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HBR TR ROENE B BUERSEAT GY2 B 2 i T o A B A 5 38 1 B A 1 4 k) e T 3
A BHRBIREOSHER N AT R, X B0 B, E A AR E R RS R
. BREXMESTENHERERRETAR FEFRERRZER Y,
8.2.2 #HARE

WA REM AR R — B SN ER RS, FE LR B SEA Tk R ERE. B
R R AR A, X S YE W AP BRI BT AR R ER R
AT LVRRE AR A, R B AR ETBR . TR, ATRE L FLMA SR : O
AR EE M HEF, R AR E S8, AR R IS SR RN, X
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A REA ., OFATHEMNEREEFEANTA, KM RERAMRFEFS 50R
P AAIE, M E BB A . AN AE R B A R A A AT RS R, A R
PN BB TR A, S5 4R A e AR R P M ], L R R A

8.2.3 FREFRME

EHEFRThTFSSRPHREmEE SR T A EREMENE, & TREMR, -~
SHAHBAFERAT SRR, XHETERENCH SRR, EATEHREEEE
RSN EHTRAYHEMFTH,

AR EHNERERRE, REAYDRGAERIET A a8RE .. W HERR
RACKEN LEREERE EE-EENEE L, SRS - RS E, R EE R
AL, R S T CRER AR ) KA A B R, $1 0% R R R AR S Bt W R A
824 ¥4 FENLTFRFETR

BTEANRESRFRMOBEARX, KRR BEET 0.5~ MeV IR THREKRRE
THEE HEEXN O len s{E X, B FHEM S EKER 7RG A¥EREAT TH
5, 8 THEARS, O LBE FROEHTHEA, M B EE 5~ 50kV.

BORP i i i R AR T LA o v 1 ) LT AR R R AT Yy R TR TR . B,
XEAMBMA AR EENFE. T EETHEMESANEEHEBRE. RERRMER
B

8.3 HBEYHHERERENA

MEEEHAE R MR EREEREEA L TR IEE AR SME LR R R
T

MREREAFTFERR T U ERERFSE 6, 0 FA/NRETE AR P13 7 ER
BIRE . ERMPAMNFRT, W RIERAY T IT R (B 47 R E R BN 5 E
AR R, BRI A RTERRN ry=e/0. M THEEERENERMEEETER
Hrer=1as H o« WERBEFE, B ERHREYHEORA D EEANERE
EERTMTRASFHEESE, b PIFE RIEMFZH;PC- KL ER KIS PP EE
HME,PPPO B 2,6 - —KE - 1,4- K E;PET ¥, K+ PTFE K3 M R &K

BRI ik B et e b, 00 A A 52 KW, Y AE EmERERN, IR

V) /vy
1 O,J - PTFE
= >
E. \\5“{:@._0_‘_-“‘- - FC KL
ah b SR P
0. 5 ~w ~— PP
Z Toa e "=~ _PPPO
g T —ag e————
FET
0 : | 1 1 L
0 100 200 200 400 500

R ] /d

B St REVHEEEENHEMGER
52



M E AR RRE R AR, B TR B REEEN, B TR ERABERESR
£ IR R NP Bo R QRN 0p: 33 AN NG AN o N 2B B A o R A DS R
AR

19

52 R BE A R HE A A

BERAIL BRANEAEAE AT BH  Lpes
g, B ATREERSR. INAEA py ERAANRY
B SR BB, B AR KR R R, B
D T R TSR BN, MR R R S,
WA TR E B iR Dk AT R B Bl B0 B XL 3B
e

B A ML R R, PR
S B R BRI AU RS, T,
B R R AT, CHY T R mEE R
&, ET{ERAE A 53 BiR,

B 53 MELEE OO E S TIERR

17 A. K. von Hippel. Dielectric and Waves. New York: John Wiley & Sons, Inc., 1954

21 HEH. ARG, B8 P ETEKY, 1964

3] BFER, X FE B FYHE IS VU Tl B R, 1980
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5] J. C. Burfoot, G.W. Taylor. Polar Diclectrics and Their Applications. London and Basingstoke: Macmillan Press
L. , 1979
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SR B H i H

B R B —H, R A B RE SROE R FRS AR AR R — PR B AU IR |, X
M fif 28 15 48 R 6 % (Monolithic integrated optical circuit) » J6UR MM B8R0 0 M A SS X e B fp o2
HA-FEMRER IR M1E4 TR AR (I Si.Ga As 1 InP 45) (¥ B RIS e 454 i
TR SR (A0 LNLOy ) A AT B, BB E AR R e Rt e B N B4R
A REEENU - EMNBALFRNEERZRN AL, X W BB S & 8% (Hybrd
integrated optical circuit), #7 RMEAEEA L K TRV E LR, B aiFa A B R
SERLOE R (AN LINDO, ¥ TRMLTF XPESI %), Boh, AiF B EBEH RS rh % THA %S
TUHTER SNIF B RAERB R PEES T SAF TSR,

1 AHEREK

1.1 XFBEFEREE%E

JEEEE B 190 FFREBLR, EEMARER . BN ARER BT ELRE
B BHETE Tk GBME NS 2 SHEB B M,

N ERERLERNZRE T4 (mnk ) 77 73 W, i X K (local area network ) # Fil 4 ¥R (sub-
seriber loop)o T8 FH T8 17 0 b I 180 019 46 53 T 42 0K S8k i P 0 S DS 4 -PY 2K 48 5 B IR T4
AT RALAE RS RER, KB T AN AS N A sk, URE THERBHRSFR
fit 5 P IORR T 2 G000 B i A BRI 5541, S8 o e A Pl 3 L e AR Sl T B PR R G B R R &
(WR7T HEURREFREIAEBE, WA BFNESSREN B, FRMALTERERS
BT RBAERMERAR, MRS RS EeE R, B IV RrARERAY%E T

LD

LED

1a0

—_

=1
T
-

o

N\, F& 1

eI km
3
-

K pm

LY
< N SMF
~

N REH o7
LY

2 £

SIF . GIF

0. 1 1 \\ L

10’ 10" 10° T
A/ (Mb - s7")
Bl AEERRRNHRE

SMF— R CHF , GIF—# 43T S 88 31 7 | SIF— B i 4 a2 sk 4
LD—# ok AR E  IED—ER L e

=

=
T
Fd

-0 70—
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AHERREERA AR SElR BRI ERAYeE.,

BIAKFERIE,0.8~0.9m EHEKAFEERAAEAR LT YR, HH AR LR
FB B, 68 LB FENSMNE R TSN UM ES AU NESER TREAHE
BEE, AaTE~HEMNEN  MEFHETRE,FUSFLECESEN, HEFSEE#EY
Mb/s, MRS REELF . BELA ARSI A T AT RZENRBLSER
KIBENTR, XFRETHTHARERAMLRAFZBENAPRE, RAZEEAE RN
ERKT HEHF

1.3~ 1.6pm M KERAEGBRERER SEMAEFR, 0 LA ZEA R H A 59 64 3k
UL, B K E R S HEE — B 2.5 ~ 3dB/km, #9200 ~ 800MHz- km, 1 I K £ 48 %
£ (1.3um) YR EEN 0.6 ~ 1dB/km, R AT 1GHz kmo HE K, B F KK AL LS4t
AN, KEKEFRECHALACHAGERERE ALEZFREBETERFETA L, I
HAK F-6M RZEDMEEER FT3C R ABAEN, SR REERGZBRETARE
ERfE K RS

PESEARTEAE AR, FTLLCA IS R, A AT RS BB =R, B
BT, KK R SRR 0.2 ~ 0.5dB/km, FF KT 3GHz km, 2ENREKEL
Atlanta I8 T 432Mb/s 1 144Mb/s, & % 240km, 4+ 5 8 P4k W BB ABE R 4D, %
FRHF AR ORI R TR A RS 7 1.31um B EHBREN 0.46dB/km. RRESE
AL BEHE R 1.275pm 1 1.335um, 8B 5 29 40dB, K FH 432Mb/s BT, B K R 45 EE & H7 64.9km, A
144Mb/s & 27 70. tkm, /D EREMBE KA 1.30pm, HREETENELER 1Gh/s KA
1.55um K JE %7 84km B BBOL A AR B, RRERA ¢ B (Cleaved-Coupled-Cavity ) 5
B e E P KA AR S04 135um A 1250m, S (B1RE S Spm 19 FP(Febry Perot) BE 8% 28
ERAE—E L — RIENH R, 5 - RIERAER S,

BEOLABEERATEESEAERE., 2EH TATS BEALITRBAFFEIIBE
HEMAEBRENRE, 2K 1| T4 ke, RH 274Mb/s ME5DE , B 4 25 B H#
BEFEBY RBIERN 3,00 12000 BrEiE, AEEXARESEARERRB NRLR
FT 1982 FEHRINMEIT T—K 101km TP ERRARS, RRERITEH, PR ERTE
REHBmMAZEHARY ., WE, XEHREEEERKAEEES.Sn BLERTE —K
WP RRAEEAAEERANAG AR AREW LS A EEKBREHTAET
150kN/m W3 1, B3 € H & P8 5 A s

1.2 BAXFES

B PR EERAE#R TIRE LR REEF ARV ABR AR ERN RS
RIMBHEA, T EETEEERF EMERAEREA, Bk, $HF S EF - LR
ZATENTEOER, HHEXE -"FERGEAEFRHE D FRORLTEFFEIRR
FHBEHEETE. N 1974 F8, XE=FRRES 8 FHETR, 258 T BRI
AL, KER G @ ERARNMRAN TR 1. MKHTRIEEREHERREN BT, MX
RFABHMMGERSERE A 200 MBS AR TRETESLEE R R L, 3
ik 4600 B RAEFHNAY 1 T kme EA—FRAHISRE EIWLBLE—RHE
BN 2 HRER G| S H iR B E A RRBE S A A A, Ua PRI 8in. X
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DU TR A A R AT AR E A R T R AT &
%1 ZEEARFEERAEY

TR £ % # & A% B

& # USS Kitty Hwk i 25 541 TRAEG

" T USS Little Hock 5 # A7 AHERE

¥ H(ALOFT) AT 138REEF, LIS EE LB i
KiT

% E(TIFSK-DADS)  C-131(e %) 0.5Mb/s, 16 i iB

Ry Z EHENE A RS 18.7Mbs, 8km; 2.3Mb/s,64km

i B Meade B3 20Mb/s, 18 I, 2lon, PR ZWHE
o T 48

Fi E MX 8 # EfFHEP

i 7E(ADOCS) UH-6)A Black Hawk B 41 HR TR T 1984 FF TS

Z Z(AN/GRC-206) WHEMESBEBRREHNZEE 2 BILL,200My/s, LET R

L

R, EEREFHAE TG THN 0%, MEREFA Y 30%, HAS#H g ity
07 30% . HR,7E 80 FRENTUMERMKESHEEFRE, THREAERG T H R ERAME
LYY, & 5

1.3 ERXAREG

RABREEF LR —HEARLANAR, CRRFEEANATER MR, ZTE.
O MR . XRMNSEED TR ER, T ERRE OB &S
HFHEKERFAL HWaERLFES. 88 AR - XRSHESESE - EHERHE
B, RABSERR P B A S AL RAR TH, FREASIEBEREARYBRASRERIHH
FABEMH

19 FH HCE S MO R A I S LT E MR IR, AU B E RRA 0T
BERE . BEAFESTRE 0.5m B K AE RS, KA 1.06um B NO: YAC #E%E, R
AR TS E T RERAEHBOCHENMNE ., A TEEIBEFARAR L FRA
RS, XS B A B BRI T ARERE,

HETERERENEREEETSH, M, TN EHRERE BN RERLERD %,
BRXFTHHTR U AREA BLELLBHELRESFAANAS, —BHERETEE,
RS AE LRSS MBNERESE WA, WA TS & BB E SEEMER
SALHE,

1.4 RittA

ERRFEEET HBELLEY, R 1E 60 F AU 16 b AL = 4T g E 5 5 8 . ORI R
Hop— 2RI SCET 3001 BD 6 5 T AR BOBE A 7Y 7 B e FobF #8340, 0 1 S A B EE
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2 FTER R EROLH T

¥R REARNRE BRRIDLE B F0 A RS R 2 A T A
FEHAR—B AR L, SBRE R I0EE, U E XS BR A ESABENANTE, B
BrEc, i FHEMTEFBARE , ERRREXT O EA. BEEATREAELHER
HPEFTHURLBETHNRRCBEEY R KA EERKERA -2 LRAME, X
B — R B RESOCB R IE « b — 20 R SR 89 2B AR TRDGAR 4 AY B LA BOE T 484
HIHLF 4% F RV R B

21 ARXFHFHRSEML

EREFANATRABESHERNERLR, Aki ECCRAWSRMNERE, 6
AR KB DFB BOESHIE Smm 5T Gads #E L, T K EE X 2nm, MASEE S
B R (SCH) Mg, RA¥RMyEEREE RSN, AN ERRE£A%
ZEE R, BB HBEERTEEGBRBIMN Cay oAl As R E, 1M 2 Fim. BOGHM
2 T B 08 1Rt B B R o £ THT 20 1 B Gads LIS TR TG BR 200m B HT 30pm B 2%, OB
BIPE % 300pm. N THEEF-BHFALCEHESR. KIBRT W, B/ DERE R dam, E 3
Fim. HEBRNG LT - AEEEP A ERERS.

DFB 8 ¢ 38 * %o

Zo-i #

- RBRE—Gasg Al , As
PGy g Algyr As P-Gao 7 Alg s As
P-Gag s Aln A5
p-GaAs({F R 1-Gag 5 Aly s As p-Ga, rAlg JAs
n-Gads # B

S [

&2 DFBROLEH EEERTMGEH CuAlA ES

DFB & S

\ |

Wi
,/— Jott
N
]

B3 EREANERD

BOASESIEEE RS 1kC #Y 100ns B e T TR, MR T HEMBER K 7%,
ESWRAEREA Sem ™!, TR THAERNHEBREE S 3~ 6kA/enls FHECBEKEIR
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B EA(2+0.5)nm, 2 (09 5 F LR RS E A K 7 R LG BRI 5l i .
FAREREABERE 0.050m. 2R EELBAESEEE, Bt A % 505w a8
Bor B TREL N 30% ., Bk, E# R EESN Sl B o] LIS .

B, InP AU FHE T RIERBAR-E 5 DFB 846 —RE- . &P DB #kE
BER 1 3m, ATLIE OCUTELSET/E, SRIER MBI LB & 5% 1Inm LA,
nPHELHESHSBAAGELZZEHE, 22 TP REH ITENEH G TEERY
R R 8T RIS 0.050m LI, BRI GalnAsP/InPDFB OV 85 2% BB Bl 8 B R
BUENEENER, ATRALE REBETREEAMHRK A EE KRR TS
7 600CLATF o

REFREER T EREHLUS , G @ R KR BEH, MRELREEH 18
MBOEBHORHAET L 0.27mm B Gads M5 A H; WA E RO BOLRE R EHEE, 41
BOts RGBT U A S8 L&, AT A KRR Tal gk, ik, X
SRR T R R B LA BT R E T H TSR,

SZMRERERAIAEM, EREAXAT RAEMTEERIRME ., ERMBESHR
ME USRS S, EF RN HE TS5 AHBE, MEER— 8 EH&
M Z E AR LR 5, B4 5 - b 104 InCaAsP/InP B BB R A ERE—TET
AR, 10 Dk AR ETE R LHER - AT, S5 T o AR (400 x 400) i, 8
128 150pm, MEMIMETZER Sn ¥ P @/ EZES 45 P Boh 2 (15um) .38 Cd 1
InGaAsPIR LR (2. 4pm) F1I8 Zn 1) InP B D ZE(15pm) . VITCHE BB TN 0.92eV, X5 #1{F
KA 1.35um, &8 K1 50 88 A0 7 B ] R ERD, SR 196 /0 1 6%,

ﬂﬁﬁ% ALO, @k 2

JB-H{ERE  HAfesmiEsE dB-BMEeB
A 4 InGaAsP/InP I8 A %

2.2 FRIXBHAPHER

AP BISRERER R T AR RS 2 SRR R, RN T E
FRHFHFERRETNE. Wi a3 AT BN —FE SRS S E RS
A A ST BT AV B D R R RIEE RUX TR R 45 45 0 A ARG 28, B/ I B T i A g
B GREHOUE 5t A] R 7= £ ps BBk LA R L BL 2 MBS IR BB A TR %
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RS IE S R R R AN EA
BEEAF 5 1, # 1, 89 Galn AsP/ InP,

DH 808 25 59 58 5 55 0. 16) 7] D4 275 0485 934 42
SHRG RS, EPEEE (L) RH BRI (active etalon)
Hed B R0 O T AR SO R R R . MR
TR U | T A I L P B B M X A
ST, EVE R LA L B 284B, X |, a= 300pm, {,/{y = 10 M5 BIEsREen
I, 2P O 28 AT A T4, OISR AN 6 R X
521 LR A F 30 4 SR AP 1S R 4 . -

ESBAM THSMERN T RABEBBHQFHE | B .
SIS0, 7 AR A B LR 3 A2 B R -9, BT R |t s *ﬂg‘

fe—i) fa

FIFo5 AR F 0 (RIE) ™ (O U B R gk | 707

. UMTEAARLELEMYE ORTEBNENF T8
H B XK ET — 58 B (microcleavage ) 2B H A LiD

Al LA R R AR O T 7R O B EURAR AL B T A
REE., HFERAMHERNLZTE, B3 Cads FIEK
AE RO Z| 0 5 40 Ay 5 B 20 A5 B R R A5 RO RE T, ___’_,JM
B E LR (W AR E R, A 7 R AT Y o. gom
RV B  iX ik T AR & R AR O B P & R

12/1,=0.15
i T R——

BT A i Rt
SR
si0; HOR B4 0 4 0 LT 068 4R
y 5 B S B HER Y EROLE - BN
ok 2800 35 P o MO 58 T RS A T 4 0
S s M EE S, B T B B A AR G4, R 1L

SHENSERELFES LR EARRE
H7 ARBASMGBERAREREAR  Tegdm g, ST LU B E ST
(B T B8 R ) BRI RES. 8 R A MREE A
Hl4% 19 AlGaAs/GaAs S EE WO GAER Ll “REMERBHD . B FHOCRE L
PR GE, A7 L R e AR RSB 2, T L3R8T R0 B A0 M 1
B EE SRR AT R 2R S B, nCaAsP/ InP BRI REE
(HPD) FE KB AR BIE R G P E NN B 55 R (APD) S ML, HE ML SR AR
35 A E B APD SRR B9 00 , (L 507 B 5 B80T SR B J 4 M 79 T HIPT IR 2 2 o
R B (R4 A R 5B R 05 780 5 R I BT IE 8 1 AR B0 ) B {EL R HPT L B e 2 i A o
BB T AL R O S LB U, YA B 5 it i B A K S i B R ey —
A HPT 5— P WRELEE R BN ED R M AR ERICH. X AP LD # LFD B h
HPT %1t 9 K B, 8K g o 3 £ #5 B 3 HPT A9 B 24401, 55 5 B 3 K 508 25K F, 77 LAFK 18 170mA
BB R 2 S A BB S 1. 150m, A BT % 4 155, W , HIPT F7 A 64 4R FE {2V, HPT B9 %
19 38 46124 F1180,, RV 0 E 2 i A MU 1 S LA S D , T EL3E BB 4E o — Bh FF 96 28 (4 5K
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4 #2 1 T (MCE) #0628

Au/in
/ pt GaAsiD. bpm) - e, vE i o
'_le/p-AlulaGan_;As{L Sum? m
%WGQAMD. 15pm) _
[

n-Alg ;Ga,y ALY, Gem)
~n*-GaAs{3. Tpum) e i
. #E nt-GaAs( -~ 100um)
L ST~ AuGe /Ni

b
e

-

(a) tb)

B8 AR BHARN N EREF
() BEREHOCBABEA; (b) BOLE - Sl CREERARH
JERURE SR, i T B SR AR (SR 1) et SOERYAR &, BIAE HPT A LD 2% LED Z[F]
RYIE S B A R S IO A T R i AN RN R B AR r i SRR R 3R
SRR B S R AR 1 B S A 3R 1. 2pem WK T 0813, B, G 3 9 Y 48 24 R B TR HPT AU
LED Z (8t~ 2 02 LU BGH S A0 S0, GRS B E RO 3R 3R B 3.3, 1 oW DR
PASE TR N7 7, T AT, BFF AR AT LA - P&

| AuZn B — — I | |
/7/// e-InP BEE =
n-InGaAsP H W EHA
I nIhPRHE A a— f b
=:—._.=:hh"“"" n-InGaAsP B D R
N J L
&\ p-InGaAsP K& !
o-InP BEMH .‘,: £
4t mPHE i ﬁ ﬁ | T I Fé o
VS AuSn 8§ ¥ |2z

(a) (k)

B9 HPI-LED AR BEBHHABEN
(a) HEM; (b) BEWA
2.3 kBEFEE&ER

AR S TFRAMAR —FRE XY SR ERARRER IR TFRR
[ #% , (%5 JOEC B OEIC) . X EHEM AR T RPN RER T ErERSFIL QS I T
B AT W/, (8 K A T [ R 3R AR R B A R E

HETERECRAPNNIERXASENERERENIR, & Gars FIE L&A
RIM s R T A K RFASY Gay_ALAs FAMVER , BEH RANEERRNE R Fo-
B . B3 — T, Gunn — 4% B 1 MESFET % F 85 {72 S 4 80 IR B A K n-BIZ L
HH, BT R R BT o B R RN T LT & G 8 2 A R
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W MR, BT ZE SR i T AR R LA BT, 3 oM IR 4 A B OGBS K Rl A, 8 B 1Y
MR, ARIBOLS AN B R, ERAMETRA AR HH R AR E
BRARBERART L SRHAXAEARTRATERENGEAMN BAREFFLEME
B, B UL A0E A A RS RO . AR B T SO SR A0 T 2R A%, B K O R (B R D BOE 28R
e BIAEMEREANEOL I AREEE BN, BTSRRI ZBRG. fiEe
SRFFILFEREN R RN @R IE . I, 2nEE KRR A TRER 2T
ATk B2 B 2% L S AR PR BRI ¥

BRI L AR E R A BOR A 10 R, ERRE AR E R AEH
TR EERAEEN, OB R E T HA T BER AL, 8RR A B RN (crowding-effect)
BOEBPL. il pn AW EWEFNDEREREERG TS, XEa THAG-EMNEEaH
FRAERMEERFY. IERESHAEMEL R —BANTEREX GG EE —RA
Spm) . XFPBEIOEBHEAE R T HARTRASBOLE, pn BT THER, HE
P GRS R IR R R B R, BRXMBHAR I ETLSLFERE
BRE SR T KR E R S8 i TR R E OB, XRBm T ROt RM e, — e
FUA 24 8 B9 R fE L 3R ( > 100mA) FUK A9 71 s B TR

Becp)  Au-Zn-Cr-Au

Au-Ge-Ni . 50
n-{iafs ‘ 4
Au-Zn n-GaAlAs = é/‘; 4n-GaAlAs
/ GaAs L :““— n-GaAs
= 1o p-Gaalas S~ nGaAlAs
p-GaAs n*-GaAs #IE
$ b i CaAs
1
Au-Ge-fu
10 FEBIHOEAS B 11 Be HF AMJLAMEERICE

B RS TEREMAFEXAGEASBENE, UBREERATE S OGEH
AT, HMEA R SRR E X n-BINR REHEA S L8 T (BN Be), MRS A8OGER 0
A 11 BRI, Be PEABIRER A 100keV, AN 3 x 10%/cnt, /5 7E S00°C T B K 40min, &5 6%
EARBE T (dm £ )T T CaAs ARE , ERZEERT pnB L THERXH, EERMKE
i, BRIE T p-n B AR . XABOLERE R F— B 40mA, K 250um, I 58 5 4 5
S AT Rt 2 4R A, BHIL RT3 10mW A3 I B .
BEEZT (TIS) BRI A 12 fn, RE R SHEERE. ARE pnSNBHE
AFER, pBIX RN n-BOUR AN — 809 Zn B R, BREFMEDIEM p KK o

Au-Ge ) Au-Zn
GaAs 4
GiAlAs G pt-in n " Aoy
n-GaAs —= Q"”“é n-GaAs - p-GadlAs %/’::?+zn7/_{
n-GaAlAs iz, n-GaAlAs LT
P4 GaAs HHaif GaAs

(a) (k)
12 fERHEENIR ERRE RTEBOLSE
() F—KT BEHCERAEE,; (o) RN
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K. BN GaAlAs BB Gads M, BHF LEEIHF A FHEEAB pn 4. XBHT
FREAGEEREER ARENEAFRESL 2x10%m ™, KA RVIOLERE
RS B SRR v AL IS B R B (15 ~ S0mA) .

B R R ABUL R NGB RN, E 3 R, ERFSREMET LR, £ -4
BEFEEZWE PAERERNEEANNREFRLSE. REENO)FMAMEBA (1 ~ 2um
B, HEBINRF FELER pGadlds fl n-GadlAs “ZERER, #FFY ZnFE WAME
maEd. XEHSHEER RS EE BT, YK 300pm B 8 m KT -
7 8mA, A B TFRE R 5%,

Cr-Au .
3i0

‘-\\

° L CGay Al s0A
Gay, gsAly g5 AS — Ao, gzl g AA8

n-Gay ggAly 3a A8 —= Au-GelAu
p-Gag g Aly 2ahs \
—
n~-Gahs
P GaAs

B 13 R 1 A0 RE T DS 5 44 8 0 A 8 i

TEHHBEH) Cads $IE LB ATHK b FERELE—THEIH AR S —1 Gunn I
BB . Gunn B E E A O RS TTR Y SRS SR 1GH,
il B A 70% .

EXAAEREPHESMBETAREFEHFEET TR RN EHBTEHEA
. GaAs MESFET MMM EOLHMES R BN ERH THARAFLEE, B 4 BREE
HEIE FIE MESFET 5B FHEA M B RS RE—BHEWY, FEREhLagdKt
AR B n-E Gads ZH. BB REMBOLB A ARE IHESRESITEMN. RiE, LHA
B 028 5 MESFET M0 £ RIS, Rkl B G545, PR 5 1. 5pm, 3 070 £ 45
P BOESS BB A TN 20~ 30mA, BB RMEBLE A3 ~SV, B EH S~ 15071, Foran
SRR LR T BB AR A, 2 AR T AR 4.5GH,

Rk ME  EB
-/

]

'y | Be kA
SOy
n-GadlAs
n-Gads
n-GaAlAs
n-GaAs LHi i GalAs

B 14 Bel: ABILEE K MESFET JGRs T8 854

GaAs MESFET t B FI 3k 4 35 45 % 7 6 45 0 2% ( OPFET) , FIFHXOEIEN S, B TR
FHE A BOERS AT LU LA A b a2 1) sty M e BRI 15 A %, B 48 & = MESFET #1—
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THERBCH. ABE 0.0, O FRYEFRAS AHEMSE RSN S,
AN O, MERELTESEARREE 0, ALEY 0 EAEMWE, 5 L
S 5 D ZEMFREH, XAENELHANGESEENAI W RBET 0, R L. &
B EMASERANESH, BAMIARBREERN S S OEE, PHBSN A
660MHz T A 20dB BT 3 35 | A0 35 0 10dB,

S3i-GaAS

() ' (b)
B 15 phRAEEHE
(o) B5f8A; (b) LR FAAE
B NEXTREOCB MBS AL EBRNREY WA 16 Fr, ZERSH LEST
— PO TRAE, U R e MR SR E R — R R S s HANEER T — 1
R AR S AN SR E R B, RO ARE R SR R A s (APC),
A RSE4 0.6mm x 1, 0mm,

—PD ' YLD Q;

| o
(a} (b
B 16 WAL AR R A ERE A
(a) BEAEE; (b) wpEH
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B _HEREEEEHMNTASZERL, BREMETZ4K Cas B n* FREHR
CaAs/GaAlAs BES . - MBI ERMLFEA BB, AERTRPIRh A E G5 Mm%
% T5mA,

FETEHETTAEMELEEWMERT L, ZFRELHAYnEEERKkELT L
WS E SR8, 25 FET MK 5 2um, FETQ, HMHR T 720um, X4 FET IR K
FRE 240um, FETQ, MR- TR A2 144mA A A2 SOmA, X Ry 59 % B e JE o - 3.5V,

3 FFRM

Eﬁ'ﬁﬁiﬁ%%ﬂ%fﬁ’%&ki@ﬁ%’ﬁ*%%fﬁzﬁ»‘J\EﬁﬂﬁiﬁH‘Jﬁ?&ﬁ%.%ﬂﬂ)ﬂf?%ﬁ%_ﬁ%ﬂﬁ
TR LT S ENRS . —Faxd WERNTFLMER D H Taylor B 5
% Schmidt 275 1976 E A AT IS SR 4 x 4 62 MADY m& 17 iR,

£ 6 4R

(a) (b}

B 17 T XMSRATARS
(a) dxd ARG, (b) REFTHHA LESEH 4 B LT X CANE

TR EMENBARNBERENLGEEES BB AN CH AP MHEENS
PSR X EEEPAESHTHSL. XHMFEANTEREENRE A IRRITE. R
v, MASHRERSGESHU I mAETE AR R B P NEREAR, FXAGEENR
XFRAERE B AR R AR ETF LM THERE, RN FFRAPRE KT LG
WA TR - BB PR ARERE -EENERT. BUIOTRRTHEREFESM
MAMEE 1 B3R NNEER 4 S H LM TERS. X4 B LNLO, 2K _E&# &4,
i ) o 30 T R B R 9 1848,

HRALZE SRR N AR EERIFE A, P TR d AW h TEENER
MBS A AR S BTIC AL [ 8 AT AT BR il FEE M I PR SR A 4. Becker
F Chang % 42 i — 0 7] FI4EH B WL B0E 32 #: 2% (communication bus) BI T R4 ] mAd 18
Fi 3

XM TR RN T B RN B AL AYE B ERT R 5
TR M, P SR TR R R TR S, P O SRR R B R F B SR F R
FOA B RYURE R, B A HCHEMB B REEES . R GEEFXME 18(h) IR, 4
BEAER R 10V B, i S MM SHE 21dB. SR LiNbO; HIEET MR, AEHNER N
40pm, TE N S R SR, 2 S MR AT 100

XM S A EER, NN EREEALE Ch/s U £, FRABSHATHE
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ot Nt I

EHEHES

| 1 LiNbO,

— BXARE
iﬁ%iﬁiﬁ?&%slﬁjsq / MRFFRS.e FWE

k= 15 BUCHEES R, B R,
(a)
18 i BB B B T
(o) MENAEWRIFTHRAE; () CXEEF2
26dB, B i A4 1R/ IETE, T1EBENFLEEN 1% ~ 10%, B A2 %2 2 L4 BB
FRHBEREE, XETBATEBL T RELER,
A SGEBAET LR T R AL 90 4% (IDE) B4, Toai S ZE B T F 4 5 K5 TIR
AR, B B 0T DR TR L MI4E 1B 19 0 X MR XM R B FF L M 44042,

(hi

:ﬁ%ﬁ/\

8,

Sy

ZT,IR ¥x

B 19 TR 4x4 FEM

X SRR, 7 5 B i S AR B R P S R — o AR B AT AR AR N
AN, AR ERERE MOl B4, HEB IS YEE, B FRERW®
BRI, B AR R 2 04T 3 N, BRI M Ir ST R A R B 2 RS, R R
i, i e G, TR AR EMIEA BT, Al S K 75 3B 1 45,
B2 208n . BCRRFF I FRiE S SLEY B F - SRS IE SV BT, F X% 3%, 8% - 15.7dB, I
FRIRZNAR .00 FAXETFXEEA 4x4 2 FFEMERE LA TIR 73, H7E LINDO, #E
EEAAL 0.75em, #EAE F#) TIR 7 X B BRIk, S F 0T/ 145, BIM - 15~ - 304dB,

LN X7 — SR REIRFEFE D, LR BARE, °T AR 4 384, 6
I, BHEEFRN 10um, AR 2,00, AR 0.6mm, # B 0% 5% 33GHz, 5756, B840 i 5
W, MHEEHFRART, AEASREN RAERAOEFLEMET L8,
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B, Neyer B9 1B T 5 —F 88 X JT 6, KA M5 b TIR TP +40484 . TR
AR, R RO BRI S 5, fhy S PR ] I 7 38 3L I o BB — R A R A Y A
£, BT 2 XHESFH B (Bifurcation Optique Active, BOAYFF &, BREE FEIXR, RN
WHEBER, MAESR, FUXENNFEEHE, 20 E- S8ME, By Sead Mg
HEFADENRBRRE TR IR MEZ R MG L. (AR SEE RTS8 (o m 3 4
HEATRY, T WO RITA R R An )M 0 AR G 20 B, B E Bl g 3
i 4 AR LI R R TAERETEE R BIBRZXWKE S

L =2W/sin( $/2) (1)
W P, # P, BAESTEN
Py P, 2WAB
PP ,n,,s]nl[ sin( §/2) +a3,4] (2

KT AR BRPIMEER TR E o REBHE. X B M85 HREE R (BPM) KE
HitE+n&iE,

urv

LiNbD,
M2 XHAXTREE B 21 X A0 R
B2l RREAER =000 X FRMBESN. BRARER 4= 1m BRKE L=
Imm, Pofi Pe SRR EAMSEHREHATIER. EEEN 2.5V, BEEWRAH AL
I 98% , MAE TN 0.1% , s[RI 22.5V b, PR S T &%, 29005 B
AR BESAEERN,
BREFXEARENEE MARREEER, WRF B IR TENEEERL —F
10 x 10 BT 2 P 28 7] LUSFE A 84T 2em x 2em § LiNDO; #HE B,

4 FREEFHE

Hamilton 25" 8 ] (95 526 2 4903 5347 BB CTOSA) T LA 1 56 5% LA P 8 R G 8 3 ST 4
PR R R A o XSS AT AR ThRE R S B B B S ST R I B R R B
P, AR CILR B CRME NN E X RREREHTRE. A, nRELERR
AR, XHERNEHERR A LEN, YR RRETERIANLSBH T TERES
SEARATFRAE T BV LB, AL, BAXFERN, 46758 T, 108A #
FAF—RETHFEENNEERER. E5HAREIHEILE, AFUTEERL: O
B RN (B0 2~ 40H) R TAERI SRR BR; OFSBRERTEY 100%; QERF
ARARHREE 508, ONASBEHREA, RN A MBI E— B R

66



T QUFEFARA, REEFN RER BEFRK.

