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1. 1 HXMEMS

WUINESHE > A7 & (LR, Microelectromechanical systems Z % L MEMS) %, >V =
YRHN T AEDOIER FICREE D, HERIM AN E A & — RIS 2R o 7o/ VT S A
ATohdD. MEMS I, K1. 1IRT LI, EHEEKICBWNTEELE, 7+ M)V T
FT7 4=, oy F Uy 3, BB SO, BEG T, Ei1G 9107 E OGN LEA O A A
WCEVBWESND. 2070, 1) HEEt nm~%t mm OBERE2HT 5, HHE, 2o,
WUNIRT NA Z B EBIRRETH Y, £z, 2) EAE 300~450mm DR BT, HEEELT N
A AEBERERLL, —FMTTE570, B A MEbTREE 72 5.

ZDOEIRREND, W, Halrvfsakrho~vA 0T I Faz—4) MEMS
Bz FH L CRIES T\ D, B YT, [EAE 3 1112, il o4 18319 g+
B, Dy fm ), v s n Ty WO ERERICEMEES TN D, T F
2T —H T, ~A7uIT7—2D8 47Ty NTYUZHOHITF~y K22, ZHH
JEAT = B2 < a7 B v Ja R yF 0D URERILIRTNS. O
NoO~A 7T 34 ZOEAEIZIE, FHERIL () EEIREANZLONRELL, B
HERWTE=L 0720, ZOBEBIZIIL AR NS,

Hh1

HERAL () EBSHREZFATL L0, ThATh, B, £, ERE KL
LI EEHR T OH P ORER S LD, B, EREEERIEICR T 72 MEMS $i1C & 2 fdiE
NESTHY, EBFEFH, FHAUBYLVa B PZT) RZE{(7/1rI=7 24 (AIN) %
DEMEREAELDS, 2Ry ZIERY VT AEFEORIEFIETER SN TND B339, Znbix”
4+ N YT T 7 ¢ —HiEERICERT 5720, NNEAERERIENES TH Y, MEMS
i oMb RWEWZ D, Zhicxt L, #AOZFIAT 5561, 8K 7 78 2° MEMS
Tl UAHDOE \um A — & ORGMEERZ T 3 RHHAIATLER D D BUEEERE S EN 5.

Substrate

M M M M M M 8
UVlight | (b) Etching (d) Bonding
= mm mm omm omm = SOome material Flexible material
photomask T2 m
Photoresist L,
substrte odnerer ]
(a) Photolithography (c) Deposition (e) Transfer

Fig. 1.1 MEMS technologies
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HH2 : AOTEDR
HECEE S A T ORAEFNIRETED 2 FITHHIT 201K L, #7134 FITIH]T
5 EB—RIZH OGN TN D 3530, ZD7, 7 /3A ZD/PNUBITHEN, R Z A 7 X0 b,

G -

JEBEHZ A 7 DIE O Bt iz o9, X1

fehe =z

FT1E # W

21T LI, T OENNE

(X, FEERAGIC, EAREDE mm3~4§5( cm® DFEECANED 57280, MEMS THRFETE

Bum A —F DT 7 F ax—4

—, MEMS itz 7y,

I, #HE -

»HBHNT,

EEAATDOHFNMENTHDEEZD.

B LS WRWT S 2T, ~FEE

mm~ % mm DL F Oz BT, @ﬁ%%wk%mi%<ﬂ%éhfwé 1. 3
12, W SN TCWA/NUT JFax—2 %, FEEEEFEHEOBBRTEL O S, AT

NAZADFE LTE, ~A 7 13T —2839),
LY REEE T Fa w0, S T L i B AR B
A3 MEMS #fff CROE FIE 2 HETH DI bbb, ZOER 47

YA T aAA T %),

(7R 39040)

AT D

NS DORRT A

WICFIA ST

WORBRTHD. v~ 7 mIT7=B80< A 7 n A vF 9L, #EEZZ MEMS £l
TRIES TV DD, FEHDO—>ThH DKABAL, BN LT VI HANBIER L,

— AR LT HER mm O b D2 BT LTS, £, A Akl 39040,

L REREN T

JFam—K 28 )T L—K METIL, EEEERIN T CEYE L2k ARA & =4
BRI TR A 2 aA vE—% (LLF, Voice Coil Motor 1% L VCM) THEE ST\ 5

L

—t

Pow

AN\ ”
=100 Whtt

Samarium-
Cobalt

ll!.ﬂ’.

Ferrite

1w Haxon, Escap,
J HMinimotors, | etc Shinsei motors
[= Piezoelectric type
- n=2S%
Tmw Magnetic type
Tuw Electrostatic type

1nW 1mm 1gm 1+cm
) J L] ) | L) " >

1mm3 1lem3 1dm?3
Size

Fig. 1.2 Relationship between actuator size and output power [37]
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*8' MEMS : X
w DMD [21] Gyroscope [18]] |AF for camera [45]
— |(Texas Instruments) (Tokyo-keiki) Tessera Technologies
o]
= Ink-jet head [46
] (Kanlca Mmol[ta) ] MEMS
3
] Switch [47]
a (Advantest)
B 1@
< Not MEMS (VCM) —
e “\[OIS for camera [41]]
o
3 Partly MEMS\’E Mirror [23] \‘ Earphone [39]
= (Nippon signal) (Sony)

0.01mm 0.1mm Imm 10mm
Size

Fig. 1.3 Micro actuators

ZDT2, THOOHRT A AL, 1) KABATBRKE T3 ZAO/NEARIZHRF
WY, £z, 2) —FERAERECERa X MUICRARH D, E7-, @O &
T, BHER BRI 3RO BB BRI, — RSB MR 2 B AA T LB’ 6 5 72
FRIRRRES X VBB D,

BT 3 A A% % MEMS £t OFIH %2 5517 T 2 B R OJRRNE, 7K ARG AT O
EEIRDR AR+ ThH EEX D, MOBKRT NA AMERER TH D a2 A VKFF « BN
HIIBEAED MEMS HIDEiHTE, HBEIZ~v A7 r I 7 —2880v (7 ) L—2T|IK
DA LIAMNE MEMS HlF CRYES L CWD. KAAD 7 4+ M) V7T 7 4 —72 K&k
AU 7N T8 A3 FE 8- 4UiE, ﬁiz‘;—rﬁ“/w ADI B L/NEL, BLO—EINTIZ X
LA MEAEIRFCTE D, &6, §E - [EEX A 722, LFOREEZERY Ahbd
LT, kv, SHEORE b\ﬁﬁfﬁmﬁm%@b@:~7\ LA TELEEXD.

R MREENE

i - [TEBX A 7, BHEABENCHIAT 2729, BROBROBAICEY, T4 20
PEREIR T, Mol lc XA 8EN K 2 0 o4, ik L, BER X A 713 % BREhC
FAT 5720, ZNODORELZZ TSV, il - JEEX A 7T, EREMER Lo
2, [EEEIERTREZe N r— 0 7902 0D LR H 1, il o TRECHFINZ < 7
HEOMERH -T2,
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Fm2 . EEEEREIAATEE

K - JEE X A X, BENDERGIAET D720, BEVEEOK FIZIXRA R H o 7.
ZHITKE L, BERZ A FIIR AT PERIAKFET D728, A VERGHRE TIREEHRE b
RS RS, ZHUC kY, EMFEO/NER TEERRE RV, £, FEREKS AL
b, Av— T @%A4w%“mf®ﬁ@ﬂ%ﬁ?%5

Fro, 1. 200RT LI, FEAHRICEY, RETE 1Imm LT OEKTIE, #K¥
A T IIEE - $&47iw%ﬁMﬁkémf%tﬂW>H¢®@ﬁﬁﬂi,%vzﬂm
BLRT7 =T A MEMIR L, 34 Y LBACHMEE L 0 ITBR A EE L, Hﬂ@%ﬁ’
W2 A 7 O IR E EHICBEIL, BERY A 7 OEAL TR~ A 7 v iR
HELEDDZ ERAHREEE I LND.

