Corp.)

1/1000 size model of Toyota AA model (1936) (62 mg. 24 parts)

B Body Fabrication Process

[ NC machining on Albody }———

Hi Speed-NC

(t=~30 um)

Cutting by Electric Discharge Method }—

Electric discharge  _f
method ¥

KOH Etching on Al Body [——
Al Etching |_I |

Au Plating on Ni Shell Body F———

(t=2 um) Fﬁ =

Shell Body

Taillight Spare Tire Body

&

Bumper

Wheel / Headlight License Plate



s13  Disassembly of FOMA (3G) smartphone

Sharp SH-06D NERV (2012) Android 4.0.4

CPU : Texas Instruments OMAP4460 1.2GHz

RAM : ELPIDA DDR2 DRAM 1GByte .

Mounted sensors : Gyro, Accelerometer, Gravity, Microphone, GPS
Proximity, llluminance, Geomagnetism

| rmr—

w&  W-CDMA(36) Transmitter
TTwSSS...  (RF/1 5500 P2B)

Transmitter & receiver

AMP  (ACPM-500x) |

Power amp (77549 77)

871 Power IC ELi0n 168 5
- N i |
j 1\ over | mm 0DR2 DRAK

Infrared I|ght transm|55|on _ ‘

sensor
In front CMOS

camera!r_w-§
:

|Micr0ph0ne
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J14 Continuous arterial pressure waveform with Tonometry (OMRON HEM-9000AI)

Preszure 280
(mmiHg]

; e

55 | 58 57 ) 59

Time (zec)

Catheter sensor (Radial) Omron sensor output
(Tonometry)

Comparison of pulse wave by catheter and tonometry

Wave form from heart
Reflected waveform from fingsr

(%]
a0 AVG 14y w43y g 721 B
t71cm  BGkg BMI:22. 5
80 —_— '
80 wRmE 1 1 5 mmHg
i iR IE 71 mmHg
- Teni {3 e
; . LGS 44 mmHE
Al (‘augmentation index) b0~ B0 Al 75 %

Blood pressure wavetorm of radial artery 2021910/1%”012:13:58 pm [msec]

Measured pulse wave and Al value (Arterial Distensibility Index)

BhSOF array
(40 ch)

Tonometry

100

fElEZ (A LOAUANILRTT) : M/ AN )EIZEPEREBIRGERD AL BIE-F LOVIMEARKEEEZE HEM-9000AI-

Arterial Stiffness BfREEDREILEZ 1L, No.9 (2006)
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J15  Micro Flying Robot ( FR) (Seiko Epson Corp.) (2003)

Components 563

sensitive marker

CMOS camera
2 4 Power supply
Contn module DATA signal | Bluetooth module
Fower oG
Sensor dnver module supply _
« - b MCP FlashROM
= EEFPRO h* _
Control v ¥ : :
Display LED e signal Radis
: N Ser Baseband [ .
arigll e -
T IQo_htr-’a:)_’l ler
Angukar rate sensor MPEL {sub MPLD
Becslometer (2 axes)
Linear position senso "
= Fotor SW
e Linear SW 2.4GHz Blustooth
Motor  |e Rotor [CW] control
Criver |, Fotor (CCW) control
dch 5 Pitch control v
- Foll control
i Host PG

A Ultrasonic motor
_far lower blade
First flight of (FL Ultrasonic motor for blade

https://www,jstage.jst.go.jp/article/micromechatronics/50/194/50 KJ00004320100/pdf/—char/ja

(Seiko Epson Corp. Osamu Miyazawa)
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J17 Documents on Kohtaro Honda and Lu Xun
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Jis Planimeter (area meter) and proportional compass

Photograph and principle of the planimeter (area meter) is shown in the figure (a). Small wheel is located at the

bending point (B) of 2 rods. One rod rotates around the fixed point (O). Measuring point (A) of the other rod (length

(L)) is moved around the area ((area (S)). The small wheel moves perpendicularly to the rod and the area (S) is

obtained using the rotation (n) as S = L Xn.