ERAFSEHES RO THERERTE 2. A—BXCEZS KRB HEA—F
HHEF. HPEAET - HRBEEET, MM LB B = a2 A i, H
REABATHHBESMEF GRS ER L, TFEERNRDA KEESABELR
MEA AR R B, 355 2% 5w B R B 1 A A R BE SRR R, 21
BHEERFAAREER MR RAHF, WRIAESPFE | M ERRES R, X
Ao BN B RERNFFF AR R L, 8- FRMFATAR—FENIE,
MK E AT LA B, RBE I 8 S AR T REAL, KRR RFLOBILMEET
1R LB T 4B IO RE, M7 e, T RA PR AR T TR Tk,

B 22 REAFREITE#

I0SA ZMSPEEARE - XRE D; BN BEABBE F; HMIR5 P& RI0H) ) R
FOLHE) S HEAIRE AF B, XESRZMBEARE K, KB EA X R L LT REMS
G R AR A, 1)

. Ag
8 = 2amc sin 2Ang (3)

A & AR ANARZMNTA; A ARKEETFHER; n 9K EFHEA
BirSR; A AREFRNEK.
SR CUN M P
| §oit o A0 (4)

Ang ~ ngV,
AH: FAREARNERE; V, IREAENEE,
EZUSDAMFZRHFERITREXE. - EERESFHAIREA TEHNE
FR[‘S],EI}

Flo
S*-{-. neEVs &f (5)

A—REWELEIBENER,F
ghoF

neﬁD

Sz

el g SRANTNE A RMRE( W, Ay MR
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B LINDO; M E B, Y g =22, V, =~ -
3.5km/s BF, AT RAfE B S R ( W 23), H 3¢

RAX bl BEEFLEG®-24 |
Sn 1 Snt & 1 df—— e b
Fo - Y "B D 0

I LRI X R AT HE B A MBS T LiKbO,

TE BT i B A A TR
B b TR B A 0L Z00E Al 2

7 3

M BB R — R B T Si KA R, B4 s 5 /MHS

WEER FHER—EEE MR RS —t é! L
BB AR, | i SAW B

b, TiNDO, PR 10 8 , B 5 7= A 45 4 8 47 B 0O 2 H23 10SA LR BT

EAE. LiNbO; RHATEL BB R AAEERRR, XESHERES, LA AB R

& B0 AIE % R B OL B S,

3y FHE., f SHELER SO REEF—ZHE/ENE S, XM H Th,0, FEITHE
P A Luneburg 485 , HHA BN 5 EH . LINGO; 1E3 EaT, b THITH R85, ik a
B EBAAMEUR Luneburg B8, BRI T R MUK Geodesic B, RAB ARG FEAT MU
THEE TSN Es, g ARBERT 2dB. Bk aE s At a >  HmEE 85

(4) REFE KRGS, ROFERESEREHRAEER MR LEFLEHS B ER,
KT IRE GHz U R RS, QR TSR AR BBRER.

(5) HWMBH, HEBFRENSHENGERE, TREW[MFTAR /0,388 L A
RS, ESTUMSEEA ESXBRE, HERRREFESERAESRSE , ~RER
BB BETHERFGOHE s BERUT, U AR BEHA RGBT ERRKE.
H R RHA M FM A 0 CHREF T HRE 2R (CCD) 7 Fifh .

£ 2 e H Westinghouse BB HEA LR ZBHH ) 1054 SEAEEMS, RMERAEK K
632.8nm B He - Ne BOEIRAEALE , 15 B 55 400MHz, 73 9408 5.3MHz, ERBAER K
0.83um B GaAlAs #0OE “REENE, 2 PRERT IMHz,

%5 Hughes SIS A TML B ERGRLUNME, LS4 WSEOHET FE 3, Zg
FAZHER KR 0.82um ) CatlAs BOEESHFERERS BB X ARG AH S 3,
3dB 5825 380MHz, 7E 5 K 59 4T 5 500mW B KIAT S FEH 5% -
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(1) #k®, BHRMENE CAlAs WH i

FeESARMLE, CAAREHTANE. K T ° |

R KAEE 5K ST, THEAREHAES A2 |

A, LN, BB SHERGMESRKAR, |
e Y F R A (R, B T A K B K . -.
IS LR R BRI S, o/ :
(2) WEHIK, BHTRRMEEH FIF -/ |
Si # K LiNbOs ¥ K, KA Si #K, FTRA S 0 2. 4'

|

!
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£ 2 Westinghouse 57 53 T2k 8 SH A5 it

: # # x-HJ & LiNbO,
il E R < T0mm % 25mm ¥ 3mm
i g B2 T ¥ &k, 28nm
i -} il = Geadesic
o = 0.5um
BARE 2dB
£ B 24.5mm % 27mm
SAW Mk LR 600MHz
# R 400MHz
st 5% (OmW i, 5138 )
S E 20dB
VI o B % 55 e B R D B
w7 i I ¥ AE#R -REF
BT 140
=] BB 12pm
b4 3 B 5MHz
HEHEE > 40dB
4T > 15dB
s R S 2.2pm/MHz
F 3 Hughes Sl 7 BBV S ¥ Fndiid
i A y- 1% LiNbO,
HoR R d5mmx 12. 7mm x 2. 5mm
¥ B T % T T
Bk i 2 CaAlAs Bt WRHRE
# K 0.82pm
R <0.1nm
HBER T lpm(ZE bre B 1)
8 {EL R, 9 20mA
5 B it - Geodesic
£ B 18.8mm
fL rEd 7. 4mm
F ¥ 2.54
SAW g st # 0K 750 ~ 1250MHz
Wamhi 500mW{ & A {H)
A-Q BN R 5% (BK)
HAMRE 12dB
¥ 5 B CCD #EY i) & mSi
# & HiR
R 8.0m x 150m
i g -3

R &

333kHz
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H A\ 1980 58 — it 103A BRI G, NP Z MR AR E, HhE - Havt w2t
G 10SA MO B B A RS MR AR AT, 50,193 $FEBEARETHNEFER
KEBIFMAFECEY L, BEMOREFIE IS RE THE O BE, KL 3B KRR
STARBL I 4 BRATRE M 2.7MHz, 200 DB EMEE _BEFEURIERGEENEFREN
A00MH:, BE E A N 2.0MHz, X— 845 EAF S R EEFEA B M/ A 6.55mm,
T2 B 07 353 48 0 R BE A B 52 T, JE AL AR P @ B FIFE R 1 lmm.

Westinghouse $i /3 M7 S MO F BB s BB % . DATSFNaIERE— R T8
2L 30dB, B B R R RGN EE AR/ R, A AR kGRS, TR
45 R, B AN TS B W LL BT 40dB.

PR EEn TEE TRERAVEIZEGGEESER. EFER8 AR H
FRBIHME SRR RSP0, HRFTB EEESE I, MEXRER, X AW &
fE 28 m LA, £ AU O 1GHz A9 TOSA, A5 24 FF R0, d FREW S hathiE
R B B AY, B LS R R LA RN, X — S R i LiNGO, #HRE T A A A (12 x 15) mnd.
PRI SAW HiFE 48 B b L3R 3 43 51 25 500MHz F GHz, 73+ 8 % % 4AMHz,

g ERSHES
mﬁ%/ﬁamﬁ&

—7 SA—
Tt ¢ LiNb(3, t&ﬁjﬁj’[ BRI

A BT 2

24 BETHBATERN 105 25 A Fresnel 8 H) 1054

ERIBEERHTFEHLLHGE, RECERAES LOSER NS, KESHEE
BHEAAFETZMEEST L, HE Valete ZUREIHIE, £ KRB EHLT FMRT
Fresnel B, XM I0SA WA HIME 25 s, ERAGRWELEK—E S0, kSEE
SisN,, 22 L EFER Zn0, AR PR R E A HEES . Frenel BEEELHN 2R ER
TR RN, RARENTHERRAEE(EE FA3), KBXEEA(KT 6), RS RRS (5
1B T -32dB), RIFMBEEMIF/FE1072~1073, F RER), UETUFRA
VELZ:. 3T HCESETEOEHDICHERN R, BB AR -MEIEaR f8 215
WHETEARK—HF 4pm BIEEW R, BWBLB. BENBREHE S AR g2
TE S0, BN, REFEBO N LB a3 4, % ¥ 4% 250MHz, Zn0 EHEERT Si;N,
bR R AR AT A SRR R, KB T 2~ 5dB/em, M SAW M BE 8889 %4k X 2
LT R, M — R T 148, (B BB M IES A (38t 20dB) . XA
HARKOBERE, AU LB, MEHE SRS T HRERTERE—E, MQ
RO AR B A7 vy e o Bt T DL B RRTE - —H S |

H—MEAN BRI R, HEWNE 26 R BN THEEBEN AL
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BMER, fETR, BOCRABOE R EREETER S, R ERI L E EF &S 0T
B RUE, FIECR AT, e R LA R BT R AT 55 . OB iR
JEREERRTESHER, X—-LRERMLH, BT T LR8I o i TBHE 5
PTRITIRE R R A R R BB BR, A B 248 R1AF 105A LHLH AR,

B _RE

e Ll

3L E 2T

(a) (b

26 “EEGEMIESPH
(a) THEFEH; (b) BHBREH
FEROLF A 2R 5 R KA ME, AU FTEF LN A, ELEFE IR PRI
TEREARBESFHN, EXFEERSTHTHET T ABMALBEREGES,

5 HROLFEERGNLH XS

HEfE S B, HEF (convolution) FIAH X (correlation) B E#E T+ EEN, ZRXKZHE
BERARTHRE, ATARESE, BR,5 ERE T —&, M AERtEN T EEES
REBAMMAXEHFEMA, BRAEEBHR T HRBUN EHRES MR ERETS K
MEARBRNERS), AAAIMAYKNASHEERNR SRR, XESHESSLEME
EORAEERE BB,

& 27 K — S PR 7S SRR A B ROE S B A AR DY . MR B AR 4 S AR
G, 5E - REFWMBZENH . MENEEARME A —BEHBERAERN w, B
B wo + woo(w BB TR B MR ; — B0 B R — ANk, B8 4 Y63 s 2 2 76 350 ok vk A 30
R & AR S, BMRE RIIRIE S XA A BMNASREL, WREESS#E AREFE, © Rk
BB — R BB 6, i R MR AR . R R A HIAR i X R 2
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SHERA

EEREE
Say il =3+
- = ARU KR
HAK B 4 _
= WEiEaS
BABRAE =
’ =
& R w0, B0 A
Ti-LiNbOs & 5 OB 2 Qe AR+ w,
LiNbO,
N pEmnE

27 FEFELFRR

PRRITADE R, HABSH - REARQERE M REAROENRPBEL, R
FEAR B CRE R B (R M 3200, B P M R A4, R EE AR
TRERETHBH.

WL R EIREN A MDESBNEE TN AL, (), K £, RIA— L. MEAGK
RER b, BRI INER bAA™ o BT — DB TR P2 TR, 200 R 70 f A 2 1
B, R — PRI AR WAL SN

i) - (2)] (6)

Ko REEFREE; FT BUHEEE, Ff=sinlgy. B g DT HFRKARE8RE B,
g1= aby.

MBS Z R E A KT - 0 AR B S8 - AT MOt R BRI IT
B, B KA R TR A

AEm(xg)F1(£—%)F3(E+T+%+£) (?)

A

F} = sin’ g = sin*aB,
B RE_ARUARKEHRE; r EMNRAFKZE RN E; L B8 - MRAESE »,.
B E,

Mix —BREBRILAXR ETE N, KIS OLHE S KA A N RRMAET. o TX4HE
FAERRE SN, MRTHERB A ERE 2(2 t AOBENES., b0, BERESH
RO AL REAAARFESHH R, MRFARTHEAERAFTERAERB L AIFHE
— AR RT 20020 = AQ ) BIGT A% I 8l , AR LA H e, HAEBIRVEH 2(0p 1 A RY
oyt R A

< I :j:i:ﬁﬁﬁ(ﬁm[; 2 mfic e 2 Lanay,  (9)

AN o BENBREESRINERPLAER; g 6 3R R BN AEFRBENNER; » B
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LR NS ENDLRE E M SR, MR - BRasR Y

C aths2
b= jgt:_ ) ?‘FFAZL_WFI(;_%). Fz(t_r+%+%)dx2 )
LA B, # B, AL Fy R F,, FAEED singy~ g0 REHRE TR TRHEFEHELR
R el ol B oo

A P RTE x, =0 FERAREIIE, RO FAWMBRRTHEY K, 520 KKET -
a/v, WIEMENSEBERE i 5B 1 B, NERBELRELL, E6 R EES 12, X(10)FE
WEH BAGSRKEMREAENELHZER 6 5E3 v AR HSHEBA R AL
R P ACHW AR SSEE R F)#F, S 3R 2 1 25 4 06 0 1 o R 5 o
WEHEES CENSNERIENTREARS ., IHRERRVEESHTREREN B
Bf 6] 47 95 FH7E 1000 W B R E K, B A M35 B3 83481,
ERAFERSSTANBYERAL R HERERER, FER2EM A 5R
SRS SR RAEEE R, A ENEER., YR WEHE b N lem, FE
A 300MHz, U F B i (R4 R AR 1000, B SAW EX B HELE T4 HMER, EXE
& 3em, N B a) 37 3% B2 2 3000, A SAW JLFEBHFREK,
MBFEEAL, BT HEREREENEREZE, EFEFRHNE. —5 LAEHSB
REHFH , ARHERNRESEAEZEEAREE, MEMERTREE, BN Rk =EK1H
S RF—F W85 RPN E RS TR, Xl B K. — iR
B 4E L7 e ) AR A S B8 281 BT R . Bt — RS0 PR UL R P A% (R B B T
WHAATE, UARASOESEFASTHORESS FENA—- M EEEE FHIRE
BRA—TEEEERNER —WTEL, AR, XHAALSEHESEAR
RS, B TRA T HERRBIESHE SN AEL S AR UE2ELER
RS BEMS REEAS, X, XS UEAHE DMEEFHERE, MAER SN THEE

B
+ I/aﬁﬁw%ﬁﬁm
%
ANy WK

s

ﬁ%ﬁﬂi:C(f}=JS,(:)Sg(r+:‘)c1: L ‘%" Sie)
RF #%

B 28 BMASMHRERR IR

B2RFFRHRSRUFLHXHTREMNEE v EIH LINLO, M E, R RA, B
15.4mm x 12mm x 2mmo FEX AR o, BOGTAH E 00 A5 H G R AR R 25 5 B LINGO, B2
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R ARSI R RS, R EBRE AR MOR A E AN 8, RS RS E
HAE x MR 5%, f F& w5 B AR A AR AT A, ATA MR 5 R AT AL RAR IRABIE
3, LAVEREAE (A o) LA S RTS L A R AT e “IRE . BT RR SRR
A& i S KB A R BT, I XA SR A B ORI AR R KB R E N R 2B
HHE SRR ik BIRT ST AR BR , ff LG BB SR AR 0+ v

TARR B AR 3y () 0 Sy(e) Z A B AL T | A X0 0ot — AR B A8 o Fo X R A
P R AW AR SHLE , RIBEGIN R BA R AREL e, G ASARES . &R,
AR AAERE LWESEESHEES S(ORERA, RRRERAR A EREL
RAURE S EE R & LRERTIRANSRFIRESR o REMAERNES, A&
MBEES S(OAEBRSHZDEMBNRAEGIEHE. BRE, KUEFIRMHFITE
& R E SR MBS HENSANTRA, TEYHBLHER. HTX—&H
AN FH AR G AN A 0 AR L HRUT LU 5 10 [R] 7 S A R SR AR /D 80% o BB IR IR, 3[R 4
R/ANBIFITE , A0 H G B & DB R E] 5 45, Ay SR A H AL A3
5%, MSEIRTE i faf EAF SN 3.5 ¢ 107,

6 RHECLFEBEHHRS

ERE R (ADC) MO B HBIE SHRRRKFES. ADC M43 B R E F x it
V125 AL OB B S T TR, 3 SR PR 1S A IR LW, 30 L SR — 90 5 BB (A (L A
FM, B R RIS E S W RERIE L AUED ADC A SRR R A P B LI
BFES, AN A ERERAE BN EAUREMITZESABEEREERNTBH
Fg, B, A28 ADC MM T E RS ERAGE, LR B ASHIT T R BAOBFE.
IR ARG R W R AR SRR GINECR R 1 10° /s, FHE ADC ERBHFDIEE, i
BUHBREEA RS TR A THAR, UAERR S ZGMESAEF R HILEN.,

Aff®E ADC FEAM MR EREBRRBSER BRI REBRBANEAR B
WL ERABGERANES 1, Hiff, 86 ADC 3k B S8k 5o BURE 57 FE B9 6L F14E AR E e
FEH, X UREHEMARR BN, A, A RS ESREE FRIR
4R Tk SR 28 (EBS B ) #LA 83 AL AR b I8 Gunn B B A0 R 98 W T 48 58
{4 (TELD ) 5 B4 Josephson %15 Y9 367 0 48 518 42 3305 , LA % ) F R 1 e Y3 0 RR 3% . % ADC
T B e 5 A8 10 0 88 OB B 1 AR

FE i .98 A0 T M R T AT S IR 20 A9 AR ) v . ,

_ _ Of mRe Ve ¥
BT WA ADC SR BN AT b AR WA g [ &8 [ %
BV, TR — B V. MANE
T AE (8] o BEAREE, AR V()BT FIS
BTRBHFH . THEHANEFHBRE v, 3EH 2Y (VN RBHEOLE) ., FRERE Y,
o B AT R A - -8 TR, B

Vi= eqeo agv e (11)
HABT A an T BEHIB B 17B07, TE RIS R A AR (LSB) B XK MV
SRR, BB AR (L SRR £, TR B K £ (MSB) MG B JE e A5 T B (S IR B n 4. B
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F At E)\{j‘] =y

' A=t~ t; (12) V"} Vi Dﬁ
s AV R a0l \ ¢

e
AV = V:',r'-fl_ V; (13} F‘ | Vi ? \
B 30 R BURE FIAT S B (S SR A TE Ve M| e

— 2 B ] AR F B A B SRS L AT R ‘
—Fh 1 BP0 D Mach-Zehnder 8§ TR RS 74E P30 RfHE AR AL BT A0 BB

AR P A R SR e, A 31 BRI X RR IR SRR I ER AN 32 BTR, R AU R Sk
MR YEE ISR, BRTAEE R LiINbO, SENHE, MRS SOEER T Z28EN %
ARBEHFEREREN . THFEFHRARFEAHELESBE Vi) a8 — 1w
R L 5T i Gl L 2 P B YRR T PR P P BYOL SR AR AR i A HE R, S5 R
BAERAEERY . F o MARSNEEAHEERAREL RHFSAROKEREN, K
XFHE

L, =2""1, n=1,2,,N {14)
BEOBRESETH RS- - MR RFEMHERE TA PR, HAHE A, TRRH
A, =2""1xV/V, n=1,2,,N {15)

AP Vo BRAEERT - Vo Ve Vo)o W n AR 5 U R BE5R 0
I = Anmsz( ag" + -%rﬂ) + B, (16)
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5
2
0 1
A G 5 d
HEMEE RS R
(o) SHE (b BEHAENERSS

48 BOET IR LR
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fAERY , MR B R B RS R 2, SRR T R

SRR (E SRR 2 0.3) 50 S BRI B SRR 4 B YL, T B
HE Fabry-Perot HEXMBH =AM AERSREHTHE, FRSHRSEEROARR I ERE
SAESTEBARSRNBR, N TRAMEEERANEE, DE 80 Fr. HEATR, FE
ShELE A5 1 52 A 3R S WOC A W L R A AR BIRE M B ORISR K, R,
FEsLse A, AT SR T MR T 10%, LA BRI S B K. YIS R 5 A K,
BT MUE B R AT R R

R=Ry+2(1 - Ry rRycosb (33)

AF: R BREANL BB LR, r BAN SN E R E, BRI =
SHEOMEBHTRF, 0 R,

TEROCHE T IR g TRRN

&o =%IHRRO | (34)

A L RSCEEARE, B EMEEREE RN TR, O R R A (e
A A T B A, MU R R C A AT BRSO SR N B E D, MR AR O =
R R S A R, NS B SR A 10 B P A $E 50 | BR B X — 7 kM S

RIS, JF R RIE M 4T R 2 I B 4, 3 B 46 R ER T LU WA B S P 1Y
AL, R —FhoME RS AR L R B M B R SRR,

FRBERH AR oy S 4 T R 4 3R 49% ) T4 I B BB R AS B (S BB, ST
TEEA ERTEA SR MNTRER BN, CTHASERERENE e SET
AR, KEWRTHE 49a)', #RIBEREEAUBEMEBENET - REMRK
W AR BRI 15 RRS , I 40(b) B, FHBRLRIR I, % AR S R ET B B TR
FhE B S R,

{aj thi

E 49 WL RB BRI AR
(2) Ki#: (b) WHEHF

8.6 NTHEKSEHE

M REERAEAS RRFREPENE T R(NBAAR) AOLEERNE R, T A
NP ARG E AR, K TAEREEMT LA GRS, T LMK S EE
{H 21t
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HOCER B A NI 50 FrR, B B~ AR S H KA LiNeOs THEHR, £
L CREEMEEE, BT ITFERERF 7000, 2 BE R 2x107°C, #ERB T
KU FIAB B, S RS e B, i B AR AT A g
BEWHEHSENTH. SRERETRTNEES NE G BENAEEE.

In

KA P, _(_—\_ TR Ty
AL .

(a)

(b}
B 50 RENEEEE FRAE

(a) AFEBEESR FHE: (b BBE=ITHRNEN
5 R B R T % it U B A ST (AN B 50(a) B aw , & — i 9 T A ) Mach-Zehnder F i
. B—WAGEERIRASRKOEE L L BENRAGERSHBESHEE. i
BB AR AR AT BN nge SEBROTYERN, BEE AL=L - L, lkR
MERREE. ZEKN A, FEZRABEES
A$ =2nngAL/A (35)
HlZ B (P o/ P ) BB Ad fEIE LB, neM AL HABRE AN, Bk, EX L SH5RE
HEHWXRMULEA, P /P, SREMERITRRH

%"j‘: = L[ 1+ moos{ ZZbALT + Ao | (36)

XEL SRR LA SRR ENE, XCOhKLLLRER s TER A
dng  na dAL \
b="4r *AL dT (37)

i Ady Be—HH, v I m AR AT HEHEABFENEGTE, N BREMRIE v =m=1,
BATHSARAMNRERNNUBNBENIHIBAR. ITAREANELFEE, A

ﬁqﬁfrﬂz&%&ﬁa%mﬁmzmﬁ%ﬁ@Mﬁiﬁﬂ%.ax_um B, # 00 AL FT LB b Ry, A
SBWAMELN,. TA,E A =nn(n=0,+1, +2,-)SAMIE, BATHRMN 2K
R,

BRI BN S B AR T AR R F B R T BB TR, W0 18 S0(b) BT
T, BN AB R C SAT o BB R B A IR TR A 1S

B—FET Mach-Zehnder T35 B E R TENN B EATHEEEE HRx47
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RS TWH, ME SR, X THMEH EM KR E, 7T TH RN — 8 B8 EER,
B Wt EEAT VR, FBf, EWERES &M —ZHES RETHHEME R FES 5
5HEFMEAESPRHINE P R P, HF, XHETHRHMBIIR P N

Ps=L[ (P2 P 4 4P 2P st £ ] 8 (38)

N $NMATHRREMOLBMMAE; B BH KT WM M8 (F M3 TR 8
FE. MBI EAREM, B P =P, =P, A AN

P¢=[2Pcusz(%)]B (39)

P P,

A ;V >....-—‘—— —=r,

_—.—.Pg
T LiNbO, %

51 SR ALGHE B AT B 15 At

B BATHRNLRFFONETEH, FRERXFEIRG R T2, BE, #
100 T EH B EEES EERITHESY TASGT U ASERERERN T @AM,
EEERELAA _4NNELE, KIRELEST CCD & miEd .

) FE 22 0 Y6 % Michelson T3 #8450 7T L4 S BB (i 38 45 IR B8 1MV 0 JE 1y 4 e 388 5t
IR RS F1 & 52 I 53 i,

=Y e BN

/ / -
A
-4 -
ﬁ%\f’<{m Yol EMWE
s 77— 7/ Bateh
g3 7 7 7
TE  EINE  BEH

(1) (b3

B 52 A MRILH Michelson T 3 22 fE 2%
(a) BALHFRABEE; (b HEBERS

REEBBHEATHRESRLESE, ME 2(2)Fim, X2d— SR Kk
RS HIUREEE S EERNE. CHNERSEEN TAAMPXAAERENR
B, MRFHRGHES BARMMI B RSNE 2(b) R AN E - RN EARENESS
BTN ARS BB MR- RN — IR ERE, S NS HRIOSE AR R R
BEE, B THEDENSEE & R EETE Rk LRI ERE SHRE, FERK
ik B RE E, R ARMNEHE SRS B RE, ENAFAEE RS E 3
BOB, AEREE LA NEERESTRATE, TELSSENNEEEEEN, 57
EA M REERAES B ERRAREE. AISNEREARBARHERBNS
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BEATE 10nm LA T,

ARAHE SRR E R E D RREE R 53 RS, HENS bRt gE
BT, AR RRERAERENSEE LESWRFREEX LA E, T
FMEMENZEMRFERESELE2HERE L.