B2, EROBEKMEMS Tid, SR ToMoE s OB A AR+ T, KABA D
B 7R EIRCERREE TR ST, 2 O ZFRERR T 25 2 & ¢, BN
AL & 7 2 5 A BACHUN T TAIC IR R SR 2 FTREME S & 5.

1. 2 XKAMBOMEMS#ER

1. 2. 1 XKAEADOMEMSIERICHEL R

e D/INRGR T 3A AT, BN T U7=~HES mm O )L 7 K ARSGA ORI S35
& &, MEMS HEFOFIHANREINTEY, 73 2AO/NNAECIER 2 2 MEIZIRA R &

Sfz. FIT, KX TIE, AARGA D MEMS I HE 2R B OM5EE %2 B+, =
O E LT, KABAD, 1) ST X2/ 08k, BLO2) BHIREMIC X 2 EMH
RSB OER, NUEEEZ NS, £72, ZOFIZ, MEMS @EHZAEE L, —fH0s
AREZR FIEAFIHAT 2 LE RS 5.

Magnetic flux density B
Magnetization J

Residual magnetic flux density B, B-H curve
Residual magnetization J, J-H curve
Intrinsic coercivity H
Applied field H

Coercivity H,

Maximum energy
product (BH)

max

Fig. 1.4 Magnetization curves
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1. 2. 2 MEMSIEAMNEIFTEHXKAHA

MEMS JEHIZEBWT, KABAITRD L2, BIRIE, 1) BUOBREE, 2) &
WIEWE, X ON3) ISHEICE LB~ Eum DEATHSH. £z, THLOMAIT,
AL EBREMLOW S TR ENDLER D D.

TP, 1) EBREHEERT- TG L LT, Nd-Fe-B 2<° Pr-Fe-B A% O H3aM A 50
WEHE—EfTHDH. 2) ER, 3) MEWEIHEE L > TRESND. JEICE, B
ZeRR iR, BERELE, BHIE L ORMBAENH S . LTS, MEMS SN cE b L% %
BDAKMMEA TR, 72E, ARSIV T, BERFREIE, X1, 4 TRT LD ekt
REDOFE_RBROHZ X U BR TR L, S EEmeE LT, kR RLF
FEBH)max R RS Hg b N 5.

(1) RNy ARH;A (Sputtered magnet)

HZESBIED —2>Th D ANy ZIETTEKT D, MINLICHE LA TH L. EIR
5= Dempsey HIZ XV, FARKT R EFE 300kI/m? &t 2 D R s L~V OGS E R A
5 Nd-Fe-B RORGMMANEEL SN TND 2%, 1. 58T X911, ERLOME
52591, JEAHE nm @O Nd-Fe-B & JEAE+ nm O Ta DZJERETH Y, Dempsey & D fj5E 5459)
X, ZREEEEZA L. Wi#F S b, A 450~500°C THIEA L 72208 B kiS5 = & Chbdh
FAL a2 T i E 7R RO &2 FELL T\ 5. EJRS, 35 X O Dempsey © DD Nd-Fe-B
J& DRRIERRFE 1L, EN2iU 10, 20umh TH D23, EEL ORI ZEM#EED 2O, Ay
ZA—=0y FOYID AR 2 EY 5. WEORIE, A8y 2 THIET 5729 MEMS ~
DALAIAIRIHIRIE G T D b DD, BRI OB CTHEN O ORIBENFET H T DIE
HOEMABFEE L <, BUEITHRAEE 20~30um (2 & EFE > TN 5.

(2) PLD#%A (PLD magnet)
BIERIEED—D>Th 57V A L—PHEfEIE (LT, Pulsed Laser Deposition Zig L PLD
B) ZFHLERT AATHDH. AFIETIE, 6484 —7 v ML L—3 2R

() Nd-Fe-B/Ta multilayered film developed  (b) Ta/Nd-Fe-B/Ta three layer film developed by
by Uehara [53] Dempsey [55]

Fig. 1.5 Permanent magnet films fabricated by sputtering
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PLD magnet Substrate

'X

Fig. 1.6 PLD-made Nd-Fe-B magnet film

L7 7L —ya v a3 2 & THEESN TR 2RI LR BIcHERi S8, 2%, B
ZEMBMLER % Jiti 9~ 2 & CTHEA DRSS, HEFHIZX Y, Nd-Fe-B %X Pr-Fe-B R DA
D, L— MMEtumh O@EEBIENER L TV, BEZEREETHLICHLEbLT, HAE
Fo160um HEHLL TWD %5, LHFMEEATHIHICHLEDLL T, KK R LI
(BH)max50~80kJ/m3 Z EHL L T\ 5. —J7, MUEAICHIR & ki (Rey 7Ly )

DIEST D2, K1, 6_r¢£9_,§ﬁﬂéﬂk%<ﬁb Htum OMMAZAL S
b, MEMS BEHICEBWTIE, BT+ F LU R OB, iR E OBeIcEs 5 x
Hew, KM DKL LETHS.

(3) R> F#E (Bonded magnet)

KA HEGHICTHEO TR T D AAMATH D, MEEX 1. 71277, HbEgm
ZAli72 7=, ERAES UL FIH STV S B9, & HHOBAKIZIZEIC, Nd-Fe-B %,
Sm-Co 5%, Sm-Fe-N RN H 0, #EAFNITFEIC, BRI, BVEbiEmiE, = 2%
WD, BAHORIICELY, FhHE, BIGEOWHFORY A EZTRARETHDH. K
7 PERGAT I XA BN O G OREALIR S 7 0 D3 i > TW D 728, fRTE RIS ARG % B
M4 LT, BAMEZEMAETHD. BEFEAANIAMAINIIZ, #6HE 0% 1T
EMTIHERT 5.

MEMS JGHIZEBNWTIE, 1) BEAEZE~HEum £ TERICHETE, 2) BRABER
KREL, EHIT, 3) #HAAIELATTHIUIEL I MEMS IZHAAD DR RER B 5. —7,
BAR B E R, WaOBRREEIAN TN DI dEEER EICIZRARH 0, Rz FLx

Magnet powder Binder

%ﬁ’%ﬁﬁﬁﬁﬁﬁ”ﬁ’

<
®

Fig. 1.7 Configuration onded

f

o
o
3

agnet
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Table 1.1 Candidates for permanent magnets used in magnetic MEMS

Sputtered magnet PLD magnet Bonded magnet | Sintered magnet
Type - .
Anisotropic Isotropic /\n'SOtrOP'C Anisotropic
Isotropic
Compatible Surface Surface Surface or bulk Bulk
micromachining | micromachining | micromachining | micromachining | micromachining
Material Nd-Fe-B/Ta Nd-Fe-B, Pr-Fe-B | Nd-Fe-B, Sm-Co | Nd-Fe-B, Sm-Co
Fabrication . Pulsed laser Magnet powder & L
Sputtering - S Sintering
method deposition resin mixing
Thickness 1-20 um 1-160 pm Over 2 uym Over 500 um
(BH) max 300-400 kJ/m? 50-80 kJ/m? 10-100 kJ/m3 250-500 kJ/m?
Advantage High mag_netlc Thlck.f!lm Eqsy and precise High mag_netlc
properties deposition micromachining properties
Maximum
. thickness Large surface Low heat Degradation due
Disadvantage R . N
limitation less roughness resistance to thinning
than 20um

FE(BH)max 1T 5 100KIM3 LA FCTH D, F7o, HEANMZONHIREE TCLNFIR T2
W2, iR A R MEMS 7 at A kS TX 72 WA REMEN B B .