The principle will be explained in the following using the figure (b). When the measurement point moves from A to A’

the small wheel moves from B to B’ . The movement of A to A’ is composed of parallel movement AA”and rotation

A”A’ . The area covered by parallel movement of the bar is Ldn where dn is the rotation of the small wheel. The dn is

BB’ cos & where « is the angle between the direction of small wheel rotation and that of the parallel motion (AA”) of

the bar. The area covered by the rotation is L?d 82. From these, the area (dA) covered by the movement of the bar

AB is expressed as Ldn + L2d §/2. The area (S) by the closed motion of the measurement point is obtained by

integrating dA as follows, where integrated value of the closed loop (§ L?d 8/2) is zero.

S= $dA= $Ldn+ $LMHO2=LXn

Ficed point (O)

(a) Photograph and principle (b) Small wheel

O

(c) The relationship between movement of A and B

Figure Planimeter

Ref. Yutaka Nishiyama : Area measurement, https://yutaka—nishivama.sakura.ne jp/math2010j/measuring j.pdf

=hort sword AY7C

— |_ong sword

Proportional compass http://okadaenoguten.o.oo7 jp/ditail_desain3.html

Division of straight line f \

Division of circle

>~ .
o Diasion of squars

Division of cuke

—
-

(Donated by Prof. Emeritus Yakichi Higo))
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K1 Books, photograph and Other materials about Prof. Jun—ichi Nishizawa
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When Prof. Nishizawa visited Marmottan Monet
museum in Paris, he pointed out that picture

’ “Water lily” by Monet is displayed upside down.

Research Institute was New Sunday art museum (NHK edu, TV

extended to Pageant of 2007/6/10) “Trajectory of light image” which
light in Sendai

The illumination for Xmas
trees in Semiconductor

scientist saw.
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L1 Hermetic seal bonding at low temperature with sub—micron Au particles
(TanakaKikinzoku Kogyo K.K., T. Ogashiwa)

Bumpinterconnections  Sealing frame
\ I' Wafer level hermetic sealing technology was developed using Au
particles which cause compressed deformation at 200°C. Getter free

packaging technology is aimed.

MEMS
functional device T. Ogashiwa, K. Totsu, M. Nishizawa, H. Ishida, Y. Sasaki, M. Miyairi,

H. Murai, Y. Kanehira, S. Tanaka, M. Esashi, “Hermetic Seal Bonding
at Low—temperature with Sub—micron Gold Particles for Wafer Level
Packaging”, in Proc. of 48th Interbational Symposium on

Structure packaged with Au particle

Stencil Mask

(a) Formation of a rim structure in 10 pm width by
dry etching process.

Rim Au/PtICr
<

Bi

(b} Printh%ﬁwith Au paste and sintering at 200°C/2h
in Ar4%Hz.

Au particles

(c) Thermo-compression bonding at 200°C/30min
under a pressure of 200MPa for the rim.

Au sintered
compacts

si Diaphragm

0.5 mm

Au/PtiCr

! 43 mm | E
48 mm 5 ~I'-
X b |
. ™
Wafer level packaging process Formation of Au sintered compacts by stencil printing (AuRoFUSE )
o4
i S Ay ___ Chamber pressure (Pa)
'g L 1 0 0001 —_-
g AR i 5.0 10 8mm =8 00k SEMM)
z /
£ . ."100Pa Cross—sectional SEM image of
2 = hermetic rim joint
g (Pa:ms)
§ Exposure time i After exposure
Qe Ll ) < Dwel time >
|| T e ’ 1526-12 | 189613 | 109E-14
< 72 hours 291E-15
0.617MPa[abs) <17 min>> | <392 min> | <1706 min>>
Empty chamber | 482615 | 4976-14 | 246E-14 | 537615
) ) Displacement of Diaphragm He leak rate : 10 Pa-m¥s (He)
Bonding of Wafer with M 4 at Diff t Chamb
easured at Liifteren amber Measurement of He leakage

a thin diaphragm
Pressures






M1 Five - storied pagoda made of glass

-

lass) (lﬂmﬁ_ﬁ*!ﬂ&\.ﬂm'

e

Fabricated by Zenjiro Matsumura (Donated by Katsufumi Kumano) Displayed at entrance of Jun—ichi Nisizawa memorial
research center






N1 Infrared array sensor (Panasonic)

NS B’
NN 0N

—

Air conditionar

3 mm

g £

ﬂ“m i

B &y

o )

h
\\hh
L1171

=

0

i |

=]

=

o

<

®

2

@

b=

FEE—'-SAE-'-@-

1 pixel

@
%
)

/ / Infrared array sensor
. | :
Si Sensing p poly-Si —----------“':‘!3
junction _ Reference Temperature oy
MOS-FET n poly-Si junction distribution B ‘s
e ) ilens
Cavity Slit %
MOS-FET \ Pixel / Si o ; S Sensor
—r— = ~ = 2 - ;
) ; 2 / & Thermistor
i :

Ceramic
’ substrate

Structure Applications

64 eyes (sensors) measure the temperature distribution 0ld product in 2013

simutaniously and foods, its size and volume are NE 551'300

recognized and automatically control the heating.