RE e EARAR
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SRR

A TR TR RNEERES - RAE TR AR ERMEAE OHEERHL 60 14
VRBRA P EEERRS B RE. RPLUENACHENFEESHREFE—MREE
Ko TRASK, BRELHARRB], FHE R FRE AT B By 3 Fr i 2R B 4
MFEART , BRA R R R ETEERE JUESR Lrt AT 8% F 2450877 i Mad
TR,

1 BFITEILE R LR R

1.1 EBFiEsEE

H 1946 £ — S THH AR LR, B FiHHRNERDEMEOHNEILETE, S
S AEEARFHELRTENTNES. B TFHEENRTE FIHHENSENESEE
EEVE R B E IR AE N B FHENARR S MK E, MR T EAR e K RiE
MR R R N E R B (SST A MSD B = R B B O £ R (18D A
RS R(VSLD £ B A SR, RERNFAABTHHEIBR T RAENEERN
VSLI sk A Fr s fF S  EEEMFAE TS RBAEEEN KRR,

B BN RER T LR SHERS, R HLRKE (computer architecture) # 21
HhRETAEEL, T E AL i 1 {4 (hardware) FI34 (software) A B, BRI HILE S P
MR, © R PR TS AR AR SRR RENZ BT ERE
%, KE—BEMNE—-4BF(InG3RTF LBEF BHEFANLABRFS) R SREGX
HEFGERREREP T GHHRERS, BERTRNATHRISGAR S, CoEM
EBFITBEHNERE BERERTKEFMAE, BN RESWEAEEANKGE
P AL R SR R R B, BT S B A — e xR R XUS 1 B S S8R (architecture ) #H HE
o LhRE, RESERXAEREHENAEFE 70 EANBERAF P RALRMER T 2 6&
FEHY

M REFR 89 B R MR BE R R S &, AT A e FH AV T A, BA, 8 FHE
PLE B AT o B AL KR PRV MR R SRR, FRARESEEERKBX
M ERERBE -RHEESEHNEARES. MEMESERAHE, S RAIrHEGREZ#
B T EFE G LA BIE KL R BB E R BAE - PLAE A DR, 15 ~ 20 FERT 8 BT IE K
RUHLH E 5T FiE B R He A B BLA /R, B BN,

— R TRV R R — PSS BN RERS R, ESSHE AEGTER
BHHEEE . FR BEAR (BN RE B AR, DRV EENE SFR, AR,
ERMHLWANEE FEAER LENREERER)  FHEAZRERE AA/RUEEN (G
/O MBS AL B AR R VORBRE) U ERRSRARES, ERGFE, ERNAMX
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AP /DRI R A S E MR RE T, EX BB R BE A R PS5 5
HREZHAPEFE. KRYEEE M S U, A S RN HERELHR T
BULR R RARTE. T, RINUEFITRE A BH SRS 005, 5 al 54
HE PP RERARKRREMFRE,

AZEMGE, 1946 E AN FE - 8 F T B Hl ENIAC ( Electronic Numerical Integrator and
Compter %S , BEE TREB IR SHBEVD BT RAKXY, HH 1810 T E4E,KE
i 30t, BAHFE 150kW, AL 170’ BB ZENEEABR 0.2m, REKBHENER
0.8ms,, M 70 X HBAHREL, H2ERBERE— A R R/DBIEFE K/ ME s £ —
BB ST FIER B RV, T B3 A 40 L ENIAC & L HEsULE .
AN — BB S ER R E N R TIPS R, AEEN T+ EFHRBTE KK
e, Rl TIEAES, mE 1w,

&1 WMEVNHBERES

ERE

i A [E § 7]
£ TEEXR F K #E4EY/ms B MHz 580/ b -
1971 ~ 1973 PMOS 4-3 30 4.7~0.8 2k Intel 4004

A ' ' Intel 8008
1974~1977  NMOS 8 2 2-5 5~ 10k Intel 8080
M6R00 . 780
Intel 8086
1978~ 1580  HMIOS 16 0.5 510 30k W 68000
7 8000
Tntel 80386
HMOS
1981 ~ 32 0.3 §- 18 100 ~ 500k Z 80000
CMOS
HP- 32

BRI EERMNEEA FHNREFRREANSHEARBENEE., BRETIT,
ERKEEL ZTHZER LRI 2 RERXSHR. G HEHE R FRELSHE  En B4 E
Al MBEARETMATEESFZNBHERTENANARERE, FFAFEATE, 8A
R—BAUEATRICEERRER RER, TEAEFHARAZ.

PR CH MR S BT H T RENRARE U REEHEE, AU X KEEsE
K#) 45 x 10°h B9 QR 3, 4 00T 8k, BUER AT BB R BTSN F A%ITE.
HESMR CYAEZSB RO, XE B RERITHYLAES 10BFLOPS (Billion Floating Logic
Operation Per Second ) RHZ 32 BE, Bl 10° (R S BB 8 /s,

FERER T, W RELE L E A 100 5,4 F R 50 8, B RIK 10 &5, P8
IR 5% 10* A= AR, 1B 0 AR R Smin, IR EEBI 1 EERNSEHIE, BT 10°
WHE ., SERSFMIRSEES T/ P58, 1 B Y058 B 3 B 041853 100 BFLOPS.

FEE 2 BOR BB g A 2 A, BRI B Mt F WK TR
o BAFFAEARMNERNMEBA BN ZERZFOBLIEM H R, BETERHEE
BHBKREE,
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12 EEBMAERER12

BT B YL ENIAC 5 LARTRY B & PR AR A 1, B R A S 2R A T FERBROR
PATERZH GERZFMEEAME, TSR THEAE, B8 20 M ke, 8 M inEdsd +
HATRBER, TURE - FR TR+ 2R CEFRESURBERAYEE
HMATHMER . XETTRVRES it R CRIAR, 2R R T SR s o M 38 3 108 5 50
i B 9

BERRRUF LR - SHEGRETHRERFIHEN, BCHERSMNFLIERILE X
HENBEAARZN ., FNAC REFL B/ TR FLAERMZEAREETEREA MY,
HEHARRKREAIIRAETHATERENEE N, FENERRE. - EFHEE
KN EE REMT 0 MFR TN TG ARENRT RAAREETAKHEN, AT
BT HHBFH R, BFES TEERIVINER 1~2 X, B18 AR AT
MPERTRAEETROARE, AR, T B4 S0t AREE, BH ENIAC 7% B FE
AR dy PR BT 1 T F TR, xR B A EEE & 600 M2
%, ETWMREE RO LB FRE, 0 AE T BN R RS A A ERR.

FEXAWRFEZFH K2 (Von Neumann) & H -4 fEE (RK¥B4HE ENIAC HITF L EH R R ) 1945

£ £ ) T EDVAC ( Electronic Discrete Variable _
Automatic Computer, E ¥ BT B A3 M Tt ¥ jFﬁﬁ% i

BL) AT R B X E RS R T S Rl g o
ST R ELU T PN e TR el iy Rl ) ke
BRMT IHERT S, AR A S M — =11 KES
A ERIEARE T RPN S, K EN BUE [ T RN
DAL — FBR R T 0 9E 4 T B R B ERE R RG

X MEFEANTENE EH— T EER, BX, AMNRAIMHERSHTREREN, X
PSR E B ER(LE 1), GELHS BHE FHESGARENELRE., HEREH
MEEERE:

(1) HENHA - #GFER, R _HWEE.

(2) RELHWLALEBRLD.L AL & SF 382 8 8 5 R4 0 B 2%
LB B A A R E M RE R EGEE G B HSE R E,

(3) TFS ML TR -8, RIFRLEN G- TR, RER
SR EFFHRBAETLE,

(4) S BRFRMMIENAR, BIEBARESHRERE BEFNRIEEBERE
B A AR RERN R, 1A TEFEAEE T RTINS T 264, 384 H BolE S 4%
SIERITTRIYL, BRITR —KI8S, 188 B3R 1, 8E BRI EN.

H TR S B 53k T X A6 B o i M T AE A B30, AT 455 A B8 88 S5 7 1% 28 2 18] A9 3K
BAXKE D, XU APLEE ENIAC K552 8 F R 241 (classical finite state machine)
HEWGREEME 2(a) 7w, i — A BRAT LETMEBETM UEBA B (L/0)R
B EEREIHR . TR ORI, ARET, A MNFERMAREMRYE
T, E BRI RA I TR N T EEC A, EAmmAris 8, FEEA K
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Bl FIuf. EHEREO(LE2b) P, B FRAT SRV A SR EH T ERE
BRETEITHEENS R N A TIEE DD log N 4, REHE R H AR BIE R RS T H5#
HHMEBATWARNLE, XT—HWHNANEFHIREINEREERAEENE L
RBEERERENCH TIHZRENYSE BESE A SR FHEINERI AX T
A& R LA,

|
HIE
1
= |

;
B
|
2]

=
rb
1 :

(a2 [§:}]

H2 SREMREN () THESH (b MLE

1.3 HENFITEHKER?

BARBENEGELET , SHETHEIWNABREE KEDEMNERIENE XY
XEATH#--SRAEENT KEENEEREE, WA A HEKE I (botleneck) . MHE 2
(b)FTLAE I, dt THK S VLARIEROE T F ik, 78— et g HaE v — - 8k -5
ST AR, B R T, MERGREN G TAFEE MM, ELHEE SR
REBHEN, o] R #TEE, R RIETHRE. BR HEBE—T N &7 E (seral
computer) fl N £z 37§71 8 M ( parallel computer) Wig HEE, A BB, A4 LT RFEEHN
AUT FEMERERETLIET VI,

RENFHEANRELRE, SV E2EERI T RKMBARKBNMRERERE L TR E.
RREFENF EEY T BV BWAE, CRA T HTEN, WOV ., XFTEH
PR T RS2 IR, AT iR KA E , MA v E R, BN, K
RERFERRT VISI WL E, £ -1 lem® MERETHR L AERE T 0 &k

WL R CEEAEELS AITENLEARNWBRGE, R THRNAITEN. WEMEL B
NIAC FLECER bR ATE B AL AT HLA AT & .

B HAT AL BN P iy A FR T T2 (parallelism) S H L EE L, TEAABLRRE &
HUWK B i#EE X% EEE (resoure-replication) K18, MR A X BHAMNE&FizE %
3 B 3 5 — 2 K A e (6] 32 44 (time- interleaving ) 55 %8 2% S B B IR 34 (resource sharing) £
OF B B A R ] b 3 oA 05 B R RORR

RAERME 20 F 0, MAEANTRREKTRPABHRETE, HiL 6.4 TASRE -
AR GP R ST HE AR TARAFGIHELE, 05, 2EETHERSYESE
LTI TTERXHBEYVBRERRSHTERMITRE. XMAAXEEERGRITIHENE
B TR ks BRI ER MR T HENREEM PRI RRE, MEHE VISLER

96



B BRI R AR KR T, & EE R AT HAM, 5100 £ 77 8 5 00 49 S BX 2 38 41 (associative
processor) , 2 32 45 HLIC 49 P3| b B4 (array processor) %, IR ER O HEBRELR
B 6] 2 A A b BT R AR ) B BRSO, LME S B R — RS,
WM EFAFRERHEEE, KKK L (pipeline processor) X —%, SARTT
B KR A e R AR B AR EX M EN PR EE AR AEENTEE. i
BT REKES FEEY L. BEREZRERNER. W TR FEE R LI E B #1E,
i BEERGER . Fl, T — &4 — BRI R A PR S 8430 BRERR
WATHEA WL, EAERKRAOEF LRI P, RATHE B0 3(a) iR, ERKELH
LRSI EmE 3(b) R, B I RZRFE S G LARFRESES ETAHARET
HBASHITHF S EFRKELENPERERKEFS. AFPAEFIMENKS]. &
WAFF L EEHL P DR EE RS BRI R A BITHE —HB L, ERKRLENPRESE
— S TSR — PR B AT R A S ZHOKE R, B AR LA S — RK B R RIR
Fit, BR—THAKBBIE o BREER B — AN SER TUR AL sERL, L HKERE dE
A, ATFRAZ LS CREREWEE, HEBIHE LW EHFT RSB TSN
LB UXRRERABR SO, HXHREMTITHENEERSEZHHM, R0
BMETRAEZERKR, PANRANEZHE, CRAMRRAREESE., EHF L, 5FEH#HT
BRI GEARAT BT HH. FAKLEL L E & BT Cray-1,1976 F#
=5, HLE T 64 i, B BRI 100 10° RiIF HIEE /5.
I'E4RR /1’ BETH

—— s T — —

nlolelplelnynln|nBlng s

IP#ESHA I F

5 O O R A Iai/ ’1/ A A A P

.ﬁ 8 | o6 |n K / A P A
= L .

$ FERN O A I G N O I & J ( | n

Se I n n FE: I3 It } nt

n 2 3 3 13 B =1
__.I__J____}.'l___l I L I l{ 1 ! _.._l_.._l,r 1 151 1 L 1 1 !
tr toT t+ 27 2437 "t et D B [E]
thvtar

(b
B3 A A A AT (a) 5 Wik 2R 2L BT AR (b) B9 HE B

TEREMNTEHTEENAIE, MTREINRREHNRE, TREXFRBERIIAH
IR, B, EREH S5 ETHRRCEYL 2 FHESRER - SNHITHH,
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—RR R, TR SR B Sk B BR A E H JLA
A7 M T L B TE A RO X S R A Fem | KRB e
W, H-RABOESRAEYENE |

r
{ ;
%A/ 1| ]‘ [
|
| i

|

|
58, AT AL B B YA £ SR R M |
U AT A7 B LT #0758 A G B R B | &0 |
SRYI—KARL A, RRAFFLFE | | mems |
At R X BR P A8 47 (associative memory) . A3 [ F o pp e
BB AEL, A LEREERE 54
M4 =peibEE

TEGESS ., BB AR A /B L O R -5
DAZA6E SRR ME IR AT MR AR A R A 0L, S EA0FE 4 FroR. B 5 5 B0 AL UL 4
WFEARE THAXKEERSATREIHEAES. b TFEIEHAT R F#HEER,
MHAFLEERMNEE, RAEHBH- FESENFERERTHTERZE . TR H
frffE, REXKEMBNGERLEEFTRIIFREAPALERHEER,EdTE
EAEBEHEEREMAITLAEN SEEELNRE T LI XS0 T B mmEs.
XEFHERNE R BYLA S STARAN M PEPE #f BB T X B A ML 25, 8% F 70 14
18 .

RUTE A 48 B IR R AL B O B 7E 2 SR IRE B X — B L3I A THLH. EEERM
FOTRHFLBEBRNFT, A G BN NE LB ALS.

AT BT BN M E AR SRR B (M. ], Flynn )43 2535, BIReBUE I Fudk
SHMFITHER SRR E, CRET RERELHABESRIHT. B ¥ (daa siream) £ R
TR B EERAE , BFRAREMZE N PE 4 F; 154 i (instruction stream ) i1 8 HL 41T
RITE 24, Flynn M RFREBRERR (D) MEARONFTEETEVNEAEHIAT
P

B HKBIELSHABIER AL (SSD) L B E RS MR F L ETEY, R RS
Bl 5(a)fim. RERRGH THANGEFEEZFRN. ZTEIESHAKER(MSD) R4,
HifE S RIEAT, MBHERBBITH, LR R KL MBI -2, BS()BREER
B,

BERREHZWITHEY, £HRE T SIMD f1 MIMD 45#, KRS 45/ A 5(b),
() Fr, B ESEREE LR EFTERBNEERE, FRITERXBAENEEE B
WHSIMD %45, HA BB Tl —fTRFIEF ERNE S, B4 EmaRum ~&
S IS HITRMNEFSAEAT, SAHERTTUARBERERFAANEE. 7%
YA SRR R 60 AR EEK BT ST ILLIAC IV B4, B8 64 M B EITE
S b HEFIEY 8 x 8 B IE I RE,

£ MIMD 2548 o, £ B @3 2 40 B L (multiprocessor ) 1 4377 2 3 78 4t ( distributed processing
system) . ZAbEEHL— M P K R HR SR M AL B R RO B — AR B R 4,
X & 9 7 2 ( homogeneous ) & 4 BRYL ; 15 — R fi R W R R Db BALA R BN AR, K
4 5 B (heterogeneous ) & 40 F L.,

HEFBLLEND HE MIMDRALRBRF - RREF RO FTLE B —ERFES
AR THEM S B FRSUES, B SLBEI RN #5507, XMFTESFTLEN
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A5 WRARKREEH
(o) MER m RNLF AL, SISD 25H;
{(b) BIELWH m P74, SIMD F45;
(e} m EHAKLEIL, MISD 1
(d) BESHE n FITLEHL, MIMD &8

ZI A AT R, A ERE M EN AR AR F e, IRLEIRETEREEER
BAER L, DR KR & E R Y B4R,

ERBMEZLENT, EANABEFRIENEN SRAUYIHE S —8, AR 2B AHFTED,
TR KR SR L FER B 2R A AR, 5 RS AR B R E AR ES, B
FABYLEL WALH) , AT RR &L BILAA R 08, #401979 4t £ E Burroughs 23 7l
KR EAFEBR ST RBDORZ B BSP, B E IR BAERE HREANALYE
HENERZGLBENARERNRE, ENRBLEEETIE 5x 10" KEREH /s

T E RSN R EREEMFTLE BESRA - MHEE-ENL, —BORR, %
MAZAAWMTHARR: (DEALERE, ARETWELIAN; 2)EFRELFHEMN
Ak ERAREMEMHEIER; QRFE-HBERK., SHRARRESLBEIKEL,
XEHBEHMYHERAY. SHARENASEERTULHALRAMREHXA, QEEF
IR NI, AT BRE AR BIL, RN RN RELANRER. EERIHR
KEBERBRR, Ho6 oy THTHEINEHEETEERRINIEL.

PR E RSN ETETHH AR — R E L, B R T AR B RN, R
TARDEEAH BN, EAUTLMER R RGP ERe B ARBEEFRT
AR E ; BRAATH 59N T8 BB IRl K A s R SE AT Rl e AT A0 B

BRRUABFNEES =SB0 AREFER BT BARNBERRE ARHFHMAHR
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10"‘,? CRAY-MP
CRAYS
1(‘”" ETALe
T CRAY? &"CRAY Y-MP
L CRAY X-MP/2 CRAY X-MP/4
of CRAYY M-3090-400
1 TIASC » . 1B i 9.
g CYRER205 *IBM 3080-200
f{i f CDC 7600
v CHCo600
g '$ﬁ Ch1504
@ IBM 7060
g 1
DEUCE VALVE 400
W
B
g\f‘f“
1w s ! ; . . ; L L
1950 1949 1970 1980 1890

HENE—KEHFR
Fe HEMEREMNHE

g R IE ERAE SR D S T RA SRR RS HEENURE SR ML T

BEETTENS — A EERR, N THBE L HMHEER L, FRSHEEMT
100~ 1000GB. ‘ERIA R REEEE W, 7E(10~ 1000) x 10° K /50 LEXEE AN 7 IES
BHRAMEN X SR A E BT AT AR R fESTBAY .

EILFR ATHERAREETRANEE, XEEFAFATABFENENDBEE
G, CREMWTR.L BREESENES. SREALCHALANE IBANTFHCER
wiE mE, B RIEEXAFRAILE RS, 05 MKW 2 M %+ B LG E &5
HH

1.4 BFHEEIGREEERHRESS

BT VISIERNEEEBERHTLERESAORA, FR T HHEER T KRR
IREE, T XIS TH AR, il Te FHMBA R RREME VIS T s I R %
R R ERREEMEG SRR,

T ERSABATHREFE—SHEM R FBE C, B HESEDT S8 08 E %K
RC Ethid T e M8 a9JF 6wt (8, BORR KRB 7 B33 S AR B 36 AR T 1 048 (clock
shew) o 0T34 3 1= 1) B AN R 4 217 B 88 70 2 18] A9 % 456, BIAE VILSL ot A P A9 3 8 L Rl 1
Z M) E AR T TR RS,

KA VISLEAR BB RAER RBAEHEAR, TUAER MR EHE N AT 10°0%
BERENRE, STHAHIFREFE A 1070, BREHES —RANERAGES L8
WRAMLE, E R PRE, BH R SRR 7 VISIH K, BE AU R 5 #% o H
B FENKRERET o MEBABDT L BR PEWUHEENT o BEBRNDT o, %
FUE GBI E B RC BB WA T, RIE VISINZHTUAE S, FSEHEDEHH
IR 0.5% %1,

HEEFHBEYR, & TR RBE P EH G S R BT , B K g 7 5 255 [ -
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BRI, IS AR BASREA T, EREAEATBNAAHE, YN TS
H—E L Ee EEARER ARG, ATHEETFHENEANEHNZR T EN e E
BRFTE—EW RN, FERRE MR E KB 0 5 38 o S B i o 3258 hn L) #h 2
140 CRAY-1 AR EEHL, LR PR A b e K M E B E R 15.420m, S PR MR B 5% 0008 3
VB RESR I RbE , DA (R R S B K AR, A EEARH ARERLT ., R4 -
ANEE, ARFBEZLAWENTRENNFFENRELEAGHR  EEFEXAERX,
BAE R MR

HEENRESZNHGS, MASAN A TEE NBRANEE, AN BRZH 3
L, HE RN R EREHRTIHTAA, U ERAENEE AR E I TR =S
KRR, ERXMERT, BEE 10° BE M IHFTIEE R 8RE, TR FIiTE LT E
BN B BT BIE, Lk b ML .

2 ATHEBRR

2.1 RFSRTHERMEIE RS o s

AAFENEEMNRESE THIL FEH T RNESCERTER LEFET.
S BB, HAEEER RS BRSSO EETRMA. EXATATER
LB E T ERHEERERHEL LB TR TBEERAY, XRHTHAFSR
TRV A S R AT OE R

BTGB TR A RN BT AR, SR TR FESH
B AR THRERAR T, KT ZEMRMEM LR, Bt JCES W UNE AEEZE,
ARHEETH T REMELBA LT E TR, SRS LR WES H 1, RS E
BRFTLEBEMNFAFHER GRS, BEFEIE L,

HEATARRER, B UERAS TR, SO UEMFPER FEREZETAS
FATREHE , AMLLOEEEE, T EEE IR PEERARD, AT - REMESRFLA
e, RECERE, miTHECHE R MEEC R, ARNEEREREEEREFLRENT
AL, MAEMERTEWZR RC HRE., LEAMNEHE, FHEGFERALH LM
RCIXFPMIR IR AR . Ko R A0 25 (ET 0 A0 b B3 AR K, BB AN KB M W {F
EREARERSRERE. XS TEMAMERAN SRS SEXBRITAERER S AN
HEMEFOERESRTE,

BIF A TREHIMERRERAR R, AR SR FR— AT FikE, B EER L
THRERET. BTHETERZELRE, LT REY EREIE 7R, BMERE
BB RARRKIEFIEEME RS HHF TRAYM, dXA TR XLE
BRENRBARRNITANEER2 . FRDEF SIS NMEIERR A WS RIER R
BBt BERURRA8 F , J0TF K md [l O R 020 B 4, B i e AR BHAE 1072 ~ 107 UL, 60
K AT R AR 1000 5. |V PFF X BB AERRM A <ap), B EHH K
TUHLMETET R THORE, REFILNEL mW HKF . KUEIE = RFHEOH RS
HRRR RN S BN TR PRI . X8, B BAM R IRITHE( > 10°) R R
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MIRE( <107 %), £ 2N HEIRHEE v LT 10%hivs HEE , X EMRPHOEITE
Pl CRAY-3 iz HEEE A 10000 5.

2.2 HIHTABAGH AT

MRy AR AR ROSREFR R RITLERYRSTEV BN ESEMN. &
ER, MIEEZSERFARMERAEZ M, CUTEERRARFTEHNELHERRRA. T
ERNTAIHE R ST AL EE - AEBAK L, T H#H— S E D& EFTHEST
FAhEERMEEE, ARMEHEE, BB A T BV E LR B8R, & I 8 A H
HEFEPIRAMENZTES ALY, EXEL, B TR0 ITREENS . LHR
ABMFXTHMEREZ DR 16K, EAEYITTRAMEENR, KW hE—REZPE
FRER, FIAAGREHFXEAREFITHEMEELE. BUEHAWERTH, -1
HEMBRAAR 10" M EEHE, 515 A KR 515 10000 /K i (synapse) , B 42 915
. MARKWEFHENFRRTHE -BRSHEMDRILD TR E &, 2RSS IR
BERZMAE EER LRLETIN, SRS UHEB, AR EALEEET RAFLR RS
BT HEEEENREN R THXREZAR.

Fok AT B AL A S B AN A B & HAT ¥ (massive parallelism) F1 55 B HER? EAF L.
—MF B AR B E R SRR R E R R 107 ~ 10° AN AT 2 B A BT (spot) , TR
FRBENEE, LFAURAERS . FALHSEHERE D, 8 MERRRR I HRER
FHGEE X A SRR RN TAE R AN, S ITHETRES 10t M EE
Tat, B TrR S e RS, W HE R LML T,

REHTLENRSPEMLHEET, &

S (node) WEEBLLEE AR ERE 102
(oomplexity)m%fﬁi L8] DA IF 474 B A U

L 5 B ( microcomputer amays ), i 5 5] & -
{ computational array ) , ¥ 38 3 3% 77 & 8% ( logic
enhanced memories) A B A T2 M ANS( artifi- &
cial neural systm)%%ﬂ%%{k,ﬁﬂ@ THim. &
P P i B — P DT P A0k B UL A D 466 L %
HRFNES L, SEpRBnsenE T

T

FE# 77 BLAF i 3% (RAMD
AL#HEEH(ANS)
BHEMATHE
R

HE LTI

J=1
-
=

T

BB, HAaH R R 5 AU ORI, B A A )
TR RN BB A SH AR et
BUTEf 3 (RAM) , B S A AL TN 8, 81 2% BARRE

R BT L I 2 B4 A, B7 TN B A%

HRNFIEEHEFEPEEERAE T EHENNHTARE. XHAEE—RBRG,
BB HANFRE LSRR FEESIHARNEE, THONEMIFCRARLE M
SRR, B S B AR SHNEE, 88 HULAS A CATERBAEE, THTHRME,
BRERSEMITRIBRZABEMER.

HEFERETHE T E A TAEHE AR RS TIFAEHANE, CERE R
FIRSE RN T T 45 At 4 Bt 8 (FFT) | B R B P B IE R B KL B B AL o 2 oR &b
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H%, BkEHFIE (systolic armays) AbEPLRER R FRAR, ARLQIKRLER B
AR HE RS . FERFEEN T, BN BERURKEAE R OES TZAE
RSOk SR BE i o T FE AR HE ) "R AL TR ARSI, P RER MR A . B RIRF AT LR
AN E P, B RIES ZHER(SIMD) HE R 1 2 R B AT B S A

HAFRF A EFEERSRFERAATHE RS, BTSSR T aREREF
fsh  EH A FBREAMA I, LR %S BT B A FF SRR AL AR 2 R A B R AR
Bo WMEREEFEBRE BMEARLHBAT(PE)TUAESRTITAFREE, —4
HEWUL— XK EE, BT ENATRFURBS R R THRER, ARRAMX
R E R T —%,

ATHRE RGP K B L% B3R R A 28 1R B 14 R, X R AR 2R AL 78 B8 (A )
AL TR M, ANS W] F— LR 5 ak 22 70 07 R A O LR AL, 38 O X400 1 A B Bk
BATEERSWARAAFR . XEREEF AN KRER TN, SHEMTREILNT
TEEBEARARA]. FINTE ANS P ENERA—E8 SR A HER — = AL E, [
= i8 3:L — 7E 49 5 7% B 7 (interconnection pattemn) 3 774

BEBBEERURA LML RGN LR T EEE TR (line-grained) 13 & LB LR
g, HTENEREBFTHENRASGH, XK 5XEA M THEMEE, BHmEFERE RN
HIEBEETTT M.

B —FH B EFTLRE NS L BN ARSI 8 For . HBAR—
AR 57 Tk BHOE “RE I SR — S R D R AR, AR 5 R AR B4R A0 R
A BRI BT 2 E 2, XEFIBETREMS 10° DU ERFTERE, AEREZ RS
EHELAEAERESEENIIEL, AETIENSFEHNZESHNM. —2RS
L P L S S R R A% B — BB X, BEFRLHERERFHITXE
B BB B X R g5 RO ShRER KA I, T , etk BRI B S &%, IR T —
LiEfH2E T, B THEHERRES AXEUABRAZFEAEN 2 EBIIFE. JCEH
RIFEEANTERAPHEETH . AHEERL TRV =M EERE, L EaFBI4L
BR BRI ERURLERIGAG L, WA ERS, BEE EENT U HR

— ERTRBTRER
_ EHNEREMR
FIREF C10* (1) —SLM
:g{glﬂﬁg :ggjtiwﬁ.ﬂ.)
Bt REH
L]
I 4 5 6
(10° FATEE) 5
— & R
{S1.M)
— BT R
CEPTE S FT

\ (10° P45 @il

BR aXBULENMAESH~ER
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HAREIE . EARER T, SRR A5 REH 17 5 M & G B O6 TR A% 3 B A HE P 7
B R R RDUBS P T VSR AT AL T R BRI E

MER B, XMBERQE 00D IHTEERE TN, bW dB 8 R 38T
HREFDLREL A EX— R AP0 HATT UaE T EETHFELESME
ELAMAE. B, i e xm MBI T RBERTIE, A -1 EAREZE
L, WA IR LR D AT LA A R B — M R e, SR —
ANE R KT nzm=5 MM tBRE 8T S5 M2EH, X THHIECER
Fhit, MEBENTIIBEEE 1000 x 1000 57F K70, X G4 EYEH 40000 MR- XX
RELBYRVL, L@ TR R P RN E A,

By - ahiLHERT

2.3 kEEAE

KRBT LRREMRERFTHES AP RURSAZTARERNLE, CEERRFIE
HR Y I, LS R G R 25 B RIS (A S A BRR G, AT IR AR Sy VB R EIE R E
EA LUR A B A B R A S Tk, X B ER T EEGERME N, MTHEESR
HREMR , ANFELETEREPHUA, A GERF IRV DT AN L&, HHARE L/
AR, BRARR & R (hybrid computing) .

ATH--PRARTIHENNEENERE, ETF A RENEE R . B E B RE LB
FHRESH, B ARETRBIFREMN &, RIS G 7 HE B E R R
HERAR MRS, XFEEQEER MK EITZE LGSR ik 20 b iR s B
ZE, SRR RERMEEG SABEZH URRANEEFE, AT R4E LIEK LR E
BOETHAEREARERS.

LA VISR B, 535 20 4050 B 08 8 i T AR B9 R, (6 3840 o) 4 G B8 o i B R OK S
T BAETRE LR FRE 0. 1 XM BER. BXFEEXBARAL
B, ECR RAERER: (DAL REESSHNERN, S8R ERERE, BRI E
ERSREES, B BRI Em, WEosm S AR 2R R, AN E
RS G2 M AR R AR ERIN; (2) R RS ENERE oA F MBS
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B BN BLTERYS VLS AR AR EE bR i E OSBRI a1 g B
EFREN, B EGE CAs EREEBT FEYEHTEE LR,

WA RRANEECEF BRI TAE R R IR~ 77 R BRI 75 3 o
R B, RIS R B B BRI, BB N RO i
B A R AT R N AT/ R S LB RS + LB A £ CPL
TN — LA TR, AR b TR R T i B MRS,
SR SR e b, JNAERT R 5, SO A ST A ST, B s P e A O L A
BEIIHEIm 10U .