(4) 45 A (Sintered magnet)

BefS iR 2 R CRUYES D ST OXKABATH Y, ~HENH mm LL EOERT /A A
IZBWTIERITIR S it T g 6062 PR & L CHRATE 203, BERUFrMENE
NHBRGHERA L LTOFANBETH D, Nd-Fe-B 7D R HERERS A 1T K= R VX FH
300kI/m® 2 % 5 LV ORERFHE A AT 5. —J5, MEMS IGHICR W T, fll
R E DBEENLIETHY, F7z, BN TR OIS 080 B C R AT 22 11 O Rk 23l
SINDTD, Bea/NALICHEOBEREHEME T2 L ST g 8369,

FFET/aR LT, MEMS SR CE KA ADE L DEFR L. LITRT. AL
TlE, AN ERifA, PLD Bef, Ry REEAD, FIHARETHA. BENTIX, +XTo
WA L TRETH S,

1. 2. 3 KAHAOHWMMNI EMEEREOLEMN
BITE CHIT - KA 2 MEMS IZ#E 4 572912,
EWThD.

1) ST, 2) HoERD
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(1) KAHEOHHEMI

N, KRG, BERSBEA Z BN T 92 2 & TRYEL Tuve. BN LR ORI
FMEDA N ERET D728, Befi OF/NHETE mm L RESEI D258 o7. —7H,
ZIDSKINIEA OO MEMS ~Diii ], 38 XT3 A/ Z I T& 2. KABAIZXE
L, MEMS #ifiZFIM L, 2o, BEEHEDOIK T2 M6 L2 T cirH> 2T, 72
A AD/NEAL, BIO—FENTIC X 4R ERI/F T 5. BERNIZE, BREED
BBV IR TIEZRAEL, K1, 8 (a) IZRT LI, ERIETHER mm Tho7
W o, WEECE~EEpm, JEAEA~EEum ~ORHIIN L& B 5T

(2) KAMRDMMEH

MR D/AINVIBER T /S A AND K ARG, —FHHAE TH o7z, BHERBARIEEIE
RRICIE, BEOWAZMAEDELVBEND Y, T ZMEDIEEF L 72> Tz, =
AT L, FASL T2 U CHERETT 10 0D 54 73 2 (i /e SR 2 TE R 4 2 ol s ik 2 S28L4 % 2
&T, B o, BUeREAKIRE A A AN TRITE 5. BARIZIE, M1
8 (b) TR LI, HET~EEum ORGSR Z HIET.

e Magnet . . .
: g Magnetized direction

R N -\\\‘\
R~ ww

N S S S S
&
)

A few um —
a few hundreds of um
/

A-A

<
M\

N

(a) Micromachining

A few pum —
a few hundreds of um ‘
o
>
S
S

Conventional magnet for
micro magnetic devices

.\‘\.\\ / Magne{q Magnetized direction
=

N ~
TRV
S N S N S
B-B

N N
S B i
- Y

(b) Micro magnetization

Fig. 1.8 Micromachining and micro-magnetization of permanent magnets
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S\ /7

Permanent magnet ) Magnetic field

Magnetized direction Demagnetization field

AP IR
Fig. 1.9 Demagnetization field

Flux Flux

) (i) () (i

(a) Micromachining (b) Micro-magnetization

Fig. 1.10 Flux flow generated by micromachined and micro-magnetized magnet

Iz T, ML MR LY, BAMGEML AETH D, Zhik, KBS

DRETHDL. R, M1, 9ITRT LI, BEAD NG, BaWEZmiE LT
S fi~, FEREIAIZ TS > TRV T BERBIET 28 TH Y, 7 AT hb GERES
W ORAE R/ BeAlE) AN WVIEE, KSR ENT 5. Bz -2 R T+ 57
FCUE, KBESESRRERICR & < 720 £ < ORBRBRANEZ N5 7, BARE THD
MDD, ZHUcst L, R ToMMER A i 2 & C, MaeE
DT A7 MEAEBEMTETHY, 1. 1 0IRT IR, S EICHSbARVER
MNEFRTE D720, BARE CTHLILDBSENRKE EINYT 5.

SR OB, SR X VAT 5. K1, 1 1177, (a) m¥, (b)
WO L, (c) MHIERET MTx L, BT 7 I (Electromagnetics Suite 17, Maxwell
3D, ANSYS Inc.) Z JAWNT, B mAn 2 31T 5. BEAURFMELE, BEfE 42 aia 2 8E L,
FREERGHE E Bl.AT, R#E7) HwB840kA/m & L7z,

Magnetic flux density shown in Fig. 1.12
(a) (b) 100um  Fig. 1.12 100um  Fig. 1.12

. 2mm é100|.;m (a) A&M (a)

f/ilﬂ-

100um

= M# A Jﬁ i
b

Magnet Magnetized direction

(a) Flat model (b) Micromachined model (c) Micro-magnetized model

Fig. 1.11  Analytical models for investigating the effect of processing on magnetic field distribution
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Flat model —— Micromachined model —— Micro-magnetized model
£ 00t R A L = : :
£ N” 1 ‘ A £ N G R R N oA
Z 00k [ i 1 i | 2 L0k | 1 —
T o d T S T oo T/ b
2 N wuviuz 2 5800 7
2 -200 UUUUUUU 1 2 -200F
() ! i ! ()

c c Ty e
& g0t Y VUV VUV UV U 3 & -400
= j j j j j = j j j j j
00 05 1.0 15 2.0 0.0 05 1.0 1.5 2.0
Position [mm)] Position [mm)]
(a) Across the stripe pattern (b) Parallel to the stripe pattern
Fig. 1.12 Simulated vertical magnetic flux density distributions at a distance of 10 um from the
magnet surface
= 10
> 05 pooee =
Calculated point ‘2
I\/Iagnet Magnetized g 10" |
d|rect|on x
N 2 =A=t = 500um
T T T T 2 10° —E—t= 5OHm
S : e t=5um
| : |
| = 10° |
t—500H”L5OHm’5Hm 10° 10 100 10° 10
Aspect ratio: t/ L Aspect ratio (t/ L)
Fig. 1.13 Analytical model for Fig. 1.14 Relationship between aspect ratio and
investigating the relationship between simulated surface magnetic field

aspect ratio and surface magnetic field

1. 1 1HiZa b TRY, BARmD 10um B -8R EoRA mma J7 16 OrES oA
Z 1. 1218, RFERmAa I LGN ToMis A fid = & C, B gt
IZBWT, FEMIGEZR S~ 1 OfFIZHINATRE/ 2 L SR TE D, Az /ML L 2D
b, KEEIERREL 25728, WA MEMS OHVEEZ [ EAETH 5.