Temperaturs distribution is measured
by seanning with & sensors

-

Mew product
NE-BS1100

B4 sensors measure the temperature
s distribution simultaniously

Measurement of temperature distribution in microwave oven



N2 3D LSI (Honda Research Institute, N. Miyakawa)

£ -t Interconnection g
Adhesive bonding of Si{L1) e, BiERY
e

ISV 3 Through Silicon Via,
e [ O

to glass
{removable polymer by UV light)

Lapping and pollishing of Si
far thinning
+ wet etching of Si

Alignment of wafer and crimping

Injection of polymer and : AT /
baking for hardning i l

Lamination 3 i
(Wafer to Wafer) Stacking n layers \ﬂlvmer !

s 0
Fo it L P &P P Eﬁ i —
Wafer to Wafer (WtW) process Si(L3)

Process for stacked layers

Evacuate in a gap between the Stacked wafer, and then an adhesive
is injected in the tool. The adhesive is injected in the gap
after the vacuum in the chamber is changed to a atmosphere.

Cross Section of the tool

Syringe Chamber Metal bump
_ Tool

- Stackedwafer
e

Adhesive ‘

Heater ‘

(1) Evacuate the chamber  (2) Supply adhesive around the sample  (3) Vent the chamber

Vacuum Vacuum Adhesive ___ Atmosphere
= = R,

=

- {in the gap)

Stacked wafe;

Adhesive injection method

(Nobuaki Miyakawa et.al . Multilayer stacking Technology using

wafer—to—wafer stacked method, ACM J. on Engineering

3D LSI wafer (8 inch)
Technologies in Computing Systems, Vol.4, No.4 (2008):) 3D LSI chip



N3 Remote control switch using energy harvester (EnOcean GmpH)

ECO 200 (Not recommended for
new designs)

Cuick & Easy Installs
et

e e e

Energy converter for motion energy
harvesting

Remote control switch Energy harvester for the switch

https://www.enocean.com/en/product/eco—260/?ts=1696510449

]
TECHNOLOGY | INNOVATIVE

. c2F SR o
PUSHING ALL THE RIGHT BUTTONS

Bell pushies are an essential part of everyday bus coerations. However, due to their simple functionality
they can be easily overlooked when it comes to desgning the next generaticn of buses.

By Andy Overend, Sales Manager, BMAC Ltd

Application of the remote switch for bus in London
(Kazumi Itagaki (enocean alliance) : Battery—less wireless switch and sensor by energy harvesting and applications of

MEMS devices, 2012/9/20 Research meeting on microsystem fusion)


https://www.enocean.com/en/product/eco-260/?ts=1696510449

N4 Membrane switch array for electrophoresis display and oscillometric blood
pressure monitor (E-paper, Tokyo Sanyo Electric Co. Ltd, K. Senda)

White display

Black display

Photograph and principle of electrophoresis display

Switch arry plate

\\

Column driver

Low
driver

Display

Off state

On state

|
Cu electrode

Contact point

Backside substrate Frontside substrate
(flexible)

Stainless steal
M .

Metal

Film for removal
Stainless steal

lThenﬂocompression bonding and removal

[ —— Glass or polyethylene

Principle of electrostatic switch and fabrication process

(K.Senda, B.S.Bae and M.Esashi : MEMS Membrane switches Backplane for Matrix Driven Large Sign Display
[The 15 Internl. Display Workshops (IDW’ 08), Niigata (2008, Dec.4) 1349-1353]

(K. Senda, M. Esashi : Application of membrane switch array on polymer plate to MEMS display, 25" Sensor micromachine

and system application symposium, Late news, Okinawa (2008/10/23) 121.

Inner pressure of cuff
200 Maximum pressure

160
157 Minimum pressure

80 88

L=]

Oscillation of pressure in cuff

Holter oscillometric blood pressure monitor
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