RHEOHARETENEEENNRRRERAT AR, 758K 5 e 2 o
M K R T LR A SL B R RO R AR, DR B E M B, R BOLEH R R M
AEFRE#ERE HLBTURKURRADER. CAGNRBER, AMEA S
BB F -SR0S T2 R R R AR N, X RN EBER
RERM BRGNS R4 T BB R B S F 5, R % AT B
E T R T R, SRR TS, I R TR,

A R AT ERGWE 10 R, RETRENERT o AR PSSR
ARBB I Y o BREE0S . FER AT LA 2 G R s A T B S B,
BT UEE— T AKEESIE ML E R, BIR— LR EN TR,

0o BH=ZRIEMACTERS

— R R R AT LR o R
FEEHEEME 11 FiR, HEAEL, %4
BIELWRS, DREH T A D g ms, PN, sk
FAGA LA TET BT, £y 22F g B

BHETF ATFESSLFINGLH, TLI%
HEE MIT H A8 “FE # P17 ( connection ma-
chine) o 0 JBF —FHRIHL, B — MRK R R
BRI LR, TR M E B 512 b3 _
BT, PHARE R AR (IEEFRay SRR O i

16 MEBETEY, B 11 BT — b AR A N TR EMGENE
HEFERTREA - TEMEES(LE W E e R
), e A b A TR A R U

FERR R B RAE TR A, E L EATED
FrZ B I S . RGN R R AR 2 18] A B AT ST OB A9 F W5, BT R
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SRR FTEEMIF R, LRERA WA E AR TR T @ S e r R AR b
BIRRA A, BIARBRF R RE, 2 RRHECTFEH SR ET BARBETEH &
i B AR A s, A TR ELE RO E, R T LR B R AR AR ER . HBEME
KRB ERARAL, SR BRI H B AR SR E LB TR SR ARNAE. B
BRAR I EE T A E E B A 2 BER R, TR A, R

3 EHEUI AR MER

3.1 HEHSEMFEEREHY

PRI, B A3 BT BRI MR AR LS - NHIEXL, BEFRNEA, TR
EEMARE EMRELBOCANRRT . WAE L& EITERENEN SRR
AESLANFEEAR, MEES X BT E SAFECEEEHRA - ERFR. »
—HiH, 5 BE THEFTREORESMAE LT E TR DOE TROEY 8 TRET S HE MK
fEa3E, BRER EHRERAQFEENHE, LaETEEERTE. RS L EEANFIE
AFREEE G GE rBHEAEESORELT/ A FIIBERQFEATENLEEA. WGT
HHMEEE N2,

KhFL B8 PR et A B

GBS T H AR, H T S e

B AL, M T a3

B T RIS B — T BOh s 1R & PR Y

wH I mnSLANE ST T (A —

AT, S, 2k N

AREBSRE - URBBRNETRER T t ’E% jt‘*”“‘1‘/”*’“

LS R ER M E RS S \/’ x/ 5/

BB GRWRA RN RGTSRYR /) T emn
Y S

HARFEW rURD FRRTERN
BEE XREAT LA S AR R OR SRR 12 SR RE

SR EAETAMEE TS — RS, B tER A TEHUE TESHITEE
B, AT E S HERE, AR TR R BN E A FHARFRETER
FRAMEDT, XME TS B THRA BT RCTHE N B8R SR E R E
EHOFER B B,

KEHEEIR TR AN R0 L, M E X AT R4 S A 12 57
RIS, e B R AR BR A LSS AR R AT A R DR B R TR
MAAREE B TTA RS T 4 bt ELR HE AR S S R T BE AR R BT AR
PRI H A2 BB E 7 (self-learning) -

ERENI RN L, RS0 B REE N R R E, B AR TY
Wi, 4%, BT AT B RS E LR AT R T, i LR 2\ R A7 7E0
RS R AFERH R E LB A TR ST, 1005 5 A E R AR B IR 2
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HIWTEEC AR EHBE . FUFSEETORFLOLESAES I RERE 4, m
DAL T B M T e B R R AR R AT B RGBS KRR S LU S B
A BT &AL IE T1)5 H WEE SR S B BIR AR S ME AR T L EBCER. BER
19 R R R, AT LR R AT AR, ol -2 55

AR, B TEARMA FRENE I ERENE, RHEZRMEN SRS
F B SRR S T B BRI . MTEREN T EENAREES MM
bt A E RSB RAEESRERAERGESHTHZE R ETEE T RFLHAR
RAREt B, MARFH T EAFEEBOER, LN EENZENB AR RS H,
{5 AT £ REC A 7E ns B RN SE B F 1024 x 1024 AR BER & A 448 By R 82, iy 1024 %
1024 B %00 B vt 43 8 5 4 15) 5T 2 8 B A2 (o) 8 RS B AR 9 P 4 3 x 107 s AISE AR B
BRI E RS T B E e BUESR, T LK ns WES Bm. 4%, BAXMHE KIALRAE N X
WAL ERBT RN, B, SR ERNERRETET 2 AR,

e b 38 ) 98 0 o R R 18 A PR S s Bl o TR B 23 (R SR DR AR A PR R JE R R
BT B AR S AL R R B B TRy R IR R B . B 50 LS M b FEEAE
RAMEHT ART . FEHREHD N AEFRITER X LRSS
7 i g ab B

e4h BB RN L RS B ORI, R —HUBRMEN R ERLE
B MRS M RE T A BAE - BN ER, th FR R T A BB E A DAY A RE, =510
REMERE.

P YR (G B R A R T AT (Bragg cell))27E 70 RV RAERAY, AT LU HA R R 2
1GHz {2 R M{E S . BERER A — 2 R G117 BRET B0E 2 37 A DS AL B T Jm
KRBT R B R A AR A A BRR B X A, ORI BRE AL T iFBE
Bha RN REN A, SEBEN R AR BRE N E AR FIREREERT .

BMEEHBEBA T ZNRHAMFENA. SBEBEEERE, NANEHE --SF K.
EEETEFER S E B - BERNTEEIRE , EREHT ARANERATHEM
REER H—RIT AN EEMSERED, FHXRA R, FivE 25 , 40
ERBETAHE. BFERENS - BEERSRATHANERRAR, EREESHEE
DR R A B 18D TS o) 254 , SRR M R 04 28 X BT 400 M S 3t vy 3L 32 0] MR P R A
i A B SR

GOAEAL, AITH PO I F AT TN 8 SR T 61 T 2B JE 28 1 R 38 4 ey Bl
B AR R TR L EA T 5 I B AL BIT0FUK, T Goodman #8 th 6 H 2 HI
B T B BT A B T B O KR Y 7 o S i T T AR A R AT LL G L
£ G RER N HEEI6ERE, 2 E K H.M. Gibbs EAHRKMER THRRAR, KEK
S.D.Smith A KT InSh 47 51 493k Lotk L — MU 0L K105 . B T BUSO4E U4, E BER AL E IR T
Ve PR E IR TR 0, PR B TEITE ps BB R RAER MG F AR R R R B, BT Y6
BRGH TEIMYBRER, 3 KEE T AT BFAT BT AR

3.2 RHETREARRERS

B FEFHERENERE ST HERBRNEFIR. A S0 F0XE BE Hif
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BB RN R DR, Dok B R B 2B T B EMR R A T — TR S e .
HELIEHABEFRSUREMTEE—1EE - ISR EBEMRHE X
R, SEE AR BRI (SDD) , BOAMTH BRA“ BRI R F i 0t B AE A — I
BEMEEARATIR.

M ERR A R R AA TS RRT BRSNS 08 NRES AR
B ERELL BB BRI THEAR S

(DAKEHREEFEOCSHOY ) MinIEhmEEERS PO EEE T
ERTEMNRS. BAECHFSNATLENAS WA RERET  BRAHEPIAT —&8
FHAITH R E RS, MEESRERER(SIMD £4) K EH ST EZEIETH(MIMD £4).
B CABYVIAGE NS RO B T AL e S A I Y DT RE LS
FRAE G2 45 5 F R A B R F BRI

Bkt ER G R RAMANHLRECETRFER) T AN ASR L EEY
RERN _HGRTS. MAXZWRESNTERLHES R ETAEE. BAERAILEE
BN ERERWIINELSANSENESS, MEREREFRNRESWEHTEE SRR,
BEXNETEMHRCEATENRENR BEENFERE R ZHMM, SWEERE
ZAEERGN, ODRAEESTHREUTRERR  FHSETE T ERE S, T L
ARBUAAHBFIHEN UBRHERAE . QREH REEHMHHUATELABERR, C 6
SRAEEATHERAEEMLE; QBEJLEY AT EHETHFZR T ARNRTE T
AR, (FEFEME R B T SR EEWN S, b R EME AR
BT (R ME BB ET) AR E B HITHE K 5 E MRS (RLA ) 7E A ( cogni-
tion } F1 8 5% ( perception ) 77 1 Py & B i) B0 A BYBE T I A TR {E X Wi &5 BB SR — 7 I RO T
REREAENEAREHYSG  AMX—FHFARENSIAEE. ATHZMMATE X
— U AR A T, R B (SR F I E RN, BAL BT X RS
WERMEREA, AW, WARESSIENARC AR O FHHE, L5 E X E=RB
FFEHFCRE - R EENES BF A EREN TIE Z% Grossher Kohonen #1 Hopfield %
R, SRS REM RBATHARNREEMNKITAE TR KR,

ARETERM  ARMERZEGE N BIEERA EHT I REA. {22 L3475 L8 (asse-
ciation) \ 9 28 ( categorization ) . 5 & ( generalization) | 71-4% ( classification ) , 7 1E 48 BX  feature extrac-
tion) \iﬂ,ﬁll(recognition)&ﬁﬁﬁ (Optimization) LS, AN ER - HEThEREREMITE
o ARTESHBETERAERAFRS /ERARMHE AN, EARRAERE 0 RE
KA, E LAl T e B R A 2% (9B R 57 B T R 15 % % 88 (smart sensors) 1 B
il LA BB L R KA Z A L EREED XM ERNERE LR ESTE
REBNHLAEFETE L+ K00E, NS WEEXA SR EEH Bk, XL
A b B E O M, T BT AE E M (ll-posedness ), A ETT B A LRGMA, ARRE
A S HKITIZEE 7, B 16 K428 (i 1Y f5 B AR 52 % B, A7) BE 8 A% 20 4 52 1 B 3 A 48 48 & (nearest
neighbor search) , X BRI X FMICILENZEEH2H, BEHANBEFRAREARFNR
ZAGEEAT. ARBAHEBMPZEEFEEMNGEN, EZCRERATN DA EEERE
M A 7B RO A5 7= E B HOE T S B R B 4 38 (super-resolution ) 3 Fo A AL BY M A .
LSREMESH TRENENHROEERE. ELFR AREEHRANBRAZ, BAW
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BT 5, AT ER 50 5, ROTH KB RFFIER . MARNTC AEHIERX T AM o kb
BEEEMERTR, EROEWETERPWERLEMAGNFEMEHTLEE, KETH#HE
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BHEM, ERMEERED, - BBEEHBTHBE QI L2 E IR 8 e 8RR
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FARAFREFIAT Hoplield A 3 B—METTH N =32 MEB A BEEREHY
RFr b TR R IE AT, A =M FERATHFEAR L 30% WHRAREL B AT
Y. E3 AAH 10% A5 A TR ULE R, B RBE M H PR B E B

()BT EHCTIGT0N N B 13 B R R GAL R B UGB U4 T R 4 — AR I o
BT LI BV i A 884 B S8R TROK 3% R LUR B G TR 2% 1 00 F B A L IR
HRIEE 2SS S 2 R Y MR ERHEFILLE,

O B, AMEE2AHNRRREIEITE LA R R DR, T i85k
FAITHAR A, R AT ER I 8 0 BOR MR 4 P S, T B IR R R R SR L
BEURLE ZHESEN MR RN ST HREERER, XNEHTFERBHAHETSHE
TRLH, BRAXTERE D  AHERLLL SiCAREBRAHE T3R50 Gads HERM K

AR T
. o E
B copm
ERTHE | sk g B
——— e1-D SLM
rﬁﬁ’ﬂ‘ﬁ—l‘— #FH | e2-DSLM
L @%;I*Er o ih S BT
CPU BEF
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e L o M 1 BB REE ||:>
A TLET | o EBITH L
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FEP R A —E BE RN REEARNE R RS RS ER LRy — & BRERRE L
HiEmUERELE, XEBDMER Si/Cads Y T2 TR ERTE S M Cads 7P L £/
FL O A A R AT NI . XS TT R R E A P KRR, S esdimm
RIR KN, 378 BBk B UHE AR R E, BT B X S E R B

H—HWE, R THWENEFERNETE, E7EFR—AEEE S Gads IR RF 841
BERKERPRENNER. FENEERBLS T &R BRANH S0 F R EddE &8
MR A, AR R A KOS R RS — 8RR R, CAURMSMHATES.
FAGFEMEN R RERAEN SR %, BT I A7 2 8 A B Et 2 R8T i
GaAs/AlCaAs W5 B145 LED X Si () MOSFET R — 3 i 8544 4% Si A GaAs K R —
HEAER LR RE D CERTTP. RNES TREE MR A 7 88 e B RE N 88
B ERTARPHALR, '

@ TR ERAGSLEMRSE P, ZHOEAK SRR -6 FAEBMHEGY . —Fk
U, 25 B Fe iRl 25 A S B8 B 13 25 (B0 6 4 A 4 AR 4 IR 3R L (B 8058 RO AN L 1B BB R S
A, A EEMITSEEEAER, EHERR P, XA Al E S sl -dEal = 4 565
BRI AT BMA R ER WRE T IGERE A ERAEEAER. BN, EFX
EEEHEARMBZATEXNES LB ESSE RER, X# 4hA N TER F G
PR AN &M E XS M MERARMSRAT 50 &8, P EETMNH 1% 2.

F*2 EMTEREHBEORNIEN
FHR ARE e Wi B

FY  &HB/AS B ———— - p/mm T e fi
KR BER (N prds) /T B ms FE
1{0} LCLY 161 3 3 CdS - 3 6 10 15 15ms  Hughes
HE) Titzs KD.PO, - HFHE 20 - 30 5 h Sodem
3000 TP #HER  PVKEE - 200~160 5 10 0 #£ NRCE
4(0) FROM  BSOE BCU B3O - 6 5 <0.1  «0.] <2k Sumitomo
500} MSLM Likb0, BGO - 10 3xid 10 0 KSA Opton ¥
KDP AR ETHA
AMMCP  WFR 1023 x 123 - - - GE
6(E) Talaris o - - 40 10 0.0 o0 H Singer
70}  Libmscope  Smectic R &
(BB 128x 128 - 10 10 3 Litton
R{E) LICHT-MOD YIG(EER) - g {7 Semetex
SIGHT - MOD SiEEE  S000x| - <0.001 <0.00l <lps  Xemx
%E) TIR LiNbOy - - - 2 2 <0.5 55 Lockhesd
10{0)  Photetitus KO.PO, SZ#% - 10 10 <00l <000 s Uesh
11(0) PLZT PIZT Siih
ik - 40~ 120 0 5 4 15min Xerox

1200} RUTICON ERHHEE &S 128 % 128 2 G028 0.4 200 T1

13(0} D A E Si K ms

ey St - 40 3kl 001 0.0t K®EH MRL
14(0)  PEMLM TR B BB

MMCP BTH 20 - 10 10 £ C
15(E} Yo, V0, - B 16x16 1 1 I5ms  VARAD
16(E}  Oplical Turnel 2H - iz 3
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73 [ 56 7 1Rl 48 7T LA 43 AOE 341k F0 e 3k 7Y _
K2, B 14 A T HE ST b DGR & A "
g5y, gt B R B E RO RNE R LA e
R ZRES. TERE REERE= i R
BEHME AEARBMAEERRER L BT %}

AR R R A SR ET RS AL L R |
SRR, LA B R B R = usnraR

S AR L W 1 B A 0 R A, A T L

S0 T . S Ak A ) S R 88 A X B4 T KR TH
BESHARET FRMKESHA, mIH
CHNFTEEELMH, EBHMARAR TR -
RAEBE RS IR,

25 (A1 18 ) SR LA R R BT A, I8 T SR R T 6 Sh BE 4 , R AT 4 K B L A B A4S
B BRS AR RSN AR M RN RSN
AR B EEK KA £ BT, W LITE 10~ 10° 618 P9 KR B REUT, B A0H S ol ond,
FETTM 1074 ~ 107854k B — M HE B KRR A, @155 A Bt RIFE G4 RS a), 3R
TR BB I, B R OISR, Bt B AT Lps Z5/03] 10ms, 24 A 1F] 7T M %
BEETE,

T BESLR I T 60 TR S, B 95 7 5 AL 2 1R S T A 58 U /0 R JLRE, 0 0 TR R G O
(LCLV)  Pockels 52 Y6 18 I 28 (PROM ) %5 , 76 70 #2 32 | R SCBE 0 Jog ) (6] 6 1R RE 7 EER AN RE 52
SWRAESHHEACHENER, YHFAN G EF SRS N T =AY |
22,1000 x 1000 S} BEH T , TS5 58 00 Wt , B T AR FELE 3R R | /NBd L) b FOFERR Bt D

@ HLEBHET ZEERAETERS W

Wbl 6 #

UL
E 14 FF a3 E e g

RIAEEWN, XEBANERTIEEHMAT ABEHAR o
PEBE)REBELFAE—FBEENMBEN soawn PP

P N % - - . A (ﬁniﬂﬁﬁﬁiﬁ)\\ Bi Sio::\l
7= A 25 1) AR A im0 J 33 A S 3 0 i o |
o4 3 0 35 o 4 O 7 A L 23 AR A, B BT R | BaTiO, J
B HORTR MR B A R AR R B, AT @;ﬁim

. _ HEAXE

MiERBENER, THERENE 5FE. BS B Ak N
BEAXKRESESE VTR R H 85 (B

FEE EMHRELEREESEERER 15 RN TESL N
E) ek, XM BRI R IR A
BHT2BEME, MEMIE SR AR ARG, THEXARA LR IRENE RFe 1t
VA B BE 1 34T RO TR A JR] B 4 B2

H2 B A LA ERGTERET AR RAMERE T2 Wk, B LA
BRFF IR 8%, B T 50 2 317 IR 7B AT 9 25 B 4 ol 80 6 - T 77 BB BUE , T A 75 K B
TR L A AR . oK, BT LASE B O A BAEHHR, Ban HEAT A S BUE B LA
BEE G S RIERIER . BR, 2 RS A ERETRIUR L2 B8+ FEEME, A
TREBIRFES ARMTHE, WA, 7§ —EREE e B4 BA B HL a2 5 o w] LUE
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KEZHERTENATFERNFENGR, B, SMBHEN T REBEFAEHE HE
EE—uE LM ELEEANEEERENEER LOER. T TR ETURT S Fm g
WG

EALBFOET A REPRAEHHFAZANEARBEHEWNARETHIER. O/
FRISK i 2 S B A4 B, 28 0 B PR R — 28t e 5 A0 A O B I, BUBR 24 K 47 & (photorefractive ) £
B, MY . ALY RERES, BOEAH, Cats, Inp F M-V B2k BRMR A
ARFMAFEAR, HE-MARLRERK, AFEMNHETFHA AT HB R IR
i QTR

SRS LI, BRENE NS — o, RTERAEEZN LTHF
R BCR, XREHRFE IR SR & ARERT R, 55, 85X ER
REOR—IEENE, XFTRAUEHEFENEERE.

@ SRR BRI TR AR RO B AR R B R AL 3R i i 4R
SN T — AR F R HERRARERL . 16 BATR AN
T, EE ()P AR I FRIEFE L of B otiE 7, WRERE hEEREE 1 %
M—ERR: Y LBUMERNT LSRG 1 8 1, A ASERENEE, LRk
A/ TR B9 FIE R B IR B AR R, (b)) R R SR MAE R M B O
SRIRE LRGSR EYE, U AOLBIE 1, B, L WU REESIR [ AL, B
M AR AR A A B R EF AW WA, BlinalfE R FF R oT it  F T R
U BGERILAS, RN 2T ERERE o X8,

5 [
3 & i
| | 35
% | =
J;] Ilz }I':
WK I AR
(a) (b

M 16 WS AR
(a) MEEFECAEARHE ) (b)) BRXHEBE(HERRES. S B

LH AR AT RIS MR R . SR 2, AR A R R F R JT X B LR
R ENE, BEA RFNEERSE, N RN HEERFEAITRMGA RS  SANESE
P 00 S B e L R RN . IR R R SRS R R S AR R R A Y
Fabry Perot T#: 88 . X FPEEEFA A KAt R AT BB pe BRI HWEFFRET 1000 f5. H
BRI AT EHEABK, FER T ZER .

& 4T B T #88% (Molecular Electronic Devices, MED)!4! | 43 F iy F 254 2 80 B FF LA 5F
FH—MEFHt. CHEFRFHEAS S T IHRIBENENTELEFHER, X/
WHESHTELOERREA, W E R SE, FaEFR i (CHN) A FhEdEE
FRIMG B EMNEHRETMEN ~UEANERE, EPFBENHETHENFERF n BT
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BERIEH NN 1kW,

(3) MR THEAS @O0, B FH BN A REANBEASRE RS S
P A BB, %o 0 8% B A A R 1 FB%A WEFBRALEWEFE Cars B8,
RIDETTRYURSE, Z4 WA H ET—F B e S Rt b %, BRKRR . —FE ek
IR — SRR AR, B - T HESEEARRE T THEHRRERIFL.

A LERIR I E R L PR EABENIIE TURL TR EREE FHF
HERELERAREREE, BTHANREAFTEERE T, AELRAENS LR
BI-VERES Y SR ERAEC RSN A ERA MR ER T RENTE N ER SR
oh R R A AR AR KRS L uE FIRRMAS MR, S0 EE T SIS
DL B9 2E 4, 0 BB TR AR R R 2 B AR IR 3t P e SRR R AT AR AR B 28
(R R E B ST LTS MR T OB T O AR LM RNGE. B TrEy
RE-HZIMENRHE IR EE T IOELE B EER,

Mk (SO RE 00 F BE 1, X SRRt PO M ER B R B R R B R RO TP LR
AFIFFREEA K, B EREACHACRRAER. AERMAEHE, EXFHERR
WIRHE T, VMR R B HARS TR, TAREBER, EAKFED RS ARG,

HALBZAGERLER MR =28 . RN R AR TURTILE B, =
TR R R R 45 RE, BEFHAS L TR IR T LMY
Who HFHEAMKE HEN—BIrRLWERLATRESHBZERNERLE T, TN
FRIFEFHE TS RAEHAE, MRS HEEE (S amas FRSTaNET)6E
HESr— BRI U ot 7 2 A e e B R AT R AR R R X RIS BB RN S B R A Y
BEAX. TERMTE ERZLMR PR ERL A,

KPR A BRI, ASE TR BT EERZL B4 M B h b T HE R
HRMEAE Fo LT — B R SRR, 0 B I ROR B S5 T AR IE B IR T TR 3 3¢
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THIREE FIaT T4 S B E A M LA F s iR, N FEAMHMEFRES. BMIT
HREAFREM TP EEA MY A2 TR, AN FR SN TEEREZWiFL9E
eSS, AR ETFHRAESFAMBEN ANEEFELERRE 4
WHHDELE  FEFET AN SEMETEERRE- AL HELEEGWHLT

MIMITHAEE, MM ITEFRE=FE, AR, AENAENER(EOUR
0l

HRARTUEIFEZRREH, FE22 B

FRATGESEEEBEEFMR, RERELY A
R HBHESRE K, LR LBRE
R RSN TR AR W&, R EESHAE (VPE) ]
FHAEE(LPE) .2 TRAME(MBE) U R & REHLIL
FEAER(MOCVD) F, B 19 fR2TF R E
RBERER., 2MOTREESESEPABL
WA S5 o SR T Y B AR b A K B AN EE
P FIRT ] LA EFT 4. RFAMEEARE LML 19 STFEACLEEERE
MORSMIE R R B w] SO S ], 0 P AR R AR ]
VERBAEEFR., X W VPE# LPE FAEKEENEHREE EJLEA 10045, BE 5%
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W EE R E A% H MBE # MOCVD M Sk #, BB T —H ik FH I E CBE,
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FHHEGR, FBEEA L THR 2~ 3um, & FRIARGERE, BT U EREEBH
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A X-HREREHTHEE, Ak TEERNES, BTRETHRERB FERSL, K
METRHAREREHABRR AN THKET., 34, 858 75 F 55 4t TH B
W, ¥ ERERER FHT RS SRAERS XM, XWMHFHEAREAH L TLR
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BRBRERAETH, BB FP RN TR ARKSHERRRETRR N

A=hery Eb - mic? (2)
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R TE 107* ~ 10~ e, BN TR R 77 76 6 F BRI < PR 1 [0 B, S 7 A7 B8 38 B 8 40 3%
BREETHNEFAMNE. SEFEEE. S THEEX, PHEBEBEN  HEFEERE
#l. A FBFRRTESHRBAESEHYETFRE, SAFEMHE, BT RASREY HE
THIFEA.

HF BFRAETFESEEREERN LR EIBRSBE AN ERRESED
FFR, BEEREM LA R AL PSRRI S kRN aEAE
B, ERSEG TP ENEDIEEMGH GG . BT 133uPa E ST, b 5T
RS RAEERE.E LEMAREHSHNFTER BB TEERE
(OPFEF /o), AN, HFEMRFEFROEHRD, HHERF 133P U EHEEES,

REFHFHHHFERTFEREOAR, REREOESHWEERRMNELINE 4 Ffx, A

121



#£1 TEHERHRFREEK

/ey Afpm

U : |

_ X T B F R s &
LoP 1.24 1.23% 1073 2.87x 1073
[} 1.24x 1! 3.88x1074 9.07x10°°
16° 1.24%10°? 1.23x 1074 2.8Tx 107
1 L.24x 1077 1.88% 10°° 9.07x 107
1 1.24x 1074 1.23x 1077 2.87x10°7
[y 1.24x10°° 388 %1076 9.07x 10°°
10 1.24x 106 [.23x 10" 2.87x 1078

e
@)

®
SRy

$0&680 &b

OO0 QO0O0 OOOOO% D L B &0
CO0O000 poo0O0OO0
(a) R by Rk l
o

e &0 000

005000 &5888 8

000000 oo

000000 000
(c) ERH (d) fR#r

B4 fERmEHEILHEL

H)XrBERTMUARMIRETERBES. WAl RRMEEY RS & AZEETFE
WERBEHEY L), 7 -HERSHBERE EETFRIGE, B RE 48 RS #H ().
TEa & W T A6 &% HBE— MR SRR (d) .

FEHAEFRTETHESEARA. 0, FERNSRETILERE -ERARMELE,
HIZEATE 1~ 10nm, WRAEX AL 23 %0k el fh 22806 2 8, S 2R KBRE - 2w
HRU AT B . — R, RIS &R R A AR ENE 12,

M REHEFHENSEARAHRKER, FEEFRBELESENBERbERT 4
B ARG X SPUE A @ AR m M E  FRY B 3E4" (dangling bonds), T0E 4(e) Fi R,
% R Si.Ge Fl Cads FHFEXMEN, REA N BB AP FAHR A8 Fiby
MR MEED FETTEES, EHE MET, SN TILERB SR THOHS
MIAMRTRESER, EMIEE2 AR THRANGEFER. IHEASVEFSHRE SR
TR TEEERE., BRBEKESREERVENZFULHAEEESE, BEEEEN
BRmBm T BN FRIRENET IR, TARNMBF . EFOL rESAEKEG
FA A T R 4 0 L AR

2.2 BT XEHRIER

HRA —ERER AW AR R B S R N QSR R Y B b e T RN RS P
B/MEZ A RIS AT BRI B, B TR R B B, £ SR R MR A s

122




FHMF RS, SFELT B PRI MEE0 6 ERBE A E 5 Hn.,

I - i I&y /(o) INC(EY
D
.} |
N .
(2) %W T ¢ 0.5 1.0 &/E
L) - G T(o) | N (KD
€ { diffraction
o7 o \ (6 +8) ¢
-4 | A
SRR \ P!
i i
. N\ Nt 5\
(b) MEERE - aatd R
Tolle~ | 19)/1() ‘Nu;)
; ZD HRE
¢ I+( A% By
R N . ﬁ) Dz)D.
Patis s S
(o) IE AR 5 "
" ? 0.5 1.oE

Bls BFrRFERRERFNAERERS

MM FERA BB T ERG R, REd THA 2R S THE, 8RN
FIRERIRFE (L ~ 10meV), R 5 R B D FXTHEX S|, BEBSEFHEBAHEATH
Rutherford 8 A8

WAMBTER 1(0), 7 6 AT MBS ER K 1(6), WHA RN A aH A

18)/1(0) = (6% +65) 2 (6)

A1 6= A 2an ARERRA, o NETHE A AAFBFEE. A06) KRB A S HXIFE
Ao TR M R 5 . BN 45 S BN 52 Aoy T R R A R ], A B0 B R0 2 Bragg & HF 0= A/4d
(d ABBELFOVAE WA SR, AT EFEZBES, B FROEREHEEERE S
HANRE MY R, BEVBFRVPETHESEIEESRFH AN, AR OT &=

12,4
r—r,+36 (?)

A A SBEERGE SRR,  SARRTENEHEEr VETFTREAEH
: RHA R EE s A FROMEYARTE,

TR B REN, B A O R TAH L FHEERE BT RAE T T i
B 5(c) s R ERR

1{0)/5(0) = (82 + %) 2 (8)

K Op=E/p, ERBER v, BN p WAFEFHEREFE,

TR B R AR B RS R SRR MEE A S ARBMER, 8.
EREE(EI 50eV) _XE T BASBHTEEFAPHEERYS NEERBIIEMN X-5

123



AHBHY TR FHETEAMBEEESEATEFCIREL) KIRFRBES T
(MR F, ME 6 s,

Agtes T

—KE T
BIE X8 ﬁmw
%EJ%‘HEQT fﬁa@? BE—KET

Fﬂﬁiﬁfé //

TL%E%**— EWFHRE

B B f HH““xhﬁﬂﬁFi
| L
{

¥ Fd g e
BERY  AHK LR
—kaF

e WMIPEEmeTIEMETFEA
FIEAT SR B BT T s ALK BE R BLHE, - B Y FH Bethe JE 22 AE BATFEC R AR A -

@_Mze_l.ln.l.ﬁéE_
ds ~ 2med A E J
_ pZ, 1.66E (keV
7.85 x 10 62 1SOE (Ke) O

R .dF NEHRER E(keV) B FEBERE ds FREEELA; Z HIE T8 4 X FFR
Bio AERE ] HFEHRES EMHEIE T

WEtsgm. WRXOFHL AT Z/A BiET RFE E

WAL SFEITEE FRER IRFE B o 1

Kiisgm, i TRER £ AR ATTE ‘
A (9 B AT BB i T R A B Y \ B TF(Lnm)
B2, AN s =0, E=E,, BANES L —kBmT
K TFRERWER(E =0y W& LTk, 5~ 50nm)
Ry = ﬁuﬁiﬂ (10) HRA AT e
S Ry 75 Bethe 8188, WHM o RRAR [N frm==")
EEEAELERER, BT ERKALR | [ AL X-B12k
EFHHRE - BE L Ry /DN HATE Ry BT l[ | R X-HIER
BB EREH, £ Eo=1~ 100keV Bk ! SREHK
VB, SCR R R T AR ] A A sk iE RLRT - U
X !

R=10E}* (pg/em™2) (11)

I
7 A P 7 8 = | BRMBTARE,
4 U 6 T RS [ 4 R A . XHAARE
(RE 7). EHEMETEHMET AT R
B, HABRBHRTFRENIOHENEE 3132 B BT IR A 2 I A M

124



PR %l o

B 6 AR KES R ERM T A A, Bk, 8 TRIER TH LRSS
FRETHE S THRRRGIBREYR RS T, X — M e RN T8 LR K, AT
T AE B ARRE = A 0 BB VT T K T BB B O AR ok 5 53 A0 R R T R A R B R R R 5
8 50l FAF AR SRR R RS T B MR S R .

2.3 BHFHEEAER

FHE(1 ~ 100keV ) B F R A ST B B (AR E A7 5 E YA 2800 7 A 8 a7 10 Fr &t
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FAREZRRMEEF @, EX ARESFER R B R R R E T 2 A0 5
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R, HRRE RS T/O  ARFEFILPRERENVEEE TR, mEEREE
i .