T AT N ERARBSOBBRERETS. K1, 1 3ITRTETLVORMICEIT BB
BORE S %, WY 7 b (Maxwell 2D ver. 15, ANSYS Inc.) #fWCEHET 5. B
JE %X 5um, 50pum, 500um @O 3FEFCTHEE L, MAEEZEZ D Z & TY AT A fis
T5. FEICIvEONE, BEOT AR M ERABBOKRE SOBBREEX 1. 14
R AW N T AT MUIEFET 52 &, 7 AT M1 E CIEIEARS 2N
THIEDRERTEX S, LEN-o T, Wil TOMMAER CREAT AAa DT A7 K
Z1IRELTIZENLET LWVWEEXD. £, BHFEO/NIRRT A A%, Bl T
WOMAERE /2 L TR 2 R E ST DIVENH - 727212, ~HENE mm & FREY R & vk
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DA TN E S D 2/ hoTc L EAD.

1. 3 AMENEH
KA % RN L« B RS D HAR A 14372 2 &3, 5 MEMS D FE B % 515 C
7. ARWFETIE, MEMS JEHAHIFRF TE D mMRBAAMA L LT, XAV LRBREDA
Ry ZKg4, PLD WA, Ry RiEA, BERSHAZ2T, Zh b O o MEMS #1245
RN T & SO EREZ B E 5. &bIT, EHRLEEMEZHWZH LVLEK
MEMS DOEHLZ Hi57.

1. 4 KEXDHERK
R SCORER % DL TSR,
# 2% [MEMS i % B8 U7 K ARG OGN L) i, i TR,

%38 IMEMS J0H % BHE LT KA OMIER Tk, XAV LRREDA NNy H
Wef, PLD Wefr, EMEAR L NleA, BERERGAICRIT 5, 7 I U A — brA—& O,
MO, TAXRY M1 BEOSmENZ BT, £7T, ANy ZACH LT, FERE
PRI F TR S B 72U NE R 2 A VR A2 W2 SOV 2R et 5. 20k, S 672
LAEMOMMEEZ BfE L, L —VRPUINEIC X 0 [EA R 2K S 872550 O A % S0
WGl KV EWT D, L—FT R MIIERIEZRE, BT 5. 518, KFELH
JB S, RS IFMOBFRHEEREML,

ARINFHD

94 IS NA 20 L2 MEMS) T, B £ CTERIA LK, KABA %Z MEMS
\ZIE AT A A TTIc L, B LWORBEK MEMS OF8%, EHAHM LTS, —fFlE LT,
WA SV AEFER LT ARy BRI Lo~ A 7 v ) =7 5—% 2R 1E, FHlid 5.

FoE [ T, SFETHONEMEREZIESR, SH%OEEZRTS.
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%28 MEMSHAZBLIKABEOHMEMT
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EI3E MEMSIEHAZBE L =K AHEA DOMMEH

3. 1 #

%2 E T, MEMS ISR %A B S U7 HERA ORI TiE & et L, RETIE, @&
THEREAT D MEMS JEHA~D b 5 —DOFRE T H DS BIEE R 5.

KABGEAT D— RV EREL, A VITHERE - KEIE 525 2 & THRAET D135 % FIH
L7V AERTH 5. 87, Nd-Fe-B 52X Sm-Co & D A7 L FEf A CTld 3~8T F2E DO Kikds
EEMOT-OVE LT L. BEAFOWMAEMR D OV AEREZFIA L2 0OnE < 808, [Hih
360um D% HPER Y AT HHE Imm OFERE, 3 X OVEA Imm OEEfSE R 4 Y LA
(ZKRT 208 2mm OEMOEBRBIN S 5. —J7, fLHEBEAII LT, BEum i@oERIE
EHLTRBLT, Hhsbr’ifE@cho7.

N—=RT 4 A7 K747 (HDD) TiE, K~y NEBKRekBmIc it nm OfFjfEE ©
T 5 2 8T, W~ nm DA FEBLL TV D 8. 3Gl LTW DR D RS
DEE~F nm FLE T, £ DA LT He 75 300~400kA/m 2 CTd 5. MEMS Jits A3 i1
S b ARG L, [BEA R Hg 2342 900KA/m DL E X &<, HDD ~v ROFH T
ERIINEETH 5.

KT 4 A2 (LLF, Magneto-Optical Z 5L MO 7 ¢ A7) TiX, mfrBEIIRAITKE
L, L—TRATNE L CEA R Hg %2 TP 78I & SN = A L D ORESS TR 5
FiE QOF, V=T A MY 12X, WEE nm OEBAFEB L T\D 88, Lol
7R85, HDD & [REE, BEAEADEE~EA nm L2, MEMS HOAICHHIRTE 5
WX, BMEDNMLETHD.

V=T 2 MDA, Ay ZEEAICx LIThilTng 8, Fatx%K 3.
LIRT. MOT 4 A7 LB 2 8L LT, BAEAN 100~1,000 (5 RKENZ &, /hAKR Y

il

(a) Step 1 Step 4
Magnetic film Local reversal of magnetization
magnetized in one direction Array of y-magnets

- w27,
Step 2 () 1¢I¢f¢1‘

Nanosecond pulsed laser irradiation A
under reverse external magnetic field Step 3

Heat diffusion through the film
Laser 7

External field /(Mask

External field

Fig. 3.1 Micro-magnetization method using laser assist heating for sputtered Nd-Fe-B magnet [85]
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RL—HFTIERLS KAR Y hb—F 2~ 27 BLUICES LT 5D Z L, B X UMY 0.5T
EARMEATHEZTND I ENET HD. ARFIETILE 50um OMHIAERE 2 FEEL L7223,
JEZ Aum 123 L CREA RN S lum FRE DR S £ TLMNER TE TWL7RY.,

ARETHE, £7, 7V ABFMO I 550 A Ay ZREAICK L TRFT 5. &6
2, L—%T7 R MNEAEFIH LA B2 A8y XA, PLD Bifi, SHMERY R
, BERE R A Y AEAICK L CRFTT D, BRI, B TR O TIXBE S T WA N
DOBZEIZER L, BEADOREDH TR, WRIME TEBT 2 FIELY AT LAT/INAR
v b U— YR ER UNBT 2 FiEE2 MG 5.

3. 2 RN\YREADOWMER

3. 2. 1 RNYRHEAEDOMM LR EH

L El R ETT DM L A ERGE A 3. 217 T, B BICHERE L7- A8y Z REAHTE
R 7 U HABIRO/NMEa A NV EEE L, BRRFEGZHINT 2 2 & CRAET 5 RPT 2R
BIZXVEBT D, ST FaA VI ROERE —FELEP T VIRT Z &L TREL, (v
HIRAZETEDLRET/NILSRET D, ZNUCLEY, a4 VORKEERZ T, 7L AIE

Sputtered magnet
(Not magnetized)

S NS N SN SN
vV A VY A VY A VYV A
Substrate NS NS NSNS
1. Sputter deposition of magnet 4. Repeating
Pulsed Micro - ]
A magnetic field magnetized Mda'gnEpZed
Pulsed current K sputtered magnet Irection
Substrate ‘ Substrate N %M
2. Pulsed magnetic field application 3. Partial magnetization

Fig. 3.2 Micro pulse magnetization method for sputtered magnet

Pulse current 4.8kA

—o o 0 o
Substrate  pack yoke (SS400)
S8Vl 300uH_ ~ Silicon
A Magnet —=
. PICIOM < &
0.01Q 500um  Coil(Cu) 33
A . = I
Shunt resistance "ol Resin
(Current sensor) $0.26mm AA

Fig. 3.3 Micro pulse magnetization setup for sputtered magnet
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Fig. 3.4 Fabricated micro pulse Fig. 3.5 Capacitor voltage and coil current during
magnetization setup the discharging
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AT HRIEI 6um O Ay ZREAMEE D& WD, EBRIE, 1) HEA EIZEZA 19mm
DOEREIN > 7 G —2 (SS400) ZEETHHOLE, 2) Ny rIA—T ERELRVNED, O
A FEMT D, Ny 7 I—7EEICLY, BREsEZ/NE L, RO %
RESTEDLAREMEDRD D —F, Ny 7 a3 —7 TRERNIAE LB~ OHINIBG 03 /) S
SBAREMELH D, ELONEBICAENNEHONIT D, KUVAT AT, —EOHE
T C 2 XD IR FIRECTH 0, A ENIAFE & 2 A LV OFELE 2 2k S D2,
A8y EW LT, Ny 73— H ) OEBRTOMEIL, REELE 580V, f KE 4,800A
ThHol-.

BB D72, R OREOWREESMZREL, HANREREAERE LI 2
L—a MEEIRT S, MTET A EZX 3. 61T, JEA 6um ORA DN EA T RIS
EEBESNTEY, ZOHEMIAE N 500um By FTRIEETHET/LE LTWDS. R
2V, RBRIE % O SERIME C & 2 R BREHUE FE BA1.3T, fREZ/] How?90KA/m Z i L7-. f#dr
(2%, 3RITEIAMENT Y 7 b (Maxwell 3D ver.14, ANSYSInc.) ZfH L7=. B m o
R FESARIEITIX, H7 A A—4 (Magnet Analyzer UHS series, H ARG 25k 4t)
AT 5. ALEICEY, EHE 110pmx110pm DR —/VHEFT, BAREN DS 250um
BEN 7oA Z IV TR A L TV SRS s G 2 E Lz, JERR LI 2 b
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Fig. 3.6  Analytical model of Fig. 3.7 Vertical magnetic flux density distributions
sputtered magnet after the micro generated from sputtered magnet after the micro pulse
pulse magnetization magnetization
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BE EARETHD Z ENMRTE D, £, Ny s a—7 2HH L CEMLZRENCE
W, B EE R LY R 2 L— 3 U (p-p) B EETE L L7 HIEREE (p-p) D EL =R
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—75, KAWA DRI % EJE LT OFZE A OBLEI G, 1E 500um TIIA+45Th
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Magnet at high temperature

Magnetized External DC magnetic field Coercivity reduction ]

Magnet direction

@‘?g@ Y

Pulsed current

and magnetization

5

0> X
1\
Heater OFF

1. Magnetization 2. External DC magnetic 3. Heating 4. Cooling and external
field application DC magnetic field removal

Fig. 3.8 Process flow of magnetization reversal assisted by heating
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Fig. 3.9 Relationship between the sputtered magnet temperature and the intrinsic coercivity H;
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EFEICRD. ZDRD, ZOBRT VA MEMLREAZFIAL, Eolc, MEGERE /ST
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BE, BMtT 5L —F7 VA MIHIERIEDO T a2 %K 3. 1 0IIRT. £9, 87
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EJrm) ICEBL (1), ZO7ERE LT & OFRS TICAEZEET S (2). 0k,
L—H &R U TR MEL L B2 292 & C, HEOMAER ¥ — 2 %
KT 5. ZOL—FERWE RTINS EDL, (a) ~AZBLUICKAR Y bME - &
U —EE R L—FORE, (b) NARY b, 0, ENT—EEOL—PERD 2 FEHN
FzFonsd. (a) I~vA7, BEOHAOEW L —VPRBUE LI DM, Ny FAFAHE
TANL—T"y EAEW. (b) 1L, ZliZ B8R —FRETTr X2 B TELNR, A
="y MRV, ZHBIEFHBIZIS CTERT 20ER’H 50, AR TIE, BFoLr—
Pe—h R ENEEHTES (b)) OFIETOMMAERFIESZ BT

RISE O L A ERETIE, MM 72 8 BRI 3T LLED KBS Z N 2 LE R H Y,
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Fig. 3.10 Process flow of proposed micro magnetization assisted by laser heating

T D72, NE=UTHIRR B o723, RERIETIIE D v A7 R F =0 L —F A
WA RET 5 2 LT, B R — TR O FREE N B 5.

(2) BiEMNMES BEMREE

L—H7 VA MEGHAER LB R EINRGS, IMEVEE ZRET 5. AMMER T, 1)
IEER D FERIRWALKES, BEO2) FIENMEERO R AT WL ERES L E T H. S BIT,
1) MBEEOTERRMALKEAIZIE, 1 A) miRRETOMKEM, BXLO1B) Z20%D
MER O AR AL N LB T D, MEAIPORFHIERLY, ¥ =2— Y —0EfFickiT
%, SRR ) DEHEIZPE S S F IO, BATREET) HgBHE O R4 L7
BRICHAET DH. ZHUTxt L, RFETHEATREZR /N7 A —21X, N6 5 2 5550
R&E I L, NEAGEIR, NIEMRERE], MBURE CTHDH. ANy XRA T DA T,
RATERRIC K DT A—=FRETIT R, ERFERPHIG TE 82 TOMRE L
SEIREE, B X OINEEFORKFHEETR D720, ARy ZRAD, 22°C, BLU300CT
OWREHARZ VSMIZE W HIE L. 3. 1 1ICRIERSEZ27RT. Ko Applied field 1%
WA BRICHMLEEEZRLTBY, KESMMIELZLTWRWY, ok, I
4.0x4.0x0.20mm DA G FIZ R /8y Z R L7222 4.5um DA M L7z, £, 2)
FENNEE DA T IRREIRTRE L 1, FUINS 2 Wiy %4 0.75MA/m (225 0.94T) LATIZT %
VENDH L. 61, 1 A) MBI ORKAIFNE, 300CIZHV T, 0.5MA/M (ZZ5H1 0.63T)
DHIESZ XV, REROREZ R KIREE LT, WETHL ZLPHERTEDH. &
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Fig. 3.11 Demagnetization curves of sputtered magnet at 22°C and 300°C

-C, 05~0.75MA/m (Z5%H 0.63~0.94T) Difi[n] & O % 5 2 ->-2, 300°CIZMET 5
ONEE L. —F, 1B) WEFORAGERIL, FINT 288573 K &% L
KTV E 2T, Ao BRI & B EMENRE X227, 0.64~0.72MA/m (ZE5H
0.8~0.9T), 300°C & k7E L7=.