HERERE G ERBEEVANGHNRENNE, BEETIHU G ZENSNFEN
B, RREESONRATEMR, REFWFEAERARSHRETEME, BRELEMN.
RRAEESNECERERERENEER.

EHEMENREEH LS ERERNE G BILENS REEEH, B A X5
RS R TN . FRBERERENTHI;EIERNE &S H —EHNEHR, MTHA
iy BE 8 AT LARA %8 S IR B S R) o HR RS

__ A
= Deasd

A A N X-BTRMER D RITHENATE 0 HHBMA,
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fEl T RIBRD, —BRR, FIP A AR B — RO R M ey iR 2 B Y s Rl At
BOER E#EAe RN EHABEIEE . XA B AT ARIER K5 A AR T
AT BB L] () BX A A LRI B 16 = e [, DML S0 T A0t A sk 2
P& TR CAEXHE A, REEA CEEEHE, A AFE AL EAR LN E
. XPPOEMETLEM LEARACRATLT LS8 Mo TmLRE, MEMTEBR fH
45 /NS S B T R R A IR, O O TRAT R R B R,

PG S RO R EEE 2 W EF A 53 2 (resolution) 28 T8 (linewidth) | #E # B (accura-
ey) R B (distortion ) FNEE MR HE (precision) , 78 Tk 4 7 1 i & FA (yield ) F1 7™ i1 38 ( throughput )
BEAZRE . DE EXrHENE X REFER WA ZFER, X PR R,
TR E CATHEVKE A aNaREENERT. KRETFELIREE
AW RE,ERAEA P HBFLEEREKEWRGE. R ER R R R EEN R
#. RETRRERSBAR ST M2k, BHRSERAAREE>EMERZEED &
MRE, RABERFOHREESRARENE L. FHERRBUEEANE .

B 15 KR AR A HOR RN A LA, SRR ST RS R) T IZ A R R R AT E
SRR BRI IR I (g 28 463nm) , W15 §pm B4 BREE, £ 0. 5pm B HENG BE AN G/ i BROY: 100 F
i B

.o 7 o

A

(n) HERE (b B TH IR

i o 5 R
i . ¢
gm0 BLEA :
St 4
s SRR ;
7 //// 7 Z
i
ic) - (d) B FRAL

E s ARDRTAR LE

136



B AR, H 2R R R R TORR S, AR E R AE R R R AL, @85 5
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0.5 ~ 3keV, LA K7 0 A ST EIC110) 3 5 Si ME A HERS, B Au BEBE TSRO RS 5, A F 5T 8
EFEEA RPN, % Au S E R FH AR R Mg, A X &R

P i s
wrz | |
e H A
= = %8
Au B
<nu=fE| T T —
r EHEET A
& 1000>~ g?gg?ﬁ
E= <100 WEK T
00 100 260 36{}

46 HEFE T

P23 R ST R BON R E 6 ROR
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MERE RS m FREFERERMERER, AEMREFDHREATZHH .

A ——— ‘_";Tu'rx
WBE -

e —— ’
BRER -~ Ve 0~ TheV
#wpmp-— | 2

2a, 32mm
HILE

B
iy :
Shmm

EE T 2o
o \b ¥
TEHA

MY BRERR(GTeV)EBAR

RARSERBETRVRAMEEE FE
{ microfocused ion beam) ¥ B 7 & I E %
REEM T MR, SREBmAm., &
FREMEFAMESRESE, FARFAFXENT
MURABEREERIR, EHERATEEB TR
MEAERE, NMESER—EZ R EHTN
ER., THRSCRHESTEHMERNBRES
EERHM AV mE 24 Fik. XFEFHE
MR R 107 A /s, B—HSERER [
Wil 1004, 5 X-SERAH FRAE, BT
KENERG M D HEAR NS W LIS 10nm DL L.
EHAMITFEHEB AR, &iE, #E Hugh-
es EHEME M- M ERFHRER FHEE
H2, REEGERETRERA— T FHEEME
BAEGTEARNEERFREXLN 8mm, © W XK
PE 10 ZRAGETE . EXFRT, Rflas

EMTEAZAEER THRERE, WEAMRKPHNIE, UBTEN. KTt
RS, BOR A BT AT b A PMMA R R SBER, EBERE SRS PR R

3.4 ZitmEAR

iR 49 B B AR AR b R A AR
Pras B A AL AR PR A B RS, LAY
FLAE Apoxd B 1 b R AR R, 3R N AR A
FEremu e B A o R LAY
R EEE R, T X HZMEE R
R RIS LRETERFE, UERE
HHELA RN LR BRI (B 8%

TEH R 8 R R Tl B R
[ilf L Z e kA3, B (subtractive) B9 L
ZidBEAEEN-EEE, ARELERE
PR 2 AR, e @ A MR
BEA T R R 3P B R B A WL, AN 25
(a) BT, M3 (additive) B9 T ZE A BRI A,
SeTEE bR B N £06 2 T LB TE 3R
FEEREE, 26 - oWBEREER
&E, - ERERMNERR, RIGEE
BRI X - REEER, X
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AR AR R B (lift-off) , AN 25(b) TR . MHUHE i, 0 B BR A8 A R A0 S 2% B, B R ok
e F R AR B A o

W2 o] F R R TE B R, — AT DL e N B A S A
FEEH, AFAREELRAAFBRERS T BT RER SWRIE R Rt
BRUEGRNEER. RANYERERFREFES FHRE T, HREA R F RS S
Koo WNRIEWE G2 P& WYY AT, BT AR 2 S R R . B HRIB A B RO T
RRAIHEEX R A REN T, BEAREERFER, TRAME TEREL
FERRER TR, EEYIBER ST R A (IBE) R AL IR B A g B 1 B A
5% fF) R 48 F 220 1 (RIE ) 70521 B T B AL A (RIBE)

AT Y M RRERE R AR BE . .
I ST (bive) B2 2 (laranee) T8 1 "
HORWE . % B R BN, P

B=d.-d, (32) L:d_.j o '}.d,

Ko d, BEEAMEER T 4, RHEEY
Rt W0 26 Fim, mAZREN L& X
REMNEH ALY, T %ML
AI¥E . R B0 IR R T 206 4 T
015 2o L T B O AT, AR
P HERE, W 27(a) B, A 41 5 0 A
0 SHET B, AMRENT, I [
R e S AT B R R, B
K& m AN, W8 27(b) R, KEHS

fa] B

FIMMEER 14 FIL, HAREENERN] ) cnep by & F AL
fiFa Eﬂﬁh%ﬁﬁ‘ﬁﬂﬂﬁﬁ&ﬁ?ﬁmﬂ%ﬁ% B 27 4SS I E i A 2
ZEERE, HUBHRERT A, F5:

A;:l-% (33)

b, Vol Ve BRI R R A R 2B R, WEEFEEAM, V= Vi, Ar=0. H 12430
BOb & RAEZI M, SR Vy=0,4 =1, XRF T LA RN, BET K HEEE R g2
RYBLGL AN B, 3 e G EPOA B TR Z, ES BB E IR SRR RN

1Bl

T (34)

Ag=1- 2

A b AEERE,

Sfr b FEF R Z) A, B TR AR R B ol R e s 2o, R A R TR, R REM
ZIMEREER, BEEANEABZIhERZ WA TR AR, FlnEE Rz A
HEM S A RARR

S, = :f (35)
AF Vil v, aRChEBEEBENAR 2R, A TREZZIE, S YREALE RS

143



(g A 25 ET S 2 v AP B9 RSF 22, P

28 B, NELEN S — AR R 2 // ﬁ%‘
Ffe 7% A R T W ?

GEERIES b HEFEH LA E I

I |
|
SR o, BB RHEE S R (14 8), MR L“{‘“”““ :
BT AR v, A A RS 4, '| 1 |
W 2 P AL Y V(14 B0 HE q4:H,-f2|L7 |
RIS 1 R, 00 0 AR & 35 7 0 I b | !
B, VRt A R R | | l
I B B 20 e gy K AR SRR L |
TR 20l 5 T B B ] R ‘;
h{1+8) i U

(36)

. 28 RBEZmEERTNE
BT AT RSN, ey OHERRATRE

J— w2 0 W5 20 o Bt (), 3 R R ) VA bt A B B 2IER S At E
h(1+8)(1+4)

“E - (37)
T o, W {B] PURE AR 3 T SRR 1) Y R ST b o W, iz ] 28 T 1R
W/2=[Vyeotd+Vyle, (38)

A Vo Vo B A 1) F R ] AR R E R, B GORE X RARGD).,
(38;°] 1§,

sfm=%ibffm[cosﬁ+ (1-4,)] (39)
Kt U =1+ )1+ A) 1+ 8,01/ = $) B SEER 1560, FRBZIME R 5 LA
B AL =1 = Va/ Vi BB R SR F: 0 B A HEIH RN A, HEH XE
T BTt BT e . B RoRETIR 0 M 0y B R (e 3 600 $E =X R A1 2 2 L)
R VISR 0P BLHER, S (30)FRRARN ¢ A, BRTELD —E8h/ w(BE
BRB/DEE) , LMERAEEL Sp,.

X3 A %0 AT B R B B AT LA A A R

q _}l_Ufg (40)

AW A AR R AFAEEE U AF RS SER T, WERFZIMERENERE
AN h e [E1 R ATES S B B B % R R 2 R B S R R O A A B 29 B
WA RN F (A =1) , GRERN b WRIZAMA Tl EENLEREN b MR
B, LU 20 (o 18] A BE B 25, B R A 2B (B8 A = Ry ks

IEL A KRB R ZR A, AR, B RF AR AR A AR T A
e B AR BO R B RSB, R T B R R, AR, AR LA, BAM
— MR T-REAF A, JLERBAOMM, XREHTHERAMEEAE, ELIHK
AfEPEFRRT 3um L ERSH. BERRRBIER(BE5(Db), Mok
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i ET | fE

M2 &mREame, BELN R RERIRE
(a) ZIURET; (b) #/MWE

o EMAEMCERAABERKE. BEAZIRENEN, B2, EREEEERGH
A HE, M ELLRE LR R, s ERHABES I E AR EE -
Ao AWHHBERTZMARM, MUBELZETH sk, B0 HIHLHTE. 4
30(a) 2 IR B IR A AE PR — REF, BREZEFHES FRIBMRRE L, R
A, FR BRI, ARERERENNRE, RS En R, B
i TRER . (b)XFHAWEN R RE AR NS R MEL, LRBHRAER. (o)
RH I E8M,

1. 5pm BT AZ135G]

#
Sil3,

B—Eil
SN\ W
@ L2,

AZ1350] EHFMmE (E -2
AZ1330) IE (B=E
e Wl i
S0,
(]

B3 ARSHERf-on T
(a) PIMFMME %3 (b)) ZEAFADEEREENTEA;
(e} BRI RIH M2 6% W @) £ B2 (AL
A — L2 R ) A TR R T ) 2 £ R ttxa‘ifmﬁmﬂmim'mﬁg,ﬁaﬂ%&ﬂ%
in) FeE 20, Blanst S 2 SL R, R %) 0 iR EDA 7B 100°C R X3 (1007, (110, #1110 & & #Y
2 b KB 50:30:3{pansh) . X (1008 K F Si0, fEFEBF EDA Ziphw JRIGH# A VIE
¥ HDOE S (100 B S4.7°, M 31{a) iR, MREM A EE D110 5 B EDA
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TER 2 2, RS I BE B0 SE T, a0 B 31(b) B, IR MEHRCRBREN
0.6y, FLORIBE R 1.20m, BE A 600m I8, X 2 HErE— L R H.

<11170» oA B R

. EATEE S0, fE
)

B 31 & i A A e 1R 2
(a) (100014 ; (b} {110

T2 ph A T B T AR L IR 2 D R R & kR T R R R TR L,
W EZ| WA R E IR TEROHE T R (RS T8,

SETHRABEMARESEE AT ENSE rAF3IENLER Y., 2E60F
L, Bl FERTHRAREN. BANHEMNE CHHHBRMWANILEY, S8 £i&d
R O EFIE CEAR COMCO,LH 5 04N L0, X PHTHEASREHE. X
TEFREBTHEKA” (plasma ashing). 70 FRAH, X Fp & BN R T HAG K, ARE
FEREENREIE, BREBFEREMSAEENRB A PR RELETY, X TEERA
ST A2 M (plasma etching) . AT ERFHRAMNET T TEAMMEREA, NEAFE M
W, o E 32 R, REABEBHE NS, $REUEEERLNERE Fikd, #
MERABTBLNEREBTHEFNEL, CHEHRARENEENE TRERTHES,
H EEREE RS A AR IR T, B L BUOR AR IR Si BE Si0, MBS R, b
TAERREDERHFAETHERD, 7TH--15 8 2715 5 b8 67 b6 18 0 4 52 5L 2% R 1
JIRERE, WO R A SR AR (A R, MERGE ARSI BB ML
ABEREERTHENEEM, AMBR TR FHBTFHRSE. SH CF K& Si %k
Bf, ZXFEBREATHMBES PR, ESHMNOZhEFEL, B 33 iing—# i
EFRTFHRLMREE, CRAAX MR X 4RIk, @R 2.4GHz M I = £ R
B, B AR E T A A AR R REI LA, XL e e i E

&
g —T] — &
EH G? [
zK T
e =
(a) HIP% (b) ¥ i Y

B3 FEThRAnEEREA
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BEMARBNEN, SETRABTER
fezainh, -EE FE, TG0 R
MR R M, B T AR AR
B (R BB AR MR, At | ees
B,

B 2 R AT R B T
M EFHE THESGREAEZETATIEE,
SRS SRR b R — AR R, B %
RACEBRR L . XA B R T e, R B3 HEIRTRARRETEE
L o, T AN T SOR B, A8 sl T RS 200 S et R O E R
T L — 2 R

5B 8F %11 (Reactive Ton Etching, RIE) 3R FI & 1 1k Y0 HY 1 RO H PE AT Ar BB 5t
S0, 57 A0 SRR AT A O SR 2 R B T o A T 5 M T B0 AL
BEHIA T %, 0 T 367 S50 T RV S 2 P 0 2 IR, R A ek %y, T L B
ST MR L, R, BRERA S RN EE DN, BT
PSR SR TR E AR, B Y X 5078 T 5 20 F B 8 T o U 1 (B )
E SR TAETE SR ARG, —BHE T 10Pa, X T H S FEERRRENAL. BE
WERBTERON L, THSEST 10P, BB OB TFESERENBIER.

B TR AN (IBE) XA T4, K% B R B 10 34 B . TERFURMA, iy M ek =
A (U TR S IS LA R T R TG A T R I, TS T LA BT AT, W
DA S AR 5 5 et S AT A8 B 4 090 B T T o R R 20 S, o T
SHAER T LSRR A B, Z) i B R R, ET 2RAB AR % B R4 B (A e e A RS 5 2 A
R, R T 7R B R S,

R ST RIBE (0 B 5 T 25806 T 8 T80, FUR 4% B0 T-1 20 o 70 5 18
Folh AR TSR TH F % SR, 5 RIE —#, BN FRAMIEEE FR2

g ez 2 BIEAR BAE

- -!‘ [ —
THEN ! W ==
A PO
bt D °Hn ’ o'
pprec T .y | iy ;H°‘: q IR R
a o.:“o. :o iE o,‘@’go
- " a . .e.llro a
-] [r— 1 .ll ° [
T
/ , /] [t

L)
#aa/”%*ﬁmm*f/ﬁaﬂmﬁﬁ¢ P A
fusre’ R HE
CET emTF

B34 BETRAMEE
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DRV R FAEZMEA LS, ARMTAFREEEMYE A REP T RAREE, R0 EFR
2 PR R B - PR
B2 T2 0 RESR S LhEC Y T 4 S,
%5 ERWRMIEHLR

- B % HERNR SRT A ERET BEWETH
(2T BIRBE  yep  wge  wep 0 B A #

B S BCE A Bk SATHR A =P B B &

LT T & v v
- fEaEm = v v
RS REE v v v v
Jﬁﬁi}"ﬁréﬁﬂa% v v Vv

BT M4 v v v v

B S % f T % Bt R i
(hE R

2 i ¥ f 1 1 f — i
SRS RS £ B e ef B ;] B
o oy % B s B B 1
VOSBEHG % L g7 % 3 o ¢
Eow M x i B * 0 et it
2 kg S B & Al A i) T P45 B B
AR R/pm 34 <1 2~3 2~3 1~2 <1 <0.1

W OB LEH MUVES LS, RN S; RSB EESERREaEM; DEMENETIE. HiTHW
L.

3.5 SHERER

LMHERARBEEMT FLEARRMM T ATHSERMTFE, TN C5R 6%
F NIES T ERESHHSEEERARITHR T EESBa RAER LT
BITEHMER. IEXRBEANEHEARPD, SR THEIA XS IH T ETERATR
kg BRI I, 6 P AN N AR A b B R
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FTo NEASHFENEBERESS
27 Rl BRI H AR F_‘L_‘FH'#'E’ZEEI _ _ I )
BRMRT B s

EH T ERE(TEM) > 0. 3pm BOR MR

FIH T B R (SEM) > inm EHTEREEE

BR AR T B (FEM) < 3nm } R FReH

BB T BWE(FIM) < lnm IR

il E B E(STM) >0.1nm

JETF 1 BB (AFM) B 1] 0.20m, 44 1] 0.0050m =#ERH

B0 3nm, 200 0, Inm

WFER A FEAHT T REIE A (ESECIXPS) ) iR 1 x 107° IR B 15 100um

BB REE AL AES) SHTHEFR 100% 1078 RTIEXERE 0.2~ lam
MRS X-SHEEATET L (XRD) WA, w0 TS W i ERRT

7 5t i, T AT AT TED) HAB, RERKMTH fE A T i DO

Rutherford 7 #57##% (RBS) SR A A B B 7B 2% i I3 £ b 1%

AR A8

RS R R T & e B W U AR B TR B FRUA X-HE X T,
BENAMAFZRRBESTT ZRENE. SRENDEERE NI EXSHEE, W4
B RRER (M) BRSO RER(D), 4P 5REERKLI AXENR:

A
%= N4

A M HDROGELS. BRN M s S PRKE 0.95um, ER S AP RZH T
e AT IR 1. 5pm, ARYEREE 8 5B AT AT WL TEE G 0.4 ~ 0. 7pm, RIR A SR 7 19 B0 EE, B
THAIEANR T ADT 0.3um, HRETBRE AT AR AEH R BRI 3RR N

p=—2_ (42)

sing

2a R BOCR R A, HHA REEIN, sing =1, TRAE BRENER SR

HTREMERER Y 100V, HER B AREREZ BERLTERMAIEEBEM AR
o FEENBREEGERABE TR, ARAENEFERRABE -BETEE lom,
BTHEERTFAERRA - SEENOT®, A HETREN 0.5m, EEE FRT(<0.3
nm), BANERENEGNRS RS, DEAEL R T 2SR ERE, R IREL
FLHKRAE NS EENS B FERECEB T BHRINATHEES .

HFRBETHR=2, WEHR AR MEBHR, B0 XEHT LU ERERE,
BEAEAH AR, BAMTARIEREOATEHERETCNEECHNARE. B
AR B T RS = 8 (SEM) MG ) Wl i BB SR, RERSHENR
K 3~10mm, HEEZMRAZEAER G ERESHIEERES, mMEMERSEET R
BRBOERMERELENEMXERNEEARERENE, R, KETFHEETREE
2RSS R X-B RIS I S A AR B R P S0 TR S
A 35 iR,

(41)
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1
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I
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I
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= 7 s /I_—_|_
NpaiR =
F35 SR TREETHRE 36 HEETIHE

% B ST B (FEM) 0 TAERFRA0ME 36 Frs . HEH 288, E i — Bn e
F RS AE R FE AT R —E R B AP LR AN R AR A T A R S A S 1T
2 L STRANLIGERE F TR N
' E=V/k (43)
LV RER RS r RN R AR RO R GERR 7. BEAFNBRFEEN
A K 10" ~ 10°A/em?, £1 208 3550 B 17 15 107 ~ 10°PV/7emy 3N » 2 1pm, JUTFZ A0 He 10kV.
B F & S AT U ) B E R, B $ORT () B 3R
M=R/kr (44)
AP R HFOLFEERZ, Y R=10cm I, M =10, FEM &)4r B e 1R 5 1 7 0 3 B 2 7 X
HEMEKE, —BAE Inm, BB EBHRRM TS T
HEFEMEFMAERES M AL, ARAESTFRETHRT, R RTHA
FHAL 10°/em B BT, 8 AR HRE, Sa R R G A ER, ET e s 7 i kil
BN, TR ERAE T, FEERREADSMER, T Hh SRR, AR
R TR L, HH—ENRE SR EEFEFRAE & et - SHEATETE
Hopy o W, #5200 KRR R . FIM B4 30055 0. Lom, BEVE MR R B R T HE5], X
1B N B 00 i B &R
B R K TR AR R B PR T R R A BTN B e S B STV T AR T B
(AP M THE R ML R Bl 37 . SIMM THRRERETYE ERREERN.
MTEFEHENEDINE, YRETNBFEEARNEATRAT MEAEREMNERA (K
e RSB R ER, WE 37() R, BERKETRANEHEBFEFRENE L2
LA RE SR FRRE— N ENM AT, HREE LARIZETHLE, MERAER
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B 37 SIMA AFM M THERMESR

ERFLmZH BERTEZREES, HEER AR AR IR MR, RERNEE R,
SFBEERE J R THENESNRE, A2 BRER SHRBEMEER,
Jocexp(- 4K, S)

e K, AEHEERRKENEE, BN ONEBERR, Ko~y (5 + 62072, 8, Fl $, BX
HITHEEK, K LR TR ES 2B E, BERE J 5SS MK ZEEREBMXERE SIMHTH
fll, STM B9 —XFE B AN 37(D) B 7R, 1 — IR 3 2 B AR MG SRR S 22 T , 3670 (R S5 015 A9 %
AR & T ARG RE I, XA R RN R RS ERM .
EEBEEETAER N, A LM -- 2SR AR T RN, PET
HF M., ESTMEED BASHSZANESNETMIRIEANAREEaT=2
9 R B B B R NG, W 37 ()i, E L BBEBHTE MRS WENH. SM
FAT R R MK RE, AT FEFRENETLEST, BESRRSRENE
% 0.005nm, X Ht 2 THUR S, 817 0.2nm, X B EE M ERRE, BRSIMER
Ao Bl TEATERIANER, FEE/VEPBE TRARBRENA.,

AFM BT AR B E STM S, B 37(A) Bk . MIARVTHE B B R0 (R £ 08 8 s R
AL R STM B O R RER AR SR E Z EMHEEF AN AT, BEKNE AMM BT,
AFM B STM FEH SR EEE SRR, TUAME /DN 10- "N, IR W RBE
LA SRR F > W e . X AT R RS R RN, WEESSPREH
TR LE R B 5B Som, A SRR 0. Lom! ¥,

AFATEMFETFHAZEFHNREEFEE —ERG SR, BILT LA E KT 0% e

151



o T REEFE I ar AT MR e R T B B 38 25
BB SETOREaE, YT EHERNE
FARE GEMMNBHRTER K PEBRTFERE
fii. BEAEEN L BT K 2R nt g
MEER, XEERT SR TSR L, LAY FAEE X
PR PR ARECR T, HPREE rRERHE
H,EMHEARER FPRIL, REBE&ETENR
fug , B0 R B R ST

BN L EREKIES K BEMHiEE R ™
DUSRSY X-ST 48 T5 25 i B, AR B R XY 4 0% =T 0 41
WIS F s PE R R AT, X A B RR X 4 & Stk 4r
th(XES). 7E SEM H TEM 3 B _F#a]#17T XES 487,

MK EH T AR R AN X2 lnt, 7
LI #EAT X-4H R e FREIE 47 (XPS) aR X-SFER 7%
JOH AT (XRE) . XPS @ ¥ B AES A E A%,
XPSAfEmE: Oh ¥ X SRR ER3 RN
W Mo e T EI M EEE, ARt MRk iR

X-82
(XES. XRF)

—KHELT

&%&qﬂ (XPS?
o ———p————t———- E.
99V —* + L
l49v— —- -Lo
1539V ——— K
- AR
(AFS, XES)
o X-58
(XPS - XRF)

F 38 RREESEFOEER

vy QNN X-RERTHGN, AeERFEmRATAE, EATEEZEM; CARETF
BB T ME AL FRERMHM, TN XPS BIERBAXMFRMOGE, XPSHAERER

Wi AR AN RE R

MRS T — B B KB T 2 AT (SIMS), XA 7 vk Y SRR

FRZEON]
] irse \

| ;
+15kV d, A

39 —REFREIVESRAR
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RAEH T R et b7, SEEMEFAH MR EESL . SIMSRELL =M 1T .
HETFHEGRARES FHBITHRR 2 ARBEFARMELREFHREH, E£T
TREFERAANE AR B SAER; RARREM BN ( > 100um) #1707, X
AR ZHHS RO AENMILRE BRI CRMERITAI, A EAT LN
BER lum, HAFEERXBHERT TS AL fi B Y, E—E&HFTHEHIRRE
10x10°9,

BAKNTHEMARENES LT E MR, 4 FRE LR FA w841, 50
ARSI HEA. WA, FFERER N EREMENK KA I BEEHKER
RaBrE. XMERIAERREAWREA B, HE, W TS 4m Tt i,
MFT R H EF R LR S {EE. HEMARNBRA SN SETEEFSHREE.
P S B0 A 3 (o FE A B (88, 24 AR /DB R R ORI NS , W 40 AT R B4 R+
ANF 100nm B, 1808 5 B SR T 107 R F/om® A REHEN B,

100

SEM
108 10 =
1 —
e 5 -
IE Lol >\ STEM 11000
. {100 |1,
E T RIR & o I8
O 1ovf | R
% 1 JOK
= i _
& el 100 7,
BT 410 3
%
1o . l . . . : -
1 10 100 1 i 104 10040 1
nm um cm

A4 GHEANEENRENRROER

4 HUK M TR HARFNR

— R, B RTH AR D EZHRET TRARIMRBER . — EHHH L TESY
HIAH A N AR IR ZRAFIR SR W R T 2 2 8 TRE A mI iR R

Al LA A2 S 8 R JUF B RIS A0 R 2 T 41 L EK (R 1 S8 (hulke properties) , BE T 3K 84
W3t i P AR SR TR R AR ML BT AR R o 24 30 B RO 0/ B R s R (B, 5 e R A
B AR AR EAARRRE, Fii, WRFEALE AR RN ARE, SES
HERED TR AR TH, WS REREILE. R 79 HILH SRR BREERER TS
AT ERBHETFREDRT.
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®7 INESHFRTENMIEERMRE T

B
# FPERBET

B+¥ mm
MOS &4 & HEFREREMNERE 1000 250
LA &L ERXREEABREE 1000 250
B EH ARSI B e MR A AR 20 50
FHEHRLERA 7 I 12 R MR E 1 1000 250
B T HraEERERER (ERAESRE) LO00 400
B 7 Rl HhFEENE RN ARRTNEEERENG 300 100

7%

TEELAE R P T2 CHOR B 3 %) R 61 BE i & 48 A 2 a0 Z00d , B8 0 B R
TEBRBE i BB il M R SH R A 2R R 224 (bulk devices) RIX T BRI . BUE T3,
B T HREHINEE S 0] 2 300mm AGHEE, DEEEHXN 0nm, B THFEZRFPHH
- A RESHFBAEE., ELEFEAZLSBEATE G 100m, [t R TR L6
AT AMIFEEZRTH AR, XUHAIE MR TE A M B8R N 2R R R8RSR
I0FERCAHER)FEEERRR ., FmM, WO FEHEHBENMEETR
B HIE R . BRSO R B TR FHE, WaFirEER s mmtdy
5]y R 2 L

BENZE S BIEBERB(RL 1000 MEF)SARAETR T (IR ET)ZEE —
THERER, EEREREN B AR BAR, XRR S FRENES. RRARAR
CHREGEEMBHERERNE FA4 PR AN RER BN EBE, BEASHEEE L #
FIATEM XEBEETHXMREMENEORMEZRY EHTHE, TUHEARNKE
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T 2 Van der Waals J7 5085 50 S 7e 8 &4 F (AO®B Ni(110) RE RMHAT Xe BT
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Planar and Channel Single-Mode LiNbO;,
Waveguides Fabricated by Ton Exchange

At present, most LiNbOy waveguides are fabricated by the ttaniom indiffusion process at 950 ~
10009 . The minimum node depth of such a single-mode waveguide (about 2 pm) is limited by the
maximum diffusion time that can be allowed for a single propagating mode and the maximum prediffusion
titanium film thickness that can be used without creating a residual Ti(, layer after diffusion. The mode
depth plays an important role in the coupling efficiency of semiconductor lasers to LN, waveguides and
in the defiection efficiency of electro-optical switches that have small electrode spacing. The in-plane
random scattering noise of such a waveguide also limits the maximum dynamic range that can be obtained
in optical signal processors such as the r.f. spectrum analyzer. It is most desirable 1o have an LiNb(;,
waveguide that has a smaller mode depth and/or less in-plane scattering noise.

Use of ion exchange was first reported by Shah!'-in 1975 and again by Jackel'?! However, Jackel s
work is concerned primarily with multimode waveguides. We report here the results of the fabrication of
single-mode waveguides using his method. Excellent attenuation (approximately 0.7 dB/cm)and in-plane
scattering noise {for TE modes less than 30 dB at 3 mrad)were obtained. To be more specific, we shall
report here the measured allenuation and An g of channel and planar waveguides at various temperatures
and ion exchange times. In titanium-indiffused waveguides Anog. is much smaller, indicating a smaller
mode depth obtained by the titanium ion exchange process. Measured in-plane random scattering noise
will be compared with that of the TE and TM modes in titanium- indiffused LiNbO; waveguides.

This work was supported in part by the National Science Foundation, USA
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Characterization of LINbO; Waveguides
Exchanged in TINO; Solution

A single-mode LiNb(; waveguide with large An,, high optical damage threshold, and small inplane
scattering loss is very desirable for guided-wave optical signal processing. Large An, implies that the
optical waveguide will have a small depth suitable for efficient butt coupling to GaAlAs injection lasers -
and for efficient electro-optical switching at large Bragg diffraction angles where the electric field
penetration of the switching electrode may be very small'> . Inplane scattering loss sets the background
noise limit in planar wavegnide signal processors such as the rf spectrum analyzer[?': .

Ti-indiffused waveguides have a high sensitivity lo oplical damage, limiting their laser power
handling capability, and it is not possible to obtain Ti-indiffused waveguides with mode depth less than 2
ml"’ . Waveguides obtained by Li;O outdiffusion at high temperatures arc able to handle considerably
more laser power but have even larger mode depth ( ~ 5pm)}. The use of ion exchange to form LiNbO,
waveguides has been reported previously by Shah®! and by Jackel*. Jackel reported that large An, =
(.12~0.13, and a step in index profile can be created by this process. She also later reported[ﬁj that
such a LiNbO; waveguide would have a low optical damage sensitivity.