(3) L= 7R MBS AT LDEE
HEEEIINES 0.64~0.72MA/M (2254 0.8~0.9T), B X OHEMEVE)E 300°C % EH T
HYAT NEKEET D,

(3. 1) L—Ym#AKE

AW THEHT LI L —F~—D OB EX 3. 1218, ZOMEEZERS. 1ITRT. b
— 2L, 3L T L —FIREAIE AL HIH TE 5 YVO, L—H~—7% (MD-S9910A, Keyence
Corp.) ZMEHT 5. AREEIL, L—H 1, Q AA v FREELERETNRETHY, Fiz,
T 7 —HAZEL D= E—LDOARy MEHELFRETH D, 2k, L—FHIIL Q
AA  FIRBEEN IR T 5.

Table 3.1 Specifications of the laser marker

Manufacturer Keyence Corp.
Model number | MD-S9910

Laser type YVO,
Wavelength 532 nm
Power Maximum 6 W

Continuous wave,
1-400 kHz (Q-switch)
Pulse width 2-100ns

Scanning area  |120 X 120 X 42 mm

Fig. 3.12 Laser marker for the Depth of focus | = 1mm (3%)
micro-magnetization Scanning speed | Maximum 12 m/s

Oscillation mode
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(3. 2) L—YmeEr&s

APAE R II1T D L —FIEVCIE, BiAE NICEE S5 EROMEDR, MEHOIR
JESAICRE S BT L2 LN EESHEZ. 2o, £, HIERETH D 3000CE T
BNFEH T X D HEROBRELITV, Z0H%, L—HFEUEE2RET 5.

EWOBRE, BLOL—FRUEOREICIE, IEEFHEMSEMT 2RI 5. BrET L,
BTN, BXOWIMEEZKS3. 13, £3. 2, 3. 3ICENTIHRT. TFT V1~
SIFEMREEI, BT NV AITESRERD L —FRHFREIZHND. ETVOHEHMI{LDT
W, KRNSNVAHTHLL—FIZCWL—HFEREL, FRWRET VLV E Lz, £/, K
K Nd-Fe-B & Ta DFfEfEEIE T H ANy 13 Nd-Fe-B HiJgE7T /L & Lz, #IHNREIX
20C & L, L—¥MmEE LIS O TEr AR & LTz,

_ Laser beam
4 Magnet
> 4 Substrate

Fig. 3.13 Analytical model for investigating the heat conduction during the laser heating of
sputtered magnet

Table 3.2 Conditions of heat conduction analytical models

Model 1 | Model 2 | Model 3 Model 4
: Scanning laser beam
Heat source Non-moving laser beam (speed of 100 mm/s)
Power 0.21W 2.1W 0.21W Glass
Laser Absorptivit 50%
beam puvity
Spot diameter 25 um
Substrate Silicon Glass
Initial temperature 20°C
Laser heating area Constant heat flux
Interface between :
Boundary No thermal contact resistance
conditions magnet and substrate
Outside surface -
excluding laser heating area Adiabatic
W, 2 mm 0.5 mm
. W, 2mm 0.5mm
Size
h, 0.2 mm 0.2mm
Nom 4.5 um 4.5 pm
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=PSRN, 1 4R THEMZZOEERMA L. WIEC

JEZix, N —A—
4 (PD300-3W-V1, Ophir Optronics Solutions Ltd.), BF3 X P —2L7 v 75747 —

(BGP-USB-SP620, Ophir Optronics Solutions Ltd.) Zflif L7-. #EEREX, H7) 100%, Q

ALy FJEWEL 400kHz, 7 7 #— A A7 L & L. &H 11T 0.21W, H 1A R KED 1/e?
LT B ARy MEIX 25um TH o7z, L—FOWRIEE, K3, 1 51T XKEROHPEME
MH B0%E Lz, WaldtnREArzA LR LRNEEL TWDS. JIEIZIZF 7 VE
J 7 m A =2 RGOSR (SolidSpec 3700DUV, #RAA LR HEUERT) M Lz, HIE

E13F 3. 4AITRTERBY TH S, EHTIX 20%20%0.20mm DA Fkhk FICEE L=, &

RIEZ 4.5um ORGAZHEH Lz, 7ok, AFEHIERAEEA 100nm O Ta TEDOIL TN S.

Table 3.3 Physical properties related with heat conduction of sputtered magnet on substrate

Magnet Silicon Glass

T wesd

At

Thermal conductivity

9 Wi(m-K)

124 W/(m-K)

1.35 W/(m-K)

Specific heat

500 J/(kg-K)

700 J/(kg-K)

710 J/(kg-K)

Density

7600 kg/m?

2330 kg/m?

2200 kg/m?3

(a) General view

500
Wavelength [nm]

750

1000

Fig. 3.15 Measured reflectance of the sputtered

magnet

800

600

400

200

92

Beam intensity [W/mm?’]

-0.02

0.00 0.02

Position [mm)]

(b) Cross-section view
Fig. 3.14 Measured laser beam intensity distribution

Model number

_ Table 3.4 Measurement conditions of the
X spectrophotometer

[}

o

g Manufacturer SHIMADZU Corp.

ks

kS

o

SolidSpec 3700DUV

Photometric system

Double beam

Measuring beam

Specular reflection
and diffuse reflection

Angle of incidence

8 deg.
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(3. 2. 1) HEHEE

fRMTET V1 ~3 ZH\, EHOREEITH. AfrCix, L—HIEEEL, RUETE
MEA LGS B, ET /01, 2TERERKICVY 2> ZEMAL, #nEh, 0.21W, 21W O L
— W THET 5. 7 3 TIFEKRICAELMHEAL, 0.21IW O L—FTET 5. Y a
EATE, WAL EEIIRETHLLO0, BYRERITHK 100 520 2 OFRRKE .
FETE BV AT VX LR MEYT > 7 B (COMSOL Multiphysics Ver. 4.3b, COMSOL AB) % fifi
M U7, KREHTRER & R A7~ 71%, 24 0.5ms, 0.01ms & L7, ZFRET 204,280
Th-ole.

HELZBESGD Y b, MEAZMED TH6 0.4ms, 0.3ms, 0.5ms FFD & dxs, INEVE
FHEZJER L7Wrm 2 3. 1 612R7. (a) v U EKEFAL 0.21W o L—F T

T t c 600 500 400 300 200 100
emperature [ T
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Fig. 3.16 Simulated temperature distribution for determining the substrate material
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Fig. 3.17 Simulated temperature distribution for determining the laser power and its scanning
speed
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Fig. 3.18 Designed DC magnetic field generator for micro-magnetization of sputtered magnet
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Fig. 3.19 Simulated magnetic flux density distribution generated by designed DC magnetic field
generator
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Fig. 3.22 Target micro-magnetization for sputtered magnet
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Fig. 3.23 Tested laser beam trajectories
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Fig. 3.24 Magnetic flux density distributions generated by micro-magnetized sputtered magnet
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Fig. 3.25 Magnetization curve of sputtered magnet at 150°C
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Fig. 3.26 Magnetic field observation setup utilizing Faraday effect
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Fig. 3.27 Observed magnetic field generated by micro-magnetized sputtered magnet
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Fig. 3.29 Schematic view of magnetic field
Fig. 3.28 Two-dimensional Hall element array  distribution measurement using two-dimensional
Hall element array
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Fig. 3.50 Laser heat assisted micro-magnetization method for sintered magnet
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Fig. 3.51 Target micro-magnetization for sintered magnet
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Fig. 3.54 Magnetization curves of sintered Fig. 3.55 Linear expansion coefficient
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Fig. 3.56 Heat conduction analytical models for laser heating of sintered magnet