We have investigated the use of the ion exchange method in TINO; for producing single-mode, large
An,, high damage threshold and low inplane scattering noise LiNb(); waveguides. Our results seem to be
quite different than the results reported earlier, and they clarify some of the issues conceming the physical
nature of the LiNb(); wavegnides obtained in the TINO; exchange process.

Following the reported procedure!™ , we immersed x-cut LiNbQ; samgples ( purchased from Crystal
Technology Coup., Palo Alte, Calif., and double checked for crysialline omentation)} in a molten
solution of TINO; contained in a quartz tube inside a furnace with a temperature control of +19C. Table
1 shows the results obtained for some of the LiNb(, wavegnides fabricated. It is clear that we were not
able to obtain waveguides within the temperature range reported by Jacket® . n, was determined at the
0.6328pan wavelength by measuring very carefully the angular position of the m lines coupled out from
the output prism coupler. The accuracy of the measured angular position of the m line is 0.2 mrad. We
deduce from these clase i, values that our n, is much smaller than that reported by Jackel.

On the other hand, the attenuation rates of our samples, as shown in Table 1, are quite low( ~0.6
dB/em), comparable with those obtained in the Tl-indiffused and out-diffused waveguides. For the y
direction of propagaticn, the measured inplane scattering noise(including the scattering noise of the prism
input and output couplers) is less than 30 dB at 3 mrad angle. This is much better than the inplane
scattering noise of the TE mode propagating in the x direction of a y-cut Tl-indiffused LiNBO; wavepnide.
In addition, we assessed the laser power handling capabilities of single-mode jon-exchanged waveguides at
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Tab.1 Optical properties of LiNkD, waveguides fabricated by TINO, exchange

Sample . Processing Attenuation
Substrate Modes o Remarks
No. Melt ¢/°C  T/h dB/em
10 x-cut, Y-prop.  TINGy 243 4 0
11 x-cut, ¥-prop. TINO, 245 26 0
16 110 TIND, 340 7 2 1.4 2.2055,2.2022
17 12 TING, 340 21 3 2.2039,2.2026,
' 2.2022
18 x-cut, Y-prop.  TINO: 340 4 1 0.71 2.2022
25 x-cut, y-prop.  1INO; 320 7 1 0.64 2.2014
27 x-cut, Y-prop.  TINO; 340 2 1 0.52 2.2014
2 z-cut, y-prop.  1INO; 340 50 i 2.2039,2. 2030
29 x-cut, ¥-prop. TING, 340 21 4 2.2030,2.2022, pew TING,
2.2018,2.2015
33 %-cut, ¥-prop. TING, 404 2 3
34 x-cut, ¥-prop. TINO, 414 2 1
37 TINO; 336 3 0 Sample pt mto the melt
x-cut

horizomally . Surface etched .

632.8 nm by the transmission method as recently
reportedl’-. We found that the performance of
these waveguides was betler than that of the Ti-
indiffused waveguides and inferior to the out-
diffused waveguides. At any given laser power, the
power in the output beam of the waveguide
degrades as a function of time, finally establishing
a steady state in 20 ~ 200h. The steady-state
power loss of an jon exchanged waveguide is given
as a function of the laser power propagating in the
gutde in Fig. 1. Il is shown in comparison to that
of a titanium in-diffused and a Li;0 outdiffused
waveguide .

Intrigned by the discrepancy belween our

Ti in-diffused

80

f I

Qutput power loss at saturation{ %)
put g

=
M
9
=
=)
=
=

Power in waveguide/mW

Fig.1 FHects of optical damage in LINB(), waveguide

results and those obtained by Jackel, we proceeded to analyze{a)an unprocessed virgin sample, (b}our
sample # 29, and(c)the LiNbO; sent to us by Jackel at Bell Laboratories that was used in Ref. [5] by

MeV ion backscatteringisl and nuelear reaction lechniques[g] . Measurements of the energy spectra of the

backscattered ions from these samples with a 1.5 MeV*He* ion analyzing beam in the random and x axis

oriented directions showed the following results: (1) All three samples, (a),(b}, and(c), were single

eryslals with reasonable crystalline quality as evidenced by channeling measurements-> . This suggests

that immersion of LiNbO5 into a TINO; bath did not cause any significant structural damage. (2) For

samples (b)and (c), only barely detectable T} signals from backscattering were found on the sample
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surfaces, The estimated concentration of TI from these signals is 5 x 107 Tl/em? {1 ~ 1/100 of a
monolayer) . This result indicates that Tl atoms did not migrate into the LiNbO; substrates after immersion
in the TINO; bath. (3) There was litile or no change in Nb concentration in LiNbO; after the TINO,
immersion. There was some indication that the oxygen concentration had decreased as a result of
immersion. However, we are not certain of the change of the oxygen concentration because of the low
sensitivity of detecting oxygen by MeY*He™ backscattering, These results suggest that any observed
waveguide effects cannot be due to Tl in-diffusion or Nb out-diffusion during the immersion.

Our next step of investigation was to utilize the ' Li( p, a )* He reaction (using an 840 keV proton
beam) to determine the Li concentration in the samples. Fig. 2 shows the a signal from Li atoms in
samples(a)-(c). When we compare these signals with one ancther, the Bell Laboratory sample (¢}
clearly had a substantial loss of Ti atoms {about 1/3). The scale skeiched in Fig. 2 shows the depth
. profile of Li from the surface. We propose that the waveguiding of the sample reported in Ref.[5] may be
provided due to a large amount of loss of Li or LiO over a depth of only 2 pun or less near the surface. In
comparison, the signal from our sample(b) is very close to that of the virgin sample{a). Naturally, a
small amount of Li or Li;O out-diffusion over a depth of 5 ~ 10 pm will be difficult to detect. Our
suggestion is in agreement with the weak loss-of-oxygen signals observed in backscattering

Li{p.e)*He

H* 840keV

§~7MeV r particles

a signals [rom Li atoms in the samples
Each division of mg/em? scale correspounds Lo
2~12 pm in thickness (for LiNbh(;}

3 a g
B // | ,/ |
i /S !
| /|
§1 )

LL._ LN R B R PR 1 11 L I R B
LiNbOy LiINBO, LiNb(; LiNbO; LiTa(y
virgin in AgNO; in TING;  in TING; in TINO;

2h 240°C 375°C

{Hell Labs) (Bell Labs)

Fig.2 & signals from Li atoms in the samples, The number of ¢ particles is proportional to concentration of
Li atoms in sample and the "Li( p, « }* He reaction cross section. The o particles produced in this reaction in
deeper regions of sample have lower encrgy due to energy loss in the sample. The number of o particles
produeed in the deeper regions of a sample with uniform concentration decreases rapicly with increasing depth

due to decreasing reaction cross seclion of lower proton energy
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measurcients since the loss of Li is most likely associaled with the out-diffusion of Li,O. I is in

agreement with the observed high optical damage threshold, since Holman has pointed out!” that Li,0
out-diffused waveguides have higher optical damage resistance if phase equilibrium and oxidizing
condilions are mainlained during the oul-diffusion process. It is also in agreement wilh the observed low
inplane scattering noise since low-temperature diffusion processes may create fewer optical defects. We
have noticed further that samples exchanged in TINO; at temperatures higher than 350°C often have rough
surfaces.

The unusual aspeets of the thallium ion exchange are emphasized by comparison with the case of
LiNbO; immersed in an AgNO; bath at 356°C for 3 h. In that case, the a signal shown in Eig. 2 is
almost identical with that of a virgin 1iNbQ, sample, and the channeled spectrum shows clearlv the
existence of Ag atoms as well as the dislortion of the lattice near the surface. In Fig.2, we have also
shown the & signals obtained form a piece of LiTaO; that has been immersed in TINO, at 3757 at Bell
Laboratories. Notice that there s again a substantial loss of Li aloms, but the depth of out-diffusion is
about 5 ~ 10 pm, implying that the LiNaO; wavegnide may have a much larger mode depth.

In conclusion, we have no explanation vet for the variations of the LiNb(; characteristics when il is
immersed in TINO;. We have established, however, that the higher-index waveguiding is created by a
loss of Li or Li;O and not by an in-diffusion of T1. This is contrary 1o the case of immersion in AgNO,
where the in-diffusion of Ag seems to have played an impo tant role in creating the n,. f we can succeed
in developing a low-temperature process in which a substantial amount of loss of Li{or Li;O) can be
restricted to a small depth(e.g., 1 pm)and in which the surface of TiNbO; is not roughened by that
process, then we would have oblained a much better LiNb(; waveguide than the waveguides obtained by
either the Tl in-diffusion process or the Ti,0 owtdiffusion process at high temperatures,

The authors wish to thank J. Jackel of Bell Laboratories for discussion, and especially for furnishing
us a chip of LiNb(; and LiTa(), waveguide for comparison with our samples, Yi-Xin Chen is a visiting
scholar from Shanghai Jiao Tong University, the Peoples Republic of China.
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LiNbO;Waveguides by Electrically Enhanced Ion

Migration and a Comparison of Techniques

Abstract and Summary

Recently we have investigated the electrically enhanced migration technique for {abricating LiNb0;
waveguides. With the aid of an analysis by an X-ray photo-electron spectroseopy (XP3) and a second ion
mass spectroscopy ( SIMS), we have found that the formation of a waveguide is mainly due to the
migration of the Li atoms from the surface layer of the LiNbO; substrate.

The characteristics of three kinds of LiNhO; waveguide by different techniques have been measured
for comparison, as given in Tah. 1. Tt shows that LiNbO. waveguides by ion migration are more resistive
to optical damage (Fig. 1}, with a higher index increase, a small mode depth and a nearly step-profile of
effective index {Fig.2).

It is also found that waveguides made by the ion-migration technique are compatible with Ti-
indifussion wavegnides. It is Lherefore possible o design waveguide devices with a multilayer structure

and a certain planar pattern of various indices on a LiNbO; substrate.
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& 20 S
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N N el 1 A ] i
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Fig.1 Time-dependence of the drop of main Fig.2 Effective indices profile of ion-migration
peak of m-line vaveguide
o lon migration Sangple No. 15,260°C,5V,125 min
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x 'Ti indiffusion in atmesphere » Negative side

+ Ti indiffusion in wet cxygen
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Tab. 1 Comparisen of various single-mode LINBO; wavegnides

Fabrication technicues

Ton-migration

Porton-exchange

Ti- In-diffusion

T/ 260 200 1000

£/min 50 10 360

Ang 0.04 0.06 0.01

d ./ nm 0.8~1.2 0.7 [.5-2.0
Atteruation/{ dB-em ™'} 0.8 .5 0.8

Scattering mr, at 40dB} 1.7 1.3 2.5

Optical damage(632.8nm) 40mW, 5h, no damage 40mW, 5h,no damage 13mW, 2h, damage

Ry profile: Nearly step Nearly step Complementary error function
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A New Concept of 3-Dimensional
Integrated Optics

_ It has been just 20 years since integrated optics was fist named in 1969. In the passed two
decades, not only has a lot of fruitful research works been accomplished in many laboratories, but also a
number of integrated optical devices have begun to be used practically. With the rapid progress of
technology in optical fiber communication and optical information processing, as well the fact thal many
new applications such as optical digital computing are widening unceasingly, it is becoming more and
more clear that in a variety of fields light wave is superior to electric current as the media of propagation
and processing of information. This is the reason why so many scientists and engineers are engaged
enthusiastically in researching and designing the optical systems, devices, and materials for these
applications. There is no doubt that these practical optical systems must be compact and reliable. Those
requirements only can be met as the systems tend toward miwlaturization, thin-Glm structure and
integration. Hence, it is not surprising that the potential of integraled optics is great.

The term “integrated optics” implies that, tirst, the optical wavegnide through which light beam can
propagate effectively, the waveguide is formed on the subsirate above which is a layer of media with
higher index of refraction. Secondly, the variant functional devices can be structuralized by several kinds
of wavepuides: such as lasers, detectors, modulators, lenses, prisms, couplers and polarcids. Last, the
practical optical systems or subsystems composed by the waveguide devices will be integrated on the same
substrate. It is out of the question that proposal of the term “integrated optics” is really a great revolution
compared 1o the huge and fragile traditional optical systems developed over the hundreds of years of history
of optics.,

Genecally, the above concepts of integrated optics is two-dimensional; it can only deal with a one-
dimensional spatial light beam. For instance, the spatial optical information obtained from of correlators,
convolutors and spectrum analyzers of integrated optics using the acousto-optical effect of LiNb(O,
waveguides is only one-dimensional. However, most applications of mass data flow, image processing,
anificial vision and optical newral compuling systems are always with two-dimensional spatial optical
signals,

In fact, the characteristics of propagation and processing of two-dimensional spatial optical signals
with huge parallel light chamnels are the very places where optics has a pmnﬁnent advantage over
electronics. Thus, it is necessary to consider a new coneept of three-dimensional integrated optics to meet
those mqu}remenls. Of course, an integrated optical cireuit has never been purely optical; it needs the
supports given by various electronic circuits, The only difference is that the electronic circuits are

separated or they can be integrated with optical cireuits.
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In principle expected three-dimensional integrated optical eircuits should be the devices with multi-
layer structures, every luyer containing lots of optical components and devices. Those optical components
and devices may be waveguide type or may not. For example, a lwo-dimensional microlens array which has
been proposed to be made in the ion-exchange method is not a waveguidetype inlegrated oplical device,
Here, a light beam can go from an optical device 1o the others in the same layer; it can also propagate from
one layer to another. The Jight beam propagating in the x — y plane or along the z axis can be constrained
in the waveguides. It can alse propagale in free space or in media directly. For instance, a three-
dimensional integraled optical circuit with different functional spatial light modulators {SIMs) for input and
output, interconnecting, logic processing and memory probably could be used as a future optical parallel
digital processing syslem.

In order to realize the new devices, three-dimensional integrated optics is confronted with a series of
research topics both in theory and in experiment, such as coupling of waveguides and interconnecting of
oplical devices among the layers, the interaction of a large aumber of microbeams of light in free space or
in waveguides; two-dimensional zonal growth of multi-layer heterogenevus materials, and various new
physical effects, new materials and new devices for three-dimensional integrated optics. We have

adequate reasons 1o believe that three-dimensional integrated optical devices will be realized eventually,

167



Nonlinear Integrated Optics

1 Introduction

The experiment on second harmonic generation by Franken and coworkers in 1961, in which red
light from a ruby laser was frequency doubled into ultraviolet light, is generally considered as the
beginning of nonlirear optics.

From the purely classical point of view, nonlinear optic can be traced back to much earlier times.
Rayleigh well noticed the acoustical nonlinearities and had made extensive discussion of it in his famous
book{Theory of Sound}. Lorentz could have made theoretical derivation of some nonlinear optical effects
if he had allowed for a slight anharmonicity in his description of the electron as a hamonically vibrating
bound particle. However, Lorentz lacked the stimulation of stimulated emission of radiation. It was after
the invention of laser by Maiman in 1960 that one was able to achieve high light intensity required for
experimental investigation and realization of nonlinear responses. ¥rom then on laser has been playing an
very important role in the development of nonlinear opties.

The birth of laser also offered possibility to the inttiation and development of guided-wave optics and
integrated optics. The requirement from communications strongly stimulated the development of fiber
technique, guided-wave optics as well as integrated optics. The first guided-wave nonlinear optical
experiment was on second-hamonic generation in planar GaAs waveguides by Anderson and Boyd in
197113, These early experiments took advantage of existing planar thin-film and microlithography
techniques. Progress in this area of nonlinear guided-wave optics has concentrated on harmonic peneration
and parametric amplificalion, which utilize the large xu) obtained in noncentrogymmetric waveguides .
However, during the past few years there has been a great deal of interest in all-optical signal processing.
which has stimulated work on third-order processes in integrated optics 2. This evolution is in sharp
contrast to the case of fiber nonlinear optics in which the usual fiber pulling technologies do not lead to
noncentrosymmetric fiber cores and hence there is no second-hammonic activity. However, for fibers the
propagation losses are so low that the small third-order nonlinearities in glasses could be compansated for
by the long interaction length, and many third-order processes were reported. The initial experiments
concentrated on phenomena such as stimulated Raman and Brillouin scattering and on self-phase
modulation. The recent development of specialized fabrication techniques for producing crystal core fibers
and the fortuitous discovery of second-harmonic generation in some glass fibers'*! have extended nonlinear
fiber research into efficient xu) processes .

Two salient features, i.e., high intensities and long interaction lengths, differentiate guided-wave
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nonlinear optics form bulk nonlinear optics. To obtain high intensities, it is usually necessary to focus
lascr beams. However, in bulk media, the tighter the focus, the shotter the distance over which it can be
maintained. Therefore there should be a trade-ofl in the efficiency between high intensity and interaction
length. In a waveguide, however, the beam is confined in one planar waveguide) or two(fiber or channel
waveguide ) dimensions to values of the order of the wavelength of light, for distances determined solely by
the propagation losses, These are typically millimeters to centimeters in inlegrated-optics waveguides and
melers to kilometers in fibers, Owing to the small cross-sections of beams in wavegnides or fibers, very
high intensities can be achieved even with moderate light powers. In the future it is possible to produce
nonlinear effects in waveguides even with incoherent light. From what we have mentioned above, we
conclude that optical waveguides are ideal for nonlinear interactions because they provide strong beam
confinement over long propagation distances. From the practical point of view, the applications of optical
nonlinear effects are expected to be realized with integrated and fiber devices. This review will

concentrate on nonlinear integrated optics.

2 Nonlinear Optics in Waveguides

When one or several incident optical fields interact to each other in a medium, the induced

polarization can be expanded in terms of the products of the interacting fields, giving
pMr, ) = EO[H P -t - 1) E(r 1) E(r, 1) dndiy +

_|-” fﬂm(t - bygt = g, 8 - .53);El:r,tl)E(r,Lg)E(r,£3)d£1d£2dt;.;]

where xm and xm are the macroscopic second and third order susceptibilities respectively, These
tensors depend on the matenals and can cause obvious wavelength dispersion. This special expression
applies for non-instantanecus responses of the matenial to the incident fields. For instantaneous response,
for incident field.

E(r.t)={(+2)E{w)expli{wt - &) +c.c
and the induced nonlinear polarization field

pm(r, t) = (1/2)py1'(w)exp[i(wx - ﬁ'z); +c.¢c
the Fourier component of the polarization is |
pM(w) =D P (120 (- wiwy,wp) E{w)) Ep(w,) +

D (/)48 (- wiwr.wyowy) Ei{w) Exl ) B1(ws)
where D's are degeneracy factors.

Optical waves can be guided by one or more surfaces when they are coupled into the media at the
condition of resonance. For planar, channel or fiber waveguides these tesonances are essentially
geometric, heing electromegnetic standing waves within the confined space. The waveguide modes
correspond to the allowed resonances. Among various resonances, only the geometric ones can propagate
for a long distance so that the guided wave can be of practical use to nonlinear optics.

Three commonly used optical waveguide structures are shown in Fig. I along with the corresponding
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field distributions.

LFu "

Cad (b {c]
Fig.1 Three common optical waveguide structures and
corresponding field distributions

Channel  waveguides and fibers have many similar features. The fields propagating in them can be

expressed as
Elr,t)= (I/ij,-(m’"}(x,y)a(m’"}{z)exp[i(wt - ,5’"'“)3] +e.¢

where the guided wave wave vector 8 = kyng= 8" is denoted with two integers m and n corresponding
to two resonance conditions in two dimensiong. Here f;(z,y) = ;™" (x,y) is the transverse field
distribution of the ith component, nomalized with

Hﬁ(x vy ) (x, y ddady
and g(z) = g™ (2) is the mode amplitude, usually normalized to give the guided wave power as
la(z) 2.

There are two orthogonally polarized mode families. For channel waveguides, TE(,, ,; denotes the
modes with their major eleetric fields parallel o the surface, that is y-axis and TM;,, ,) denotes the
modes with their major electric fields perpandicular to the surface, that is along x-axis. Both families of

1

modes have only very small field component along the other two axes.

For fibers, the electric field distributions have circular symmetry. In almost all cases the
approximate solutions of linearly polarized modes [Py, .y are adopted. Here one integer m denotes the
cylindrically symmetric resonances across the core and another integer describes resonances along a
cireular path around the core center, expressed as explin ¢]

For planar waveguides, the field distributions ard dispersion relations are much simpler than that for
chamnel waveguides and fibers. For example, the field is a plane wave along the y-axis, i.e., in the
plane of the film, the field distribution is a function of x only and only one integer is enough te defined
the mode. Thus one can substitite {(m) for (m, n) in the above expressions and the modes are
expressed as T, (E, =0,E, = E,=0) and TM_(E, =0, E, =0, E, =0).

Most nonlinear optical interactions involving plane waves can be analyzed with the slowly varying
phase and amplitude approximation. For guided waves, the corresponding method is known as the coupled
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mode theory which gives the growth rate of the complex amplitude of the signal beam as-

kz(w) H P}E\'L(x’}_.)ﬁ{m,a'l(x’j,)dxd},
2_= ﬁ["‘m »-----'—a; —_{ T T T exp[i(ﬁ("*"‘) _ Bp)z]
£p W If.m,n)(x,y) |2dxd3,

_d_ (mon) :
3,° (2) =i
Basically, this described the average over the transverse coordinates of the projection of the nonlinear
polarization onto the ocutput guided wave field profile. It is this average over Lhe transverse coordinates

that introduces the overlap integral.

3 Second-Order Nonlinear Optical Guided-Wave Devices

Many ¥ phenomena have been demonstrated in planar guided-wave formals, including second-
hammonic generation, difference-frequency generation, optical parametric amplification, and oplical
parameiric oscillation. Of these, second-harmonic generation {SGH) has by far been the most widely
studied interaction. The development in the last few years has been faster than that of the last two
decades. An important faclor 1s the possibility of frequency doubling of TR light from GaAs laser diodes
into blue light for data storage and copying.

For the simplest case of SHG, a single fundamental guided wave is excited at z =0. propagating io
z = L where it leaves the waveguide along with the second harmonic generated between O and L. The
second-harmonic power, P(2w,z),is

PQRuw,L)= (kOL)Ed—E‘f i“;émipﬂ(w,m
Rk

The incident {and harmonic) field is written as
Elr,t) =%éﬁ](wi,‘85)ﬁ-(x,y)exp[i(w;l -8B ve. e
Where f(x,v) is an appropriately nommalized modal field. The waveguide figure of merit is given by

d2/ nly, where n is the effective index defined by n.gko= 3.

In the expression for P(2w, L), the overlap integral K, a concept unique to waveguides, is given

by
® i{{_k .
K = ﬂ_m H}-"i(zw)Ej(W)ﬂ(x,}")fj-(x,y)j}r(x,y)dxd}-

If the product of the field distrihutions changes fto L foier | fa

sign across the waveguide, interference effects

oceur in the integral, reducing the value of K.
This overlap integral is usually small unless all
the interacting modes have the same mode

number. Fig. 2 shows two possible cases for

SHG in slab waveguides. In the case of Fed T . fo SHG i pl .
.y . . 1£. WO possible cases lor 1M panar wavegul
TEo{ ) + TEy (@) ~TEy (2w ), the optimum (0) TRl w) + TEy (10)~~TEo (260}

K can be obtained from the field product. On (b} TEo{w} + Thol@)—+TF:(2w)

(a) th
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the other hand, in the case of TEg(w) + TEy(w )—TE, (2w }, the field profiles contribute to K both
positively and negatively, resulting in a small value of K. This leads to the conclusion that optimized
efficiency of SHG can be obtained when both the fundamental and hanmonic waves are in the modes of
lowest order.

Another charactristic of gnided wave interactions is the wavevector( phase) matching condition, that
is ¢y =0, where

p=(L/DLBQ2a) - flw)] = (12 koLl ng(2w) — neg(e) ]

There are three commonly used methods of phase matching, as shown in Fig.3. The fist method
takes advantage of the birefringence of materials. When both orthogonal polarizations exist, the dispersion
in frequency between the fundamental and harmonic waves is compensated for by material birefringence,
TEo(w ) + TEg{ @ )—>TMg(2w ), as shown in Fig.3(a). Since there exist mixed polarizations, an off-
diagonal nonlinear tensor element is required. In the case of quasi-phase-maiching, either the refractive
index or the nonlineanty is spatially modulated with period of ., as shown in Fig.3(b). A is chosen so
that23(w} £ 2n/L = B(8) holds. The third method is known as Cerenkov which requires that
2n (2m}w/C >28(w), as shown in Fig.3(c). Under this condition the second harmonic wave is no
longer guided wave. It is radiated into the substrate at an angle & which satisfies con 6 = 8(w) ng C/
wn{2em) . In this case, the overlap integral will include the overlap hetween guided and radiation fields.

rrniEu'): ———— . x
?f"?;;-a Pl 1 c-atis 1~ Fpin r = (1. spm
ol Wi | 3 fma i
‘ TMy e - e CANIEANILI FRAE NI LA N RN NS —
# TFot2e o Ce” NThiytw) T ! IRERS
“nldeu) i - TEa () \{ 7,3
-
B Bw) e=tol ) g o
IS S SO S TN L B e !
? Fl [ I 100 (2ko30 [ ] Tl 2k,
(a} b {1

Fig.3 Three methods of phase matching for SHG in optical waveguides

{a) Material birefringence;  (b) Quasi-phase-matching; {c) Cerenkov method
SHC in optical waveguides is most widely investigated experimentally with TiNh(O; waveguides. In
the case of quasi-phase matching and Cerenkov methods one makes use of the large ds; coefficient which
is 7 times greater than d3 used for birefringent phase-matching. The normalized efficiencies obtained are
45% /(W+em®) and 1709 /( W+ cm?), respectively. 170%/{W-cm®) means that 17mW output of blue
light can be generated for a 1 cm long device when the near-infrared input power is 100 mW, With quasi-
phase-matching technique, the best result is 230% /(W - cm® ) achieved in domain-inveried KTP
waveguides. It is possible to achieve an efficiency greater than 1000% /(W em®) with nonlinear organic
waveguides. Excellent resulis were also obtained in LiNbC; waveguides for difference-frequency
generation, optical parametric amplification, and optical oscillators. For the optical parametric oscillators
a maximum conversion efficiency of 13% was obtained for 15 W pump power at A = 0.6 pm. For
parametric amplifiers, a gain of 16 dB was achieved with a pump (A = 0.65um) power of 150 W
(pulsed). In the case of difference-frequency generation, efficiencies of 10~* have been measured for
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pump power of 50 mW (A = 1.4~ 1.6pm) and idler power of 100 uW (A =3.39um).

4 Third Order Nonlinear Guided- Wave Devices

The three-order optical nonlinear phenomena is a kind of all-optical interaction, that means the
nonlinear polarizations are determined by the products of three optical fields.

Ih contrasl to xm phenomena, for which Imaginary components are undesirable since they imply
loss, both real and imaginary components of x(j) can lead to interesting phehomena. For example, the
imaginary part gives rise to stimulated Raman and Brillouin scattering, whereas the real part is responsible
for the intensity-dependent refractive index, parametric mixing, degenerate four-wave mixing, ete. .
Research in all these third-order guided-wave phenomena started in optical fibers, ard degenerate four-
wave mixing, coherent anti-Stokes scattering, and a variety of phenomena that depend on the inlensity-
dependent refractive index have also been investigated in integrated-optics waveguides.

About ten years ago il was realized that standard integrated optics devices could be operated in an
all-optical mode by introducing waveguide media with intensity-dependent refractive indices. Such devices
can be used for all-optical signal processing at speeds limited only by the “tum-off” time of the
nonlinearity and material systems do exist with subpicosecond rtesponse times. Most of the present
inlegrated optics devices, such as couplers, modulators and switches, rely either on wavevector matching
hetween coupled fields, or interference effects between two guided waves whose relative phase has heen
modulated extemally (typically via the electrooptic effect). Essentially every such linear device can be
converted into an all-optical device by utilizing nonlinear materials in the waveguiding regions. To date,
grating and prism couplers, grating reflectors, directional couplers and Mach-Zehnder interferometers
have all been investigated .

When operated in an all-optical mode the guided wave wavevectar Sko{ ko= @/C) in all of these
devices depends on the gnided wave power, that is §—>B8( P). This is a consequence of waveguiding
media having an intensity-dependent tefractive index n{ /) with

n(I)=n;+ ny(I{
Where [ 1s the local intensity and the subscript ¢ identifies the ith medium. This leads directly to an
effective index given by

B=Bo+AB(P)P

and
ABp = kgjfm deﬁi: dy nd{x, ydnalx, ) 1 fx, v} 1*

Because the field is a maximum inside the guiding chanmel, AZ; is maximized when the nonlinear medium
is the muiding medium. This alse leads to the minimum operating power as well as to the best use of the
available nonlinearity. Such a power-dependent wave vector can be used lo alter a wave-vector
conservation condition optically. For example, the Bragg condition and hence the reflectivity of a grating
structure can be tuned optically. Similarty, the phase change accumulated by a guided wave after a
propagation distance L also varies with the guided-wave power. Hence the interference between guided

173



waves can also be luned oplically .

A selection of all-optical guided wave devices, e.g., directional coupler, distributed-feedback grating.
M-Z interferometer, mode sorter and prism coupler, as well as their response to optical power are shown in
Fig.4. Also shown is the response of corresponding linear devices for the purpose of comparison. The harpest
swilching characteristics are obtained with the first two devices, namely, a nonlinear directional coupler and a
nonlinear Bragg reflector. The response shown for the nonlinear directional coupler is typical of a whole class
of devices involving the nonlinear coupling between two copropagating modes, usually derived for two weekly
coupled parallel chanmels. The response of the nonlinear distribrited-feedback grating is ypical of two
counterpropagating waves whose amplitudes are coupled.

‘“{\ ."'lf)ni L ______

e <
4] ——
S - r,
/—\ (b)l H
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0
P, 1 — "
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Fig.4 Tntegrated oplicsdevices and their response fo optical power with and without nonlinearities

(a) 1/2-beat-lergth directional coupler; (b)) l-beat-length dizectional coupler;
{e) Distrbuted-feedback grating; (d) Mach-Zehnder irtedenaneter;
{e) Mode sorter; {£) Prism eoupler

5 Nonlinear Optical Waveguide Materials

The best results on SHG and related x(z) nonlinear interactions have been obtained with Ti-

indiffused TiNbO; waveguides. This is because that  Tah.1 SHG figures of merit relative to LiNbO;

this waveguide system 1s being successfully used for for materials with potential for
applications in electro-optic switching and phase waveguide applications
modulators, The losses are of the order of 0.1 Materials  dyp/( x 107 %) n  d2/a%
dB/em in good waveguides, allowing multicentimeter LiNGO, 13 33 1
interaction lengths, But there are also problems with ~ KTP 1.0 1.8 1.5

. L . R B * 44}
nonlinear optics in LiNbO,; waveguides. The material ﬁ) 0“} 5 (:50
undergoes damage in the visible region of the  (ps)o— Nppe 2
spectum  at milliwatt power levels. Therefore ~ DCV/P MVAY 7 85
research contimaes inio betler materials. Tab. 1 lists a) Metanitroaniline; h) N-( 4-nimophenyl }-

a number of different materials that are representative L-proline 15 ¢) Chromophore functionalized Polymer:
of material classes with potenlial for gunided-wave d) Dicyanovinyl azo dye polymethyl methacrylate
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applications ,

High-quality waveguides have already been made in K'TP by ion exchange and SHG demonstrated.
Although the improvement in the figure of merit over LiNbQ; is only a factor of 1.5 this material is not
easy to optical damage, which iz the main problem with LiNbO;, and is phase matchable over a much
larger wavelength range.