Table 3.8 Conditions of heat conduction analytical models for laser heating of sintered magnet

Model 1 2 3 4
500um
I 150um i
Geometry T =iLLE
Glass 0 —
Laser power 1.8W 0.9W
Intensity distribution Gaussian distribution of $300 um in spot diameter
Absorptivity 90%
Scanning speed 100 mm/s 1.67 mm/s
Number of scanning 60 times by intervals of 2.6 ms 1 time
N Laser heating area: Constant heat flux
Boundary conditions Material interfaces: No contact resistance
Other surfaces: Adiabatic
Initial temperature 20°C

Table 3.9 Physical properties related with heat conduction of sintered magnet on glass

Magnet Glass Polyimide
Thermal conductivity 9 W/(m-K) 1.2W/(m-K) | 0.16 W/(m-K)
Specific heat 500 J/(kg-K) 900 J/(kg-K) 500 J/(kg-K)
Density 7,600 kg/m? 2,200 kg/m? 1,420 kg/m3
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Fig. 3.57 Measured reflectance of the sintered magnet
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Fig. 3.58 Simulated temperature distribution at t = 6 s for determining the slit depth of sintered
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IR BN TS 550 CE TOFIRIZE EEDFER L oo, WIIERERTIX, 7130
G, BAEIMEAT 5.

(3. 2. 4) Ry MMIE

AV NOMTAIEZEA Vo T EERTD. TA YREMTIIHMA Y v F oI T
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[°*C] 500 400 300 200 100
|

(b) Model 4 (t=6 s)

Cross-section

T——

(a) Model 4 (t=3s) (c) Model 3 (t=6.15s)

Fig. 3.59 Simulated temperature distribution for determining the laser scanning conditions for
micro-magnetization of sintered magnet
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Fig. 3.60 Laser scanning part to produce stripe magnetization pattern on a sintered magnet

(3. 3) BHERA S LA OMMBEEER
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VSM % H W TR BRI E 21T o 72, fERZX 3. 6 31T, WA KRS RET R,
—EDT 7Y APRFHEIC G 25BN NS N L R L.
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R 50um 4 D& —/ L FE - TREIR A S 100pm BE 7207 & 0 47 RS 43T T E
L, Yalb—Vvaitol#aziro. YIalb—raidif, M3, 51 (a) TR
L= EFAEMH L, BERAEREICIZX S, 6 3 T LI LRAA ORI Z F D F £
iz, FHEICIE S RocEr S ARNT 2 7 I (Maxwell 3D ver. 15, ANSYS Inc.) i L7-.

Hall element scan

Fig. 3.61 Micro-magnetized sintered magnet, Fig. 3.62 Machined slits for
striped pattern of 500 um in width micro-magnetization of sintered magnet
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Fig. 3.63 Demagnetization curves of
processed and unprocessed sintered magnets

Position [mm)]

Fig. 3.64 Magnetic flux density distributions
generated by uniformly-magnetized and
micro-magnetized sintered magnets, striped
pattern of 500 pum in width

BIERE R, BLOMITHERZX 3. 6 4187, MMERIC LV BERMENRKEL 2o
TWDHZENRERTE D, iU, BRI OME LBz oD, £z, WAL
B b ORNERESTHK) 0.48T(p-p) TH Y, HHRIL 0% TH 7. i, HIEEE LA
MEBL L Z EPERTE D, —F, MOoMICEER Y I 2L —ra Ma%x Ell-> T
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Fig. 3.65 Laser heating part to produce chessbhoard magnetization pattern on a sintered magnet
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Fig. 3.66 Micro-magnetized sintered magnet,  Fig. 3.67 Magnetic flux density distributions
chessboard pattern of 1 mm in width generated by micro-magnetized sintered
magnets, chessboard pattern of 1 mm in width
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JE 7 500um DFERE R AT AEAICKILTY, BaHEEEZFIE Lz L—37 v X M
B ERE L AW IZ L A > 7T TT 5 A Y v &R L7 fE R, iE500um,
T AT B, AR 90% DA RR OMAIERE, 5 XL UME Imm, 7 A7 R 0.5 Ot
BEAR ORI A e & S8 L 7z

KEOFELOAEFH 3.

1 02T, S%OREY, SHEAIIT D, &5 E5MOM

b, EEEROM L, BIOBEEEAORY v MNL&EmEbe AU v b ARERHIAE D
FHRTHD. £, BIEEAETHIEREZFN LZ#K MEMS IZRERTH Y, RET

BT 5.

Table 3.10 Summary of micro-magnetization of permanent magnets

Target magnet

Sputtered magnet

Anisotropic

Method

Pulse
magnetization

Laser assisted
magnetization

Thickness (t) 6 um 4.5 pm
Width (w) 500 um 100 pm
Aspect ratio
(W) 0.012 0.045
Magnetization 96% 91%
rate

Sintered magnet

Anisotropic

Laser assisted
magnetization
with thermal

insulation slit

500 pum

500 um

1

90%
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4

T WMEHEAEZXICBALI-MEMS

4. 1 #&

2/, 3ETIE, A TEEA O MEMS IS BRI T, Pl e DA FERH I8 4 52
fEL7-. RETIE, ZNDOREEMAAEDE, 6k, —fHLBEREE 2B T cR/EL
T2 SV I WA ZRH L CTOWIZER T 23 A D MEMS 8012 & 2 e 2 Etd 5. A lalfd
Lol & 2 OMMM T, MlERORMER 4. 1ICE LD, FHRAT A, A
TR ADE, ROONDFAES, BIOZTORE TR TES SRDEEITSLT, #*

il

Table 4.1 Characteristics and processing properties of each magnet

Magnetic | Available Micromachining Micro-magnetization
property | thickness property property
Sputtered . . Possible
magnet High <20um Possible (Small aspect ratio)
PLD | middle | <160um Possible Possible
magnet
Bonded Low - ~um Eas Possible
magnet | Middle K y (Incomplete magnetization)
Sintered High >100um Not realized Possible
magnet
Table 4.2 Relationship between suitable magnets and the applications
Sputtered PLD Bonded Sintered
Examples
magnet magnet magnet magnet
small size, mirror, switch
small force Good Acceptable | Acceptable | Not good
(~0.2 mN/mm?)
middle size, small speaker,
middle force small vibrator,
(0.2~0.5 mN/mm?) | small lens drive Acceptable Good Good Acceptable
actuator for
camera
large size, speaker, vibrator,
large force lens drive actuator | Not good | Acceptable | Acceptable Good
(0.5~2mN/mm?) | for camera
high temperature | anodic (metallic)
process bonding, soldering,
(200~500°C) thermal CVD. Acceptable | Acceptable | Notgood | Acceptable
thermal diffusion
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ESNDIVENDHD. ULOBBREEELZbDA2E 4. 21077, HEBAKRETRIELE
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T 5.
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M CRAIES N TWD DS, TA FIZ—FELER A EE 20N T K 0 f S iz 72®, MEMS
BEAN ORI HANRER, 2) BEEH A LR —HDO7, LEONE TOMEIL L 15
AL OB N NEE, 3) AT AKX - A REOBEEIKBAA 57, RET bz, 22
TAETIE, LV EMEERMEMS YV =7 5—XEHAZAME L, 1) BMEBLIZA Sy
A OMA, 2) 2EHEDO MEMS HFIic L 284E, 3) a4 vobickds 2744
PERDEREI DR, 4) AT AKX - A RO, % H 7.