A recent development is that of eleetrie-field-poled molecules in polymeric glassy hosts. Molecules
with large dipole moments {to facilitate molecular alignment in a d_field} and large second-order hyper-
polarizabilities are loaded into a host glassy polymer placed between two electrodes. The composile
material is heated above its glass transition temperature, and a strong d. electric field is applied to align
the molecules, which are more or less Mree to rotate in the host. The sample is cooled with the electric
field still on, and the molecules are locked into position with a preferential orientation. Typically the
molecules constitute 10% ~ 50% of the material volume. As is evident from Tab. 1, large improvements
in the figure of merit relative to LiNbO; have already been demonsirated. One ol the problems being
currently addressed is stabilization of the molecular orientation for long periods of time: in all the svstems
repotted to dale, there are two characlenstic relaxation times for molecular orientation m the host. One
oveurs on a time scale of minutes to hours, and the second over months. Locking in of the molecular
orienlation by chemical bonding appears promising.

The major requirements for xm nonlinear materials which can be used in all-optical guided wave
devices are: 1) the processing speed, 2) the fraction of power which can be switched, 3) the operating
power, 4) heating effects, and 5) the device throughput. The minimum nenlinear phase shift, A",
and the minimum dimentionless material parameter W required for a number of typical nonlinear guided-

wave devices are listed in Tab. 2.

Tab.2 Minimum nonlinear phase shift, A",
and minimom dimensionless material parameter W

20

,_.
=]
-y e
"
-
n

{ > 80% transmission) required for various

g
nonlinear guided-wave devices £ o
Nonlnear device Agﬁ“‘ W é o
£z
[FH
Thirectional coupler 4n 10 0 .
H] Lo
1/2 beat length Ped Py
Directional coupler =3.3m g Fig.5  Vardation in the fraction of the incident power
| beat length switched 10 the cross channel in a nonlinear
Mach-Zehader interferometer I 5 directional coupler versus the saturation parameter
Distributed-feedback graling x 2.5 w for various detunings of a tow-level saturabler-

ahsorher modeal

For any real malerial there is an upper limit to the refractive-index change that can be induced
optically. This can be caused by saturation of some physical process for example, band filling in a
semiconduclor, or may be due te material damage in a glass or organic material. The effect of a saturable

refrative: index on the nonlinear directional coupler response is shown in Fig. 5. The parameter w =
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AB L/ A clearly is eritical, and w >2 is required for complete switching, where L is the deviee length .
This parameter does not, however, include the device throughput. High throughput requires that 7z < 1,
where « is the attenuation coefficient. This leads to a materials figure of merit for a nonlinear directional

coupler defined as

L1 _Ang
W2 fa” Aa

Where it is assumed that AS,, = A, that is, that the saturation ineflective index is equal to the

W=An

saturation in material index.,

To be morespecific, we define Ag™- us the minimum phase change that is required from a single
decoupled waveguide over the device length L. When this waveguide is used in a device configuration,
usually a smaller nonlinear phase shift is actually used. However, the waveguide must be capable of
AgN for the device to work properly.

Tab. 3 contains a summary of the pertinent material quantities for intensity-dependent nonlinear
guided-wave devices. A large n; is important for low switching powers. The maximur operaling speed of
a device for serial pulses is determined by the nonlinarity response time. Any nonlinearity, even a
themal one, can be turned on instantaneously, However, in order to minimize cross talk it is important
that the nonlinear change in index induced by one pulse refax back to zero before the next pulse arrives,

Therefore the nonlinearity relaxation time is a critical material parameter.
Tab.3 Figures of merit, An.,/ch, of different nonlinear materials for
application of third-order nontinearities to guided-wave devices

Material systern ny/{mt- W) /s a/cm”! Ang, W

Semiconducters

GaAlAs{ r) ~107% 10-* 10 0.1
{nr) -1071% 10-8 an =2x1073 0.9
{nr, theory) -10-° 10-F 10 0.01 10
Doped plasses
Cd.S . - 10" 3 5x10°3 0.3
Ozganics
PTS(r) 2x 107¥ 2x 1071 10° =0.1
(nr) 10°1 0.1 >10°2 > 100
Others( nr) 10-%. 10" 107"
Glasses
Si,{ nr} 10°% 10-"# 10-3 > 1079 >10°

6 Measurements of Waveguide Nonlinearities

One of the precursors to implementing nomlinear waveguide devices is the measurement of the
waveguide nonlinearity, including its magnitude, sign, and speed. There are two options. One is to
measure the film nonlinearities on transmission through the film, for example by degenerate four-wave

mixing. Altermatively, the diagnostic experiments can be carried out using guided-wave modes. This
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includes nonlinear prism and graling coupling, degenerale four-wave mixing, pump-probe transmission
measurements ( for absorptive nonlincarities ), intensity-dependent birefringence and hybrid Mach-Zehnder
interferomelers. Of these, the nonlinear prism coupler has by far been the most common diagnostic
technique: used experimentally .

it is well known that distributed coupling of an incident beam via a prism is most efficient when the
projection onto the surlace of the incident field wavevector matches that of the guided wave., Otherwise,
the coupling efficiency is reduced. As the in-coupled guided wuve power grows wilh propagation distance
for an initially optimized coupler. the guided wave wavevector changes as follows:

8=+ AR (PIAP

where P s the guided wave power. Hence the wavevector matching condition is lost and the coupling
elficiency is reduced. Therefore one of the salient features of the nonlinear coupler is a decrease in
coupling efficiency with increasing incident ]J(JW&I‘[ i

The technique of degenerate four-wave mixing

has been used for many vears in plane wave nonlinear proh
K I

optics to measure the magnitude and the ™ tum-off”
. . . . . Comjogate
time of nonlinearilies. It does not, however, yield

the sign of the nonlinearity. Implementing this

technique for waveguides invelves guiding all four
1OM exchanged

wavepglide

bearms, as shown in Fig. 62, The four-wave PUWP]
mixing signal leaves the interaction region slong the
dirction of the probe beam, bul Llraveling in the
T . . Fig.6 Waveguide degenerate four-wave
opposite direction. Assuming propagating pump { P; & a‘eguf - egenamle o
. . , mxing geometry

and P,) and signal { ;) beams traveling at right

angles to each other, all I wide, the conjugate beam () guided wave power 1s given by

Py=10"%12P PP

wilh

b (263 2ale
DY 02 62+ ;0“ GJ. dana(x) | () 12

for all TE polarized waves. Hence the conjugate power is proportional to n3.
The pump-probe technique for probing nonlinear waveguides is appropriate for studying nonlincarities
related to absorption changes and hence can be investigated by monitoring the power dependence of the

ra Examples are two-level saturable media, interband transilions in

guided wave attenuation
semiconductors, etc. In these cases, Lhe absorption is bleached out at high powers. A simple example of

how the absarptien varies with ntensity is
a
a(D=ap+7— 757
where I, is the saturation intersity. Thus at high powers, the waveguide attenuation drops to the

intrinsic waveguide value @y. The experimental set-up is shown in Fig. 7. VFimst, a high power.

appropriately short pulse (relative to the nonlinearity " tum-off " time ) is propagated through the
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waveguide. It bleaches ot the nonlinearity . The attenuation of a second weak probe pulse is measured as
a function of delay time between the two pulses. Thus the fraction of the total loss attributabic to the

nonlinearity, and the relaxation of the nonlinearity can be measured.

Dive Semiconductor -
‘i doped glass Dye Eleerre Semiconductar
leser g . ; deped glass
dlse : waveguid faser aptic cpec LA
pilse {Chopper gude pulse medulator waveguide
| /1], Sy |
M= AT
‘ Polarwer delector r End-fi
’ nd-fire
ﬂ 7 Pulse \| 0 a
l‘x"Z FProbe I7'| ’\
Wave Semigynducter doped glass
Flate Delay i
Lne Delay
' line
Camera
Fig.7 Pulse-probe experimental armaugement Fig.8  Nonlinear hybrid waveguide

Mach-Zehnder interferometer
The nonlinear hybrid Mach-Zehnder interferometer technique was first used to measure the
nonlinearities in MQW GaAs/GaAlAs strain-induced waveguides. The experimental set-up is shown in
Fig. 8'*-. When one of the ams consists of a waveguide with an effective index which depends on the
optical power, the power-dependent change in index can be measured via the power-dependeni
interference which occurs al the detector. Furthemmore, the sign of the nonlinearity can also be

determined from the direction which the fringes move with increasing power.

7 Research Fields and Prospect

Nonlinear guided wave optics is a tich and wide research field. It is a rapidly developing branch of
nonlinear optics. Here the key point is that in wavegnide devices large intensities can be maintained along
great propagation dislances, which is the key to efficient nonlinear interactions. In addition, beams are
confined in regions of wavelength dimensions, which means that relatively low powers lead to large enough
intensities, so that devices can be operated at sub-watt peak power.

Wavegnide structures have led to the investigation of & number of new nonlinear optical effects which
are very difficult to achieve in bulk media. Much work has to be done in order t put various nonlinear
effects in practical use in waveguide devices. The researches that have to be carried out are: 1 )
Optimization of devices, including the simulation of device operation and the investigation inie theit
characterislics; 2) Exploration of new materials. There will probably never be an “ideal material” ; that
is simultaneously ideal for all applications. It is more realistic to optimize material proporties for special
1 and ¥ guided-wave devices; 3) Research on the application of nonlinear waveguide devices. In
the next few years the application of nonlinear integrated optics devices to all-optical switching, all-optical
signal processing and optical computing will be greatly developed.
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FREMPMBREER. REXBMELTHFENEHR, ExMEREX R T ERGFBEIAIMHE
R, BT WILAIER AL B R? Comning 227 Botelho M3 T ~ Mk ERK N
25.08em I AR EE ., CREAA=SAERERTEY ARG RHE LA ESE LR
ER)TE . R R 7 2] R A AR A £ ] — 8 LRI E T EE

B R B EIXK OFC 2N EE A AT&T W/R LR EH Delavaux FiRIE T #
R AN L 4B E A M AR (EDFA) . 7 =R AT AR W48 PR TF 55 2Z (7] % £ 314 71 e
B8k 1.5dB # 70dB. RANFEHEITHEAFEL - ERANEBRREATT K, HE
IR AR M AR AR IR H AR . BEAHBRARAWE RS - HENNEEE
ERAAKMERAME . B EAET T 08 Kashiwada % A G — RN FEERH
AEB A EDFA 775 0B B JEAT *h 22, LU AL 2238 2% 10 S 4F B L0835 0 K A ik B2 (1550
~ 15600m) 32 TF, T LA A1 F P 3633 Ze 0 641 B (0 1Y 35 78 3040 A9 B (1535 ~ 1550nm) i ., {8
KRR BB EE I AR, 17 1543 ~ 1558nm R8T P HAE H R .

% T 1550nm B [ [H B SR 0 HBE BB BENGL AL R, ¥ F 1300nm 7
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VIR BTl EGRAIRAEM A LEANIES -5 0. B 850mm MBS L A8
EIERHEN . EE HP Al 6 Dye HRETE LB TRINBEILL B AIR(FEH TDFA).
H AR AHD.OBA R 806rm., XF AR EEKIS 20dB H#25 , B AR H B4k 1110dB. KA
FEHH A K 780nm, iX B A BTG HY GaAlAs BOE "R EE M B, BME B R LA
ELEUE T HBEF R AR . H AR Keio K2R Tagaya S RE LR BB RS WH BiF 4 BT 1
KA (POFA) LR AR B PR BE T S0y SR8, XS ERE SR RN s
(KR L TRAMER MO EBARTEET 1005, EAFAREHANLEE R E SR
IR TR LA B B R O £ I 0 M Ty B L EF A, R BT Rhodamine B 15 348 7% 7)., 8 Q 1% 41 i)
Nd: YAGROE A3 2 £ 8 H LAETE 590nm BT 0 B SO 28 N5 5 I, il T M 11KW B9 38 08 Bk o
BB X 620w (AT )M RS T, M 560 ~ 600nm BT 15 5 2048 K125 . ATEERIGIA]. &
TEE S WA IR A RSO W M RS %,

2 e fERH

BHEEARIBZUEZRNEN, I HELHERETHRETR LHT O AT
1. 3pm 8 U TR AR MG E A . HEMAR -4, 0T R 1.02um £ TR
HIFRIH IR, H 4 NTT B F 4 Nishiva F R IIHIFF R T &5 SR EE0H 1 1.02pm 77 F InCaAs
BP0 HE . Pl MIEGHEM 5.08em2in) A T2 BB L U E Y, & 180
~PREM A S BB S HE . CBABSLIMR L 3% 200mW &4, B EX#
FICETBORAR X7 R R A 980nm B R B 1480nm 8% & 45 4 5 7 16 B0 % 38 () 7F Ak 2
FLORFANREGREFEA T RERESTENERNARLA. £ ATET R FALHEH Lucero
ERE T 980nm A 1480nm R I RS (EHES 4 MK, %% 21.7dB i, 26.7d8 11 2%
b A , LA 2r AL 106km F 131km ROREF B MINT b, L RS RS RETE AR, #
1480nm RIFTF WA AR FER 26. 7dB L F 518 AR B NI A B L3 - 4 5 T ot 980nm &
LA BLARAE A 21.7dB B0 T3E, ) —Fh i 1480nm 98 EDFA W i R R S 52
(9 ZBLAN SEEFBOR A, fr W AW AY Nd: YAG 28 Nd: YLE BOGB #H/T R M. Amoco B EZ
Al B Smart 3T Tm: ZBLAN J£7 #1187 1480nm Y6 4T SR F1 07 e L B85 7 8, & 2W
RENETRERMEETL /LG STH 480m HE R BASEREXE TSR,
K AMANE LA AR AR ENR T XN EEF AL TEHE £ EDFA &
R F

X1 WM REABH AR LTI TNEFELL LS %H, WEFESR®, AHFE
AER T LB M TP EM RS (AR -EREEFIIREERREHFEE
9 ZHREDBEH AR D ARG T . S E Babh KA Asghar SREH—Fh R FE WK
LZHEEBOLS M F R, RAT ZFE B MR, Bk #BEE S F R Y 2iom, B EE OB S
IR K 4, 3mW, £/ T 3048, HHER BN 16b/s.

S LATERMES MEREET B, Nlionis KFHM Chang EANE T —MEEREF
I AB GaAs MESFET %28 , # 1E 4% % % 30GHz MESFET M4 R T % 0.6pm x 100um, 24
AL TEMBEE S~ MSM FRIESH, — T 5N BS 0L BR#184 F AK
%, BH 2.56b/s WIERE . EEF IR K 8 Petersen 24 % IAT I AT IHIE MM B
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M 30.003 ~30CHz I B H M. BEETHEE RN hGads/InP p-i - n X8 FHKE S 500
R R AR AR, T IR MBS B R, B S R N 456GHz.,

H 2 NTT A BE R B TR TR Sano FIEREMR S FI¥34E T 10Gb/s i & R it
RS TR S B B AR A X AR — R e E R B, Tt B3 B sl B R
FAHBRAE—MRSERE, 7 10Gh/s AL ERGHEES IC At R 4, R 0 R T,
sy E B, 2058 & B R U R EpmEA, EWE, ARWIFEY (G FEIRaHE M,
£ E A% OCRS SR R M) B HE 20GHz T B fIEE TR L CaAs MESFET . HBT #1 HEMT
FAFTEHEEAFEEN TREE", HeailHEd, @ 0cHh M+ EREHFESH AT
Bl, 4850 OCH b FSMEEFB/THEE ANNFEEFR TN, =450/ 00T
R B E , Rk, 40Gh/s B EHE (R IC B EEFR AN K RLH,

BEEBSWRS Y, AT&T W/RSER S 1Y Johnson 254838 TRER - K
R (DFB) ¥R 88 S i i B AR 80 b IR LB T 10Gb/s 5 5Bk 2, RE 10Ch/s 55 HS
it S0km MR HESEET L RFEER LD /NERES, A2 R R AT A T M, K
IR B W A M AR B, T AT&T X —~ R B S MA B2 i 3 K s
REART BRSO SERRE WP T L ZER  wET TR,

R RREOAMBEELAER, O JECIHBTFHEN Miyaska RIETHTH
BT RE A RIEE RS EEAEERE T AlGanP “RFHLE G E
GaAs/AlGalnP p— i - n XEZHREHEM S, THEEEC A 4G/, TXUHTHELERBH
650nm AlGalnP {628 A B A MMt

3 REMME

LAERJUE OFC iR TR T AN ER AU SRS, TRPERBE DI RAN T E, ¥
MRARERLE, EEMARM, HABTREL ATOFFREFFW LR, XRSUHE
LCEWBBRALRRE,

HREA—MIBHTRS- BT & IR E 10 BHE IR ST R R4, i s
WEH? R MRS E WDM R AF AR —F i HRESRE N LAT LK, £1LH 6K
RTER S REE A —F R SR B LR B (AOTF) , R S REE L KK
Bf A, XHHML AR R AR EAMREM. EE Belloor MEK G ADF P.LFAAY
Jackel HFANME T~ Z K AOTFE 17 LM W E R KB R k. WER Y B HEEF
AR R RARE TR, A ERERBENEET—E, EFENERBENERREE
(6] 8 A% RR B, 98 B T B /N B O R PR N0 7 B RO R E SR B P R R B A
At B IS, 2R 5 A0 7 T ] B 28 B P9 OB A R SRS BB SR B T AR

IBM A8 Li F AR T 5 —F T oH5 85 WDMA M4 PO il ki 8 s ek L,
148 thad 2 MG HF £ AR, I8 ORI R 2B OtE “RESIRE WER 5
TEAENERBELENBES, KERMALRDUBEREREERREEN, &£
1.2Gb/s ZFEHEMT 100ns, 1045 H7E B 05 T 206 B IR0 48 ) o R W FEXHHEREF IR
WO e B 0 R Iy Bl AR A AR S5 e L AR [ i 9D

HARG PSS IR LT E M SR LAN ME R 8 A, X ERE ST EA.
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K E 0 R B Norte 5786 b T I E S B BR 0 A BE 2 06 TDM AT WDM (9 Bcdis 15 £ 5%
%, 1571nm 1) 800Mb/s TDM RO i 5 0 i A& 1550nm B iE B9 4 4~ 200Mb/s WDM 1 .
- Fi AL B P R AR BEFE S00MbY/s (BB I 4> 2 AL AR > 200Mbs s BB

TE4 RARHMERR ) st 3L R S ) SR 47 R B SR 54 (AT 0/ HoA s mT A s S 4. 3 BT
EHE A Cotter Z5 41 BIAAER K B0 100Ch/s M4 0 E 448, ST E Je i B4 0 (4 1
BEHAHSL, RABREATBITNE R KT b oM, A4 REREARGRG, FRE
FIEREILIOAM RS . X WHRPUREARS S REFNREILES TR, S EMT EH
KWOPIFROCREA - F . NP BT B9 S BUR T8 3L 3RA IS H1 (5 B A oh BE T
BER XA

4 feEEIEH TS

MIT PR LB % ATRT MU/R LR = MR S AR MBI EANRE T ik L WTRE
90km BE B 1t) 20 3818 LUK B i A2 IR R 20 3 38 2R I A 53R o W 2 S0MHz. %
HEIE B G o WL b DB £ 155Mb/s, 1.244 1 2.488Ch/s FE B A8 3000 A7 I %5 56 79 3 1 1
1.34Gb/s ait MR NI EH/ a0 A ReH TR B M. KB KELMEFTIL, E
e A EtE R, ARM  FE L W R ES U R A S R W,

AT&T JURSTH MR T 8 4> 5Ch/e R EE7E 8000km K HE N L, 44 S
23 40Cb/s, BiAZ 4 LR Bf F— A 8 K I & B 2 FI— 4 1000km BELLT KB HAFTERE. 8
A A RARBOGE MR KA E I B 1556 ~ 1959, T, 38 72 18] B % 0. 53pm, K H -~ 415 1]
BR et E R, BORSEEEH 20 B 45km K AR GELAMFE L G EILHE, Fipigd
B MERE M UPIRFR I, 8 EEMFERAIRMERR T 2x107°, 0 B THITEEM 163
~18.1dB, AT&T PUKSEBZE IR A —H TR IE 1T 2400km BIFFRE E DL 2.5Gh/s i 3R 3
1T 8 MBI 5 £ B G % L s MBIl EHAMBREES, EEBUMN 10798
ZHBEE T W 10Mm, A 2638 M TR LM B 12~ 14.4Mm,

HA NTTERE RGN FE R EH G T & 1000kn B OGH LI - w68
FMERFCET FIAT AT 8 25 M AR 10 9800m EHBE LA B, 155 16 1 10Ch/s $48 FH
HfRS. BEIEMEKEM 1549.53 ~ 1559.13nm,

T —A AT&T VR F MR ST A4 T 8 1~ 20Ch/s (38 1 A% M8 T 232km B
B O B 7E 1555nm, & W A BB 1.60m, R4 80km A - - BLAEE.

NITHARMBEREBRFEERMBNZDN TRRINWEHESR. HTREBS TR EELME,
200Gb/s, i R B AL B T 2. 1ps Jobk . 38 B AR Rs $p EHE M 200Ch/s 2
SW— R NE AR, 100km #1552 8 % BB 40km F1— B 20km 89 6 #0178 %
£ ,7E 40km 0 80km 2L KA A K. 2T RTAREKE 1.558um.
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VAIIEE R L b S i e e 2F il 15

1996 AFA A EE W (OFC’ ) T2 A2 H~3 H 1 AEEEMEHEE LM LR/
THEA, SEERBXA00E. LA BTRTEE NS QIR BIFR CESTHES.
FRESWSHEMMLE  HRERRR T AW ER R BESm, OFC 9 BHEREEME X
BEMATON KHILEYE "RIEZAFESUAEEZRNNATFEEB . REREAW
Mo Netscape M 5227 9 548 J. Barksdale 5387 T SR MEEE Tk E M TR 2B B &,
AR Internet P RRY B, EEXBERBATAANE, IRERAGRARRBHREX
FI# 9., AT&T IR RZHELNE M AR W, Cartor M B T A RREERIHRG B R E S B
HEAEH, BRAGRENHATETSE K, FE XM CEER LS MBS T YEHE
AEfAr, ERRAEFHHEA.

1 FEEHW

AR, REEHTRM AR (ARPA)TEX RSB PR XER A5 £ 85 R (WDM) #i
A ZHEH(TODM} R RFR A RC A AL E., B—-HEN 198 EFHEEHFTHAD
WDM B & i 4 Wi H: AON ( All-Optical Network ) fl ONTC ( Optical Networks Technology
Consortium}, AON Ui MIT 89K 15 548 55, AT&T & Digital % &4 8 4 87 ; ONTC B Bellcore.,
Nortel . BF & I T K2 A KK H] \ Lawrence Livermore [E % 5048 %  Rockwell 2 7 flBE & R 4 A
AR, 761995 48 OFC U £, ONTC BB~ 7L SR 2 e R RIF L hEE, A
ONTC M RBEAR(MAMNBEAHE)RESEN S BT, EMNIIESE WM ZBEAME K
i, LB 53 (add/drop) B BETTRE, BAASE—WMS O AT B T Mg f s R T 474, (B
LAREE EAITEFE WA b 0 R R B o 1A, R R R B L M4 5
P 4% 2 (B A Sl

1995 5 ARPA IR T AR BI RIS Z BRI A By bR RIE R B EE., A ERT
AN B R, MONET ,NTON ., WEST 1 ICON. MONET ( Ultiwavelength Optical Network) i Belleore
Fi AT&T A8 ,3FA Bell Atlantic.Bell South., Pacific Telesis\ M AE 2R MBEMRLRES .
NTON (National Tramsparent Optical Network) 2 f1 ONTC [ E & 8L 7 H AR, Fi i T Sprint
Pacific Bell, {H Bellcore AE &1, WEST FBATLH Rockwell 23], Ortel 22 &) N4 3 T A2 A &
EREILZHTRHZEER A =FMN KL RATHR, ICON B IBM # Coming 2% 74
Mo XERGHESWA R FEA, R T RME SN, M TR, U EASER
S SS S, HRE T ARBEMRRE.

TE 277 10, DR 50— bR B o B 15 B o P 26, 3R AE T B s (54 OC48 B/ GEB 8k
IERRELZE T ERKERN AR EEWNREY. EXHMZHRATEH, AXLHE
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BB 5 R Y ) Ry R 2 RS, 8 T M s 0 B SR, B R —FiiR Bl iR
WA, B i, EE R, E R T E—18 0C48WDM M % . 1 H
BIRBBEAH S BT EHEH . B KGR 2.5CGb/s; [ &4 1546 ~ 1560nm,
QBB KU R BR 25 2/4nm; OC-48SONET 2y 1, 75 56 0] 8 e e 1 D9 B 1 8 05 s A AY 8
(R4 A ERL1A, ) R 2 e ) T 40 0 3. T R0 DR 0 446 3 oS0 R TR 445 411 32 1 M0 K 2 | Pacifie
Bell(#¥ San Ramon T{7} .Lawrence Livermore B 734055 LA S Sprint ( £ Burlingame) 5 X 4 4
A AC L 4 (hub-spoke) P . 331 R]7E 1997 % 6 J1 B7E Berkeley 1 Burlingame {1} 5% 111
—HSEHR, B WM [ TG A B R 4

MONET( % i 1< C R 48 ) BR 47 65, I o i X E A9 AT&T #11 Belicore % F1 %8 22 Wl #H I, Ji K [H
REZR(NSA)Y NG A4 4 (NRL) 2 148 B 70, MONET I1 %189 H A7 REE M 550 3R 1T
A RREBMPLN B - LARL A HMER VERXFE. SHE MK EENTFE
W 2 IR R AT (R B TR B R (i A0SO i T A IR 5. X — B ™E8 Al DL L e sl
H MR M B E R RN K TEARML ARG ER, EFLUAGSE
HEER) SRR GEAT , SR L B R RN B3R .

2 KA

ACTSCAEHE AR BB S )3T R0 JE RN 22 01 45 7F 1995 ~ 1998 #7111 [8) 32 35 F o3 1 $BK
KB MEARH RN TENR, HEEARL S B M RACE RIS, € ACTS iR T 21T
BE Sk i, BT LA A B 3G R & I ) A it - T RITE R AR T I 6 e . (D
THERMETEZHEE; DLTFHER ;O EME QB RDALE ME; OF M B MRS
1T CBEERFHNAZ WAL RENT L,

FE MR TFHASE, XL 2 4AMRBH, A 120 0MARMERES, BHEF X
173MECUC H SIMECU Hdt ElREEPE) . N [T W T2 F 0 I & @ LRI F
SHAREE MR RE. BEEEYE MIERM 10 ~ 406h/s, R F B TDM,0TDM
IT-H A, FP T E H T PON( GRS M % Passive Optical Network ), 6 £F A 4
B R ATNEN LGRS RS., R WM B ERMEMELEHZN TEMAIR
H, KT RSN R A0 288 4 X% 8 Optical Cross-Connects, OCC) -

Mm%t A /% 0 4 B 2 PHOTON , OPEN, METON., WOTAN fl COBET % 5 1B H 4,
PHOTON (Pan Eruopean Photonic Transport Overlay Network ) 51 H - 5 i s R ME R B L 7 B
4t 9 | Passau TSRS 2 M — B R 48 A R H WM OCC, 78 {H 570 35 & 500km (1) M 28 h R H
WURS B 1 1 10Gh/s, A 8 KK & A, 3l 0 6] F% 29 400CHz, Z 01T H 89 H 11F ,BBC 0
FAMHE 127 e RIFAE

OPEN( Optical Pan Furopean Network }0 H 578 % 4 M550 B2 R R UGEMRFRMR %, 2
— A R B ALY Oslo M7} Z 19 Hjorring #1 Thisted , 2B WF BB R IMIVG WA B H. 3
ARG AR RBCE R AT H R E UL SIRTNE Y, DR B SOt R, 2R H POaE
H ¥ WDMOCC #5%5 SIM-16 AEE, A5 R TR 4 IE € WDM 1 OTDM R4 2 E ) — 1 4r
oG, WM HM 14 ELS N, WM

METON( Metropolitan Optical Network } 51 1 ) FI 367 £ 8] /R PERY Cigabit W RiFE 4. #Hi3— 1
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UL ATM 2280 R AT WDM 55 LAY S i ATM BRI RS X H 4 MK
RN 4o, FRBE P HEE G E RS BEE KRR, Ahizdi 41 0cC
A EE A R R AT I KRR ARG B, I 55 2 ATM/SDE B2 B R EmEBRFBRIE. F 11
THAB LA,

WOTAN( Wavelength-agile Oplical Transport and Access Network ) Tt F 4 ) 3 3¢ [ # £ JL 1~ &
G5 BB Norwich %8 87 East Anglican LM, S THRUWATTRMESZ P EEN ATM &
B HAPMMTERFN AN 5 AN 202 Z)PAP RS R, TR B — D
KRAEK TDMA |H PON &4, BRI N 1.énm £ . 75, & PON 2 Al & X% WDMA/
TDMA 43 70 2 #e M 77 S B P 3G E 5B A M4 0.4nm,

COBNET{ Carporate Optical Backbone Networrk } i B 4 F) Fl 5 b & WOTAN # [ (i 3 W i&
B AR M TR EET ERE AR S AP B S Y R CPN( Customer Premises
Network)o &~ CPN & —4~ WDM S EEE BB 2km BUE52UBH - SOM A R
B R

3 WIRLE K

W WRER A MEHEYHER, T HIERREGFEESERY K, B 1985 £ HH
BWEEXAEFERFEUR FLEZNTEP 2 RBEENFREAME A 207 kme XEHK
FRMEXM EBREFENERNTE™ 4 THEANEIR,

1995 EF7 8, RABFHHATFERMMEE R, FHACEAREF —RKNBEATN
M IFEAETEA LR AT w72, X # E R ARG M E R EEN S REFER.
FEART N ATSRELZZ LBET 6 MEAFBRPHBEALTR, FHCEETR. X&
P EEAR AT HEEREETGERATAREARY B, S0 TAT-12/13 P4 1996 F &
ML, ZREBANNARER 19898 SR - £BF AR LT R2E TATS 8 2 &, 4 %%
W —E iR e RARF A MERA WM EARAR, AR ERNEFARR
AT 1S,

RUERMBRHTEREAT AN T ERHMEN, LREATERRS. SR A
24000km A% 80 7R R 48 A7 BRfY TPC-s P BE A S A B R B UM AR F A ZHG. MR
TREMFENEERIH ZZ PRI, BRI EdERBR XS AR
L K —F D 2 FRET B A A T 300ms, 222 AT P 09 10 3l .