4. 2 MEMSYZ=Z7E—4

4. 2. 1 MEMSUZ=ZT7E—3DRE

AEERE, BUET 2 MEMS U =7 5 — X OBEFHEAZ M 4. 2177, AR L 72 A
Ny BEANS ORES E, aA VEROMICHEET 2BEH I ERT L. aA VEEET
5Z&T, n—L Y AOFMEMINC LY ARy 2% XN BE T 5. Bf OALE
IR LT, aA b EfRE 52562 LT, @ LB EEL 725, BEROY =
TE—H DTIE 1L LNIA NE AN RNS 72720, BANMEIDG U TREI AR E A

Guideway (Al alloy) Coil (Cu)

N

Slider (Si)

Fig. 4.1 Prototype micro linear motor [93]
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Coil A Micro-magnetized

ol e sputtered magnet
icro- ; 4 ,Moving direction

Micro-magnetized v 4 Magnetic field

sputtered magnet ,
Lo\

Reaction force
Moving direction

Base substrate

(a) General view of the force generation part (b) Simplified cross-sectional view of force
generation part

Fig. 4.2 Driving principle of MEMS linear motor

L, BGEICLVFEIRDPZELH o7, A, aANE2METH I LT, WENE
LR BNEEIRLS L, EEDATA A NEIZBIT A ERDZ BT

MEMS VU =7 E—#% O2KX, KEX, BXORaf ke 4.
— XL, ARVHEA G ATAH, aAf), A RMhBERTDH. 274 X2,

3Rt V=7=%

oy 4yays %@@ 4.0 Sputtered
. = J o7 L P enot
i ' t=6
LA =7 Slider © \\S.S..-% (t=6um)
' /v _ SEN &
Rev .
Connecting pad erse Slider

(a) General view of proposed MEMS linear motor

DLC (t=0.4um)
I i
< Slider Thickness: 20pum

Sputtered Guideway
magnet (t=6um) (Upper part, t=700um) 7.30mm
\(Middle part, t=200um) 6.00mm | €
S
o
i

Epoxy film photoresist | |
(t=40um) (t=20pum)  DLC (t=0.4pm) (Lower part, t=420um)
Coil (t=20um) —
7777777777777 g g €
ol g o
2 & 2
(b) Simplified cross-sectional view of proposed MEMS linear (c) Coil dimensions
motor

Fig. 4.3 Proposed MEMS linear motor
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Photoresist (t=10um) Photore5|st (t=20um)

(A1) Resist patternlngl (B1) Resist lamination

SiN (t= 3umi I
(B2) Exposure

(A2) RIE (SiN etching)

(A3) Wet etching

. A
(A4) RIE \

& Upper part \ Middle part

Mr;ggtle Upper part

(C1) Bonding

(C2) Dicing

(a) General view

(C3) Development and
substrate removal

\ 4

(C4) DLC coating

Middle part
¥

‘ﬂ..u..f. i

L

Upper part

(b) Front view

Fig. 4.4 Fabrication process of upper and middle  Fig. 4.5 Fabricated upper and middle parts
parts of the guideway of the guideway
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I (OFPR-800LB, HAUSfb LEEMASt) 27 —=7 L, @BH LBk a %
RIE THRET D, BUSH AT SFe WD, LI A MRER, By arz~vA 712
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(1)Resist patterning (5)Polishing

(2)RIE (SiO, etching)

(3)Si etching (20um)  Polished coil image

(6)SiN sputtering
and DLC coating
(t=0.4pum)

(4)Si0,, Cr, Cu sputtering
> Conductor (t=25um)
Adhesion layer (t=0.1um)
Insulation layer (t=0.05um)

Fig. 4.6 Fabrication process of lower part of  Fig. 4.7 Coil patterns of the fabricated lower
the guideway including coil part of the guideway
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—L s phased coil
(Surface: DLC)
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Contact pad

Fig. 4.8 Fabricated MEMS linear motor
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Fig. 4.9 Analytical models for investigating the coefficient of the current-force relationship
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Fig. 4.10 Calculated coefficient of the current-force relationship
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Fig. 4.11 Candidate coil current depending on the slider position
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Fig. 4.12 Calculated total force
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Fig. 4.15 Block diagram of the MEMS linear motor driving system

Table 4.3 Parameters of the plant and the power amplifier

Parameters Symbol | Values
Pitch d 1 mm
Gain of the power amplifier Kamp 9.0
Coefficient of the current-force relationship | K; Fig. 4.10
Coil inductance L 14.8 uH
Coil resistance R 2.3Q
Mass of the slider M 8.7mg
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Table 4.4 Parameters of the PID controller

Values
Parameters Symbol
Type 1 Type 2
Proportional gain | Kp 0.69 V/mm 10 V/mm
Integral gain K, 0.0105 V/(mm-s) | 3.0 V/(mm-s)
Derivative gain | Kp 0.00263 V-s/mm | 0.25V-s/mm
Time constant T 3ms 3ms
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Table 4.5 Performance of liner motors

Previous work [93] This work
MEMS process Only slider — All parts
Slider thickness 0.26 mm — 0.20 mm
Total thickness 6.0 mm - 1.38 mm
Processing of sputtered magnet Micromachining ~ — Micro-magnetization
Simulated thrust force 280 uN — 400 uN
Contact Al alloy + silicon — DLC +DLC
Static friction coefficient i static : 0.54
Kinetic friction coefficient kinetic : 0.14
Coil thickness 3 um — 20 pm
Stroke 36 mm — 36 mm
Driving style Open loop — Closed loop
Maximum velocity 1,000 mm/s — 1,300 mm/s
Maximum acceleration 26.0 m/s? — 35.5 m/s?
Positioning resolution 100 pum
Bandwidth 54 Hz
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Table 5.1 Summary of results in chapter 2 and 3

Sputtered magnet PLD magnet Bonded magnet Sintered
Target magnet magnet
Anisotropic Isotropic Isotropic Anisotropic | Anisotropic
Method
O
c
=
g :
g Thickness R FeANFEH
o -
5 Width
= Magnetic
property
degradation
Laser assisted
Pulse Laser assisted magnetization
Method L . ;
5 magnetization|magnetization with thermal
=] insulation slit
N
| Thickness (t) 6 um 4.5 pm 500 um
PASEShva -
g” Width (W) | 500 um 100 um AR 500 um
O -
5| Aspectratio | 4415 0.045 1
> (t/w)
Magnetization 96% 91% 90%
rate

7 REMS (E-p) DL (LI, BREE) 96%, fE 500um OFEMHROERZFEI L. L
L7205, T AT NIZ0.012 LS L, F\Z —rRnaf Vgl BEICKET A7
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B PR 2R S0 %, ANBLOEINT 285 I X0 ET 2L —FT7 v 2 K
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LEEOHEE, TWEEIT IR, BRIR 91%, BE 100um, 7 A-~37 bk 0.045 OBk O %
Wz FEHL LT,

JEF 500pum DOFERE R A Y AT LTHE, AW A > 7 TINTT 52T »
NEFIH LI L—Y7 2 2 MSHIERE A fEt L7z, 1§ 500um, 7 A7 M1, FHBEE 90%
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