HoAb ) B &0 12000km #9007 K H48 W APCN( Asian Pacific Cable Network ), 57 &R B 4F ™ FLAG
(Fiber Link Around the Globe), 1E 3 —5- M AONEN ( Africa-ONE Network ) L 35 2 ¥ 4 B PACN
(Pan American Cable Network )58 , % th L AT 3E & 84 B 22 30 #b DX 0 ¥ I R 47 I 47 {4 -2t B S B
BEIR RS . 37 5, B RS E EXEH A, Blan WDM &5, 3 867 X MRk — 4
PARE HEFERMOERMEMESHIRE HE,

F1FHTATEXEDZAUEBRAERABRE NBERNER . ARAKERNEH
MEEHA, ol LIS RE B RS R BB,
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#1 AFFEEENBRAERS

FHEH BWREN £ 0 km ITEH AL
TIC-3 1689 9 060 280(420) Mb/s
HIK 1980 4 570 A=1.3m
NI 1991 9 450 X/HMBEERSR
TPC-4 1992 9 840 560Mbs
ASEAN 19912 4 50 A=1.5m
APC 1993 7 500 F/RFEL R
TPC-5 1995/6 24 500 5.3Ghss
APCN 1996 12 080 1=1.5um
FLAG 1997 27 300 KK #i%

4 FEAHIHEAM

R 748 A 48 B2 LA SC B R A e B I X R T R 9 BE S R e Tk,
ALERFERS PGSR N, EENBMEE. T RE AR (T 0
(MR FME) FIEE AL LT L& AR, PATER, AMNBEAERIE 4 E
A (B FTTH) , 2 X R ARV s & . BT ILA B — 308 % BT L4 BB
DH(HN FITC)Y, I S5 AU E R dr R 3 e 85 8 17 IR A R4 M iR & R (HFC) L JLE R fL 8
ARIMZ 4R

AR M B T ROCET B (PONY IS, AL B VR HRS MBS s FE. 7
WMIRB S EZBLFENRE R (WOMPON) ., BE AFXMRSA AN B8R X
MK ETR, ISR LA H AR, IR S LM B 85T (WCR) Y
WICHE WDM 7ML 38 WDM UL WOM BB, DL WOM SUGH M E, IR aE 4 R
AR R PRARHL AR, R B oS VA R AR et R R IR B K A S IL A LB R TR A AR
AR ERAT E WUk, X DAfE R AU RBER S MR BRI L AR AT

F£F /R A W (HFC) B A S i H A S S A B St B £ 5%
HHPBAMF L EE . BXMEEE HFC MEER AT BIBSWRTN. B3 F
AU (145 8% (diplexers) 343 B EAT (Cupstream ) 7 A £8 3R I E 500 5 ~ 40MRz 89 £ 4785070 0K
T G, PR, RS EY BATW R, AR IR EY A D MR S BT | R A D, BR
TERRMARS, MARRMRE R CH L RAAKWRATGE LD 16H,, L br £ 3| H
AR A8 (550MHz 2F 750MIIz) B RR . 7 TR R+ RBIRIE RS HFIC AR 2 KER
HEMELR,ER/ AT &) Bell SKBER AT Rl JE2F 36 L 21 TR 5 W { mFNSHFC) 7
FHHE TR, KR/ EEE (b N) AR R A ETRESEH W PP BEER PIN &
U EMATRBERIE . A HEARG] R W, LT iR A S R AR
I FLF) S T 47 (downstream ) 915 $1 6 72 40 0045 T2 71 &, 55 37 [A] 36 A 98 B PR 461, /T 32 3
700 ~ 1000MHz.,

5 L RISk

ATPIRA SCRE RIS T G TR L AT o & 3 R i B Rl
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HAE 4@ LR ETE 150km, 1.3m FEHER AT FTH 0 11Th/s B9 WM fo 8.
WDM A 55 ik K, 38 Bl 1531.70(195. 725THz; 858 1) ~ 1564.07nm( 191.675THz: i i 55), #
4B BN 0.60m(75GHz) . #GETE R L 20Gh/s 1) NRZ {5 5 4 LiNbO; Mach-Zehnder ¥
R HEATAMAR,L R 148 R B ERB AN BB ENE RN AL &X
Hrh 4E 22 R SR A AT B A A 88, X EDFA B MK B ITUES RN E KA.
0.5dB AT TE R 190m, B EFTIIER + 13dBm, 25 S & T 150km BB T-H (&
WX + 15.2ps/mn/km, 7E 15450m RO T2 AR R + 0.064ps/nm?’ /km) PAEBE B 4 S0kin. TEIEZ
i, 2WESHEEVTERASHET K K268 M A BMEETF Tt E TAFEY
BT @18 — A B A R R R

E [ ) AT&T Reseach M Bell £ 36 & £ 55km M T AR LL £77 50 MEE, BEELY
20Gh/s A HGEEHH LR, X SOMEEREH 25 MEKMMIREARITHE ., SIEREE
F1Th/so 25T HMAHMB N AL EEBERNETAWMBORATES, RRLEFN
1542nm {38 1) ~ 1561. 2nm(BIE 25), i@ 8/ % 100GHz, 1B T M35 16 W7 DFB #5¢ 5
Sh, HARAT G W E IR AR e e dE . OGN B s RIR DR B2 RmIRA
SEmER, EEMERENABE MRS EN AR REATETHEA, 25 3L R
K 3dB G A8, 2+ 9IA LiNbO; Mach-Zehnder W I £5 8 #l S H-207 - RIEDHES L
k. W2 R 18CHz M/ E S W R B RIR2E. 20Ch/sNRZ B9 IR 8 {5 % e 2 4
10Gh/s W - ZBEH T4 . S08 18 206b/s (555508 1 LA T8 K% 1513m M E#
ME N 0.07ps/n’/km FIESERABCH . B ARAMBASES T MONET 3 HFF & 89 F
HIgESH AR ATRATIE, EZHNESH 6CHz AR IERBIITEE, TRAEE
FHEF A SO MAMRHME R 1077, 2O ETAMERAEN THEOMAEET L, [FR1L
T 1dB 2 SRtk 240, A RFADHGEE K R IR S Y iR T BRI,
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[0

A G SR AT

A BRE S AR | B it 22

1 wrEt"

A (integrated optics) R M EAMWH T LR ABEAREARE RN LR F
{oplical wavegnide) FIFEHE; MIHIE I & AT A M R TG L IR R 028 R 8 . 2 R B B
BYEESE - - R AT R T I SE U AR R 2 U B B BN THRA K SO PR &
AR R, AT EEEBEDHNCR RS, XRERAERELSEENL LS
ARG, BEEBN R KEEE AFA BT BT TRET 2 AR
AR AR ST S, RROFNEAREARFRES X -BRM,

LA F R BR R B Miller 75 1969 # St 42 (Bell System Tech. J.,1969,48:2059). 05k
BEEYENESHRY FRFFEN B8 2 1910 7, B Hondros 51 Debye 36 T8 47 BT #E 0 8P 5T T
Yo, ERATR TEHRIREE RN AN RS BRSO, 4 K EFM T RS H
Bt e 60 AR FHIE RE S HEANE SEE S\ O AT T8 2w AR
AMIBRFE . 1 T0ER P I & B & FE M 52, B 015 BRI SR R B R TR
WA SR SR AR, H Pt RUR BB BB A AR R, BN O R M E A E RS
DR &ERN T, SIS AR ER 82, HEA B0 10, BRI 0 E SR LT A8 T
L, 48 B BT B 2 R BT, RO FE R (OBIC) A F R R (PICO# R HE, #
ANOEN, AT HEEFENENER AERRAG RN 4V HE SFEMNEM LI —
BEAENMSHEN RS A EHER, I SETRIE- - HELFERRL-

2 BEEMT A

PR TRERE I 4 R AR, A HERR L B B M R A R KIS . R BUL S BT L%
LA A AR T —RRAEE W R A ER W 2 AR AR, VR R ER AL B — M R OE A TR
f, SEREBRBL, EROESMAMEETERBE, REATTFERS, LHEOEY R
53 3 1B (active device) MIEIA ( passive deviee) FI R, A IR (R ELFE ML R WA L BOK
BB OCRBE SIS BRI R R R R ARG E R AT R 2R
SEE R RER ZER AR AKX, MInSCESERME AR B Z BB B IEFR LI HlEE
SR B EE RS,

E AR 7 88 158 3 NP H AR 3 R (LB Cads M InP), &R M (R & LiNDO)
AE EBABRA(FEEEE), ARG (EER PMMA), B FERBERENE,
RBRETIEEN —EH LERSTLBHEEMR N AR ERRR S EEHEL FREN
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AYER HOLSE RS AR I 1 Fn  RMEFR A R UL, THRSSRMTARES K
(3 AE R B LA LINDO; da iy B S B R R I AR R R I . GaAs BOE 1
BN S TR B4R R TE - AT I T P T AR R

Telescope SAW Transform
lens

lens

————
—_
—
._‘h‘_'_‘—‘—
—_—
——
Laser —
-
T——
———
———

% X-cut  LiNbO,
Amplifier =

Antenna

| Detector
array

B &EEERET T

FRA TR E TERETRERBBRAR AR, Oh IR EwARL
R, BRTIMERARRIIE ., 04, oK. MANTRA TEANBERRNT LN, BFRTIr
HRETEIOCERGNMMIITZ. M0 T TER, DFB £ S A M 1 EE N
TR AR BB RS R RN, B3 LNbO; NS RETURAR T %%
FA%,

LSRR R - BB B b 7 T8 X8 (0] B (Planar Lightwave Cireuit, PLC)P ., X
B T AR PFE AU T LU TSR A AG6 I T AR, 5 A TR, AT LR BT
FEE MYFIAVERON B AR R4 TR AT RS, B IE N IR A RMEN ., B2 AN TRAK
HE3E B (Flame Hydrolysis Deposition, FHD)EABFEABRESH T ZHE, TUEH, 3—T
TR B ERARAMEROL AT EEA TSGR B, X2 R8RS
1 ( Arrayed-Waveguide Grating, AWG)Z I E 48, tnE 3 FiR, BRIFELREhE B 64 B
&% 1F , 48 4P E (5 % % 0. 4nn{ S0GHz) , AWG B JE 12 9 63um, R EHAI7E F 4R 3. 14B.
i E A H < - 27dB.

% Oxy-hydrogen torch o
{a) FHD 5i0;-GeO, / ////
=’ particles /

i3 S 5i0, (d) FED l
//ﬁi/sub;rate particles e ——
S AR

(h) Consulidation* P Cm: ]aYlerdd_ V////////f
Under-cladding
% //// (e) Consoiidntir:m* _ Over-

(c) Fhoto~ / oo cladding

B2 FHALEERSHEIZRE

Core ridge

_ S0,

particles
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N input waveguides N output waveguides

Arrayed-waveguide
grating 4
(unit path
difference AL)

[ I//\ Si substrate
'y )
Waveguide gap
Pl half wave plate £ g
Principal axis direction
(45 degree off)

B3 EsES R IAS

3 el FEB(OEIC) HETER(PIC)

TERAERNERELE ZHAEMTIES AN B EOLSFIEOLE RS FiA
i 8 T AT AR BRI S B AT OB RRME A B TIE. Bk, BENELL
FHREANABABEER, CREEARESL FrEGERE—&, IR EE FER
(Optoelectronic Integrated Circuit, OEIC E¥ Photoelectronic Integrated Cireuit, PEIC), 1B 4 BF 75 .
OEIC 2§ PEIC AU DA — B a8 /MR T 250 B g b Al 50, T B BB B vH 68, il dn AT L
MWEER RO FALE REWMAER DZAAEETH S5 SR ENERERER,F

Electronics

(Gads,InP & Si)

Lasers, Amplifiers
& Detectors

OEIC:
Laser/Driver
PIN/FET

(InP raAs)

PEIC:
Laser /MOD

Hybrid
packaging

(optical waveguide
devices fcircuits)

| .
Switches | T
modulatar
tunable g STAR PEIC ; Phatoelectronic integrated
Integrated . wWDM -
opties filter | (SILiCR cireuit
(LiMBOgY i OEIC, Optcelectranic
|
|

integrated circuit
PIC: Photonic
ineegrated circuit

4 QEIC.PEIC F PIC 7+ BAE
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R TR, BB BB, AR RIMAER, BB B OFIC WA RBAEE L
EHFRBCABERHES, FEEPELLHNA BRI W,

1978 FFEE MM T2 pGIE T F LB K OFIC X4 ¥, FH a0 ORIC &4
Ll EOEE - TREAR, AAEEAEES B RS SRS E
HERER, PlEE ATRT N /RELRF 1993 F#H 8 T InGaAsP/InP & BH-LD(## § i 45
$E 28 ) F1 HBT( 5 e 45 WAk AU g 1R 5 ) 9 OFIC B Hr . H P BH-LD H 3 W AR JE MOCVD( &84
P AR 4K HRT R MBE(H FHRIVE)ME R E K, B 6L S VLA 5 5 &
34 3GHzo OFIC Y& 8 Hl—Mth BH-LD + MESFETC% % 5 &4 ) 5 HBT; QW-LD( & T B ¥t
# ) + MESFET .HEMT( & B F 3F #3855 5] Y st HIBT, LA & MQB-DFB-LD( £ 8 7B 4 B (R 3
) + HEMT 2 HBT ¥, B S R EME B hEHRRA &S ¥O62 (VCSEL) 5 HBT
S A OEIC S R $HHL.

AR RIAKE

bty =B

EHEBRERR gy e
R8O Dy FERGaAs_| BT
P-AlAs/p-AlGans NAs AT L E—E AR
o ; p-AlAs/p-AlGaAs B8

EAR U ?

————H

_%éﬂg;# n-AlAs/n-AlGaAs £ 2

n-GaAs Bk E e ]
n” GaAs #E

b

B 5 VCSEL & HBT 89 OEIC 8%
(o) FEME; (b) RELEH

BT OEIC Xt A ST UL SO M FREGAME L WS EERA SR . T B4
HEMBER B AR FE, B arw)# REg , LHER R £, OBIC BRI LEH B RE,
HE GaAs 3 )7 LHI/E MESFET ) T2 S S8 X FR SR FHERRRE KRty
#5d OEIC &H . ACRHHAZ AR KA CHERERTYRESANEAER
e, OEIC A#HWHMTIRESRFEAE MRFIRAGE, RABTFHENEZN,
RHET Z4Ewi T HEMT 1% % HBT. SN BBREER pin WA, EFEXNEZEBT MM
(ER-F2E-2E)5H, KFEBEEF M AR LEEH, BT 5 MESFET #1 HEMT 354 .
I aNTE 1997 X BALFEF W R FHIE A OFRIC e W4Tl InP % pin Al InAlAs/InGaAs
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HBT AL 16 @G B 28 5 B, S B W L 375 535 11CHz, & 500 T 18 A & K Y & 41
f&F -40dB * .

#F B A Photonie Integrated Circuits , PIC) B RIZE B B/ RIAR W HaE e S F RIER B
B LE SRS EER B PERNERLERER MR5. EXNGEREL
JEFBAIR RS AT EMGCGACESENHIM | 202, FIOTE S0 BREEE TR
WM R4 EF 50 N RITE R, B PR AR & A HA RIS ML 8%, (bl 50 gk
HOCHA MG - REE P, 847 PIC ARSI .

PIC BEAREARN BT AR EEEE B TERE &, F0%CE 1D HKWEE rd. B H &
MD R KSR OALER CR AIES W6 %, I ID+MD M PIC T4 KA KEFRME . B
XERSHECER TN, RAE T BB T 5 A 30GHz, B2 7F iR H
TIETT, BOL TR S (chirp) &7 # DFE laser
N 25 45 4% S T A, R 107 o0 200 3R P S0 R |
Ao FURTATTE F o 33 0 2 A AT 2 85 %
FH LiNDO, 9 ] 8% £ A FL LR, R K,
EAREEMA R E/; 71 FE i 24 1D AR{”‘“
+MD SRR, HESH AN g 6 Fras. 30k
BL R R RE (LD + OA) ) PIC AT 58 K T
FHEUES AR T OOE, LHEN
FREER CATY, M EHESPEHZESE

Si-lalP
burving layer

Absorption
FAr & W5 S BEAT LN O LD + 0A fayer
5 A -t R A DR R B BOLE SRUOL S PIC

PRI 25 (0A + PD) 0 56 1 T LA 8 B 4R 0 2%

B ETEANTEN TR Bl R RS AR S Y. /4 FH LD~
WG, PD+ WG, 1D+ CR,PD+ GR KA X E 2L Fa SR —E, Pkt 8 % n Ao
PR CHORE R A D, BB, B FI R s [ e R R e R
MABREAJAERM PIC. TEX —RFIBHBHLETEE TRFSD. B, 7T
PIC RESCHI BN ORIC MEEHIRR 4. PIC B SER LR BB ENARERE¥m
HTRE—3R), R EMH R b~ pofE A Bl T B Flth A 38 i H R

4 FFERMEROLE

AR T BN SR A EIF A R A B A B R E AR T A
R, ERNEEEET A THBREBRENTERELRRE, AEEEAN RSP, EHE
TR X R R E A, PR R R T S R ORI R o B B 9B A 1 £
REBZIR S, AETH RRE -8 CPEES S A GERE K RS Z R, LA
R R R RS, PRI REFERERBFERE. EEILETRINK T IRZEX
SRFEOR XA R AT R A B L S T RSSO MR T D NR I EE R X
YL L H T AR AR, FR A A AR AR M Tk A R = e e . R
SERT L, Sei PR A A M R M R R, AR B R, e R R
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45K R B2 A 8 SRl i SR UL FSEEF RR AR KB
0.5 7 8 70 PR 0 K 0 0 2 P S B4 A TSR PR i R (L 7 W DR A4
KRR TR T ABSEEL. EREESERILEANERE.

) NLY o o (m.n) .
_ka:w) J‘_mP1 (xs})f; (x,j)dxdy

m,n S exp[i(ﬁ(m;ﬂ) - Bl)z]
250ﬂ( ) j ] rf.fm,n)(x,yHdedy

A0y <
dz

WA TR TH SRR IR R R AR I R, X —
PR L ] A8 B

EHEMERE sl xRS E TR SR I, XA R R A SRR
e BB RS RGO R R (SHG) BBI R MR B RRA, 1651 B8
JUEHTRS B E = R RME T. — A BB A%z E 20 LUE Cads B9t
AR B LL SN B B R AR R S DS R AR S R RS B MR E,
SE RN B R ALY S R e

Spotgieets xR R R A RTIER, IR AR AR AL B = RS R

B, W60 7 MGk B, - R
BB, B e R SR, 5 I E 1 e
Qlalag \ s
(HEHTERREAESRAEEEL 2y

WFL S, B, 25 = E % B Raman 1 )

Bellovin W41, TRSLHRE ML FITATRERBS 7 N\ -
T B REM B OERAS. XL ®) L V
BG5S R A TF A 1 S 2 —

OB IR AR A T 5 Stockes HUSS LA K & F 5
SRR R AR BN A TR
A IR IT.

KEATE+ T8, A 32 7 2% 18 B 48 B
e CAAE A )8 D 3 HEDT 3T R B IR T
TR A, BE R 2R A B, &
LRERLAT 2 EEA M, HE IR
il F AR £ M RS A A AR B IF B 0 OK B e ]
LA T fg #b & fma g, BRA B 88 B AR

pOES S RHBRFLS HIeRE N
R i 5 0 R DR, SR T %éLEEq Fﬁ%\\\
50 VR (TR A0 o 8 ) R A4

FLEG TR, S—MRILBEEA L

ARREE T 7E I X R E 2R PR T % 10 AL 7 ARRMEMR LR LN F T Y

EXEMH ES AL EHRANERHEE TR A SRR 0 A 4

N ‘ (a) ¥HKFAESSE: (b)) SHEERRLS;
}ﬁﬂ%*}g#ﬁ’%m*@%ﬁé%ﬁ%w}ﬁ% (o) SHAR T ; (&) M2ZFHE,
L TR EAy M-Z THH%E, (e} WRAHE, (f) BEELE
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— 4 R (2 T A, AT AR A A A RO M-Z TR R 3 R
WA RS BRI WAL s TE 7. A ELER, Wbt 5 7 & O B A2 S PP
b, R RY B REIFRR S, AF R M S 8 MARR R R R AT 88 . kst
R 16 K8 G A e B P [ P AR AR R R R PR B X S SRR AT A 0 L R B 94 Y
R SRR A0 VAT s IR A3 7 RO AN B R 7 2R BOOC M B R R M T il R RE A IR
PR AR S A SR ESL

5 S

2L B B & F A OG B  AHE OEIC I PIC 7275 HEWENEA TR ZHETEAM.
—BEUL, B HEBE TR (H)R H(R)TEMERGES, EEFNLARFTEIER HE
L8 WL PR AR RS NFFTEBEEMER DT A B2 W H S
FHEBENRE _HESFMICG R,

M ERH, B FRERAF, LFREOF,ATHAEY FRMETAEMA. B ZEE
SHESHTLER, SBETHFESRER A FBEREZNA TR, AT 2ZRAMREHRELER.
A A SRS A AEER, A eEAEAE PARSX AT T, ISR T X%
RO A AT, A —EBEEE R, TE lom® LA R R S8 A 1000 x 1000 MEE,
ERSRBTHAFHIESELTE(10%. IMFFERFIT GEEMS B =S L %EE
o HEEEATHEFRELAEEZ - ERCFRAETURPHNHEE ARTE
RUBRATFANEA S EERCEES,

ER—AFRE T EH S FRAF PR TAERRF I =4 E R A REE R
KEER EHTRFLE RN HERCF R ENERTEREH, BETREGE#EY
REAEF R -FRF, EN R UANERTEAFRED. TERER, EFEFOLBTRE
EERRE A KOS AR SR, FINBA S e KB N R AR E R
B, RR—FAET ZHHRNELE FRESLRG. EEERCE T, ARTLUER
(X -YSE)AR—THEEEA NSRS WAL ARSEZR(Z . s
EAHNHLE (MOBY MR — M RER AR . ARALEZARTE TZEH

ERFMBEREN
FEMEERAIES
—SLM
{TFIREC10% 7T — X%
—SLM — )
—R&E —
BT
RE PR LA
Q0 Firmm) [« Y.
— 53 [ KA 36
(SLM)
TR RER 7|/ e T
/ (10° Ff7iEHED

B3 XTI EEiERREsH
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i, BE T DARR AW S, W LUE A BB B, B FAUENRS BT LR P&, m
BRASESHESANRNAE, X—FHS58FmRERESETEITLAR, =4
BB R T BAFE 40 P A —HF

% OptiComp A AT EHNEEMEARF R ITELRHENERIN=2RELEER
749, DOC (B -REFHRTEN)WR AR L RAR R E-HERERES, A 9
Fim. WRKRELM f=Ax BE, K P x=(x),i=1,2,3,,Lf=(f).j=1,2,3,.,], 7
MRAMAFTBHRE;A = (o) REHEEER, LR -2 ED0RR R, b HAR S
FTEHEE AT, DOC IBEHEFHE 2 ik, RANEER, B 64 417 K5 59 Bk
BOCRERE A, —FFENRI SR HEH AR [, 8- MRMBX A ARFREN
Bl TIRE, BE B E X M F 0 M 1 M AL, Wik BI85 2 — 1 NOR [,

. Control logic matrix A
q\“““ﬁ_.q____h (Spatial light modulator)

Input vector x
(Laser array)

Qutput vector f f,
(Detector array)

B9 DoC [ RFKIES BN R BB HRL B RS
HPOC(R#ERIEHBHDREDOC T | oy

RERO)MH#E—L/NRAmMRITH, RAZ
BB ERRESEREHNERL _
B, A 10 B, 5 DOC T MM, EEEOES

Control tensor A
(DOIE array)

HPOC 5L F = AX E 0. o X = 1 200,50 55
()R AJERE, M1 N x N Z 4 VCSEL 2pEsL gﬂﬂqgg 1
(EEBHRE L ROLE) 5P B8 g
A A RREHI R, AR DOIE (i 05 55
BOCERT ) IR AL BT M PO
W F= (o) R 460, S HNE Fi0S

fiF, 5 DOC 1K [, i B4 0l 3 Sl
{5 L BIE FOMELSS 484 (NOR 38 ) , 35 S >
e 15 5 RO 54 R o, 10 HPOC RA AR SG R
DANE (4230 . B K, 91 0 F1 % &) % 7. BRI B 0 S

HPOC £ ARG & EmE A 11 Fﬁi:,_ﬁ
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BARPY 4em’, il DOC [ EYTEFLA 1,000,

1DOE artay Rooftop prism
VCSEL areay

s

Detector/Receiver fAmplifier array

Optical fiber Optical fiber
input ’r e 1 output
w 0 _ I H E—_Fﬁ%:
3% = = 1

FR4/glass
PCHE

il HPOCHMMEESHE

Solder bump bonds

6 JEE(—4E)ERFE

EXFERTFEARCEER CEEB A BRERFE R, BAXLRAET
RRAFEREPEREI,HE TEHRSHEAREANKTRE, Er L KBN AR
A, XERTHNGEA .S THS AL, 7 LHE TEEE TR RA .

SENABRBNEARLGHAR EHREA LT N EX 2B, BRI
TR EIR A & R B A R AR RE RSB, LA RS LRI S RN A2 AL H
MESETEELERATHE FRRENATN AMEFESRAXHE, RARTE 1964 FH
A AE B NS O OB TE, EE D 1985 FERAMAB L A IOLE B RS, ta X
/A RARE ., FER LI TRBAEBENBT LR, HREGRLOES NE PP (AT
1. 3um $H) M B2 (AT 1.55um J ) FAF BOR8E , K LB BP9 5G4 A 88 (EDFA) I
KR TR 1990 F A8 L. R 980nm B} 1480nm FIEIC MR 1L, b EDFA IR
Bk 11dB/mW, KL TLR R B Th 3, 8L ] LI3K7S 30 ~ 40dB AL 28

EAMABRMAABEENE AHRRRZEFAUAFEREEN - E-bE RN D%
BRI AR RAAERT U ES RER OB B 5858 R0 PR k8
BROER, fTRamASyhE, AT T LEERERRHARARBERT .

R AR RA R KB AR 1980 ST AT A AW R, 2B
I PR ROERT , A (T B G R Y 27 (8] 4 A B A A B AR Ak, R AR R A .
R AN SRR RR . DAKETH L (2L ER)REHREER
BERG HETERIE et FIREA MR LU G EF Ot 2%, B % 64T DFB
28 30 BIBUBLE A7 DR AR AU R SR A0 B A B R SR R A e R B RO S A

BRAAGERTIRBRAERGHET —RZABFEMAT AL 50, KA B0 TR
BE A MAE B & RO B SR ERRAE B WU R R R S POLE L R AR A oEer
BEFHIRGTAFEE IR,

BT EERERE, ANEASEDERFR LR LA BRI RGN
BREGETRE, FARZINGERNYE. SEENERCER(CH)N=2FEEFEH
o, BT —HE ALY, BHAGNRERS TG EEIEe EET B LEERSHE
B Y6f5 S4BT REE o , 32 150 oy g 1 BE AN, SR R4 /AR, I T S ek A R IR B
EFEBR O E MR R B RS ST EHRE T EN A,
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B 12(a) RATE 197 FXEE RS W(OFC I ME W L3 K DFB AHA M ARER R
50, BMEOEERE Sem KB BT SOBA BUR, BEWER 1.5 x 10%m ™3 L BN 4um,
BUEFLIER 0.27, WET R AR KeF M50 T8O 8 AOEHR, B8 248mm. TP ARE K
RILEBOLSR ZHF A S B B —, L 1480nm 2L RRBOER A FER, TR R 0mW, A E K
YEEF B LA TR i 12(b) B R SR M MR (1 20. D am, R¥JBTBERME R E
WBOtH R 0 T ERERFE BN RS AR EE, XM E
BB RO AR A B RGR, AR R T WDM A B R RS

—— L WEQUMIJN
DFB, DFB; DFB;
WDM+1480nm PUMP

DFB, DFB;

(a)

Power/dBm

1 1 AL
1552 1354 1558 1558
Wavalength/nm

(b

M 12 REKEW DB LA HOLH
() TERAK,; (b) WHEBHHENE

7 BOb-m-#LE B R 4 (MOEMS) ! - 13

B OFER, LFE YN THARBTEBEREY Mot TR ER, BE
HAREBINTH ARG EBVMEN, dTRANREERAMNESEME, TEHLREAR
A9 A FOLR L AR, 1R T SRS 565 4 T (A 4R R vl B AR h T B R, R A R A A R B AR AL
PR AR B, B0 A RAE R AT B85 . T ELSCRD VLR B S el T 28 RS A R
REEHELERLRMEER L, MEXCHREFIME(FIPLR) F 5 (Micro-Electro-
Mechanics Systems , MEMS)

e ~H 3 4  Micro-Opto- Electro-Mechanies Systems , MOEMS) 3t 2 5% F 384 (B L ¥
MBOLE) SR FREMENBESEHRANRESNERM AN TERERE—RR AR
B R(ILE 13), X6 MOEMS BER 4 i B KB ARG S NS S8, FIUgEH RS
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LERHE AN R, TR SR H — A B HME BN
E N HEERBGE,

mArid ERE R B RN F SR TFHEE, A {LH
THAEEZR FREER. FHFHESRLTE . XERF
TR, EEHAMNEFRXL T ERBHESE
A BRI BEH TR T &AW S EET
PR, Bit, BRrGH &4 L8 FH4E  PEAOE
AT R 2 A R R R S AR R R R R E B,
VIR KL A AT RS HMAB GO EMBEHEE L
HRERATERMEE, K MOEMS IRk E &Y
PR MR SR A RE, BT A bR A LR, 13 BOCE-LRE(MEOMS)
KRR 5 R B R R, B A,

MEOMS S MR ARERNAFREN N —FWE , AER AT ZH NS E, FEEE
F B A 5% 351 ( Digital Micromirror Devices, DMD)EF F AR RHBE B~ , WE 0 8 & & K
WM. DMD gy 2048 x 1152 A] M R EFI B E, A ER R ML B ENE MK
B3R, DMD P E— Al BT A h B THT ®A) COMS B M, MMM AR L EE L
FHRETER . MRARFTHAHAIRESREARFE L 4EHR, HAIREN T AL
Al ik 4,88m,

RITHARSD T ~TH A B B = [ E  Free-Space Micro-Optical Bench, FS-MOB) #) = 4
TEEENE RS . TRFIH MOEM £ R WL 8 8% ST s A b VLR & i o 14
BRER—FEREER E, BTXERETH T FS-MOB m&#, B ol DIRiF B R E THER 7
M =HEROE T, BYE Fresnel BB ITH MBS FHE. LB MR EBERSERA
MOEM £ AR i1 T3 e B2 (6 4 A%, A 14 Fia-*), FS-MOB R4 LA K KM b R R &
MEERAR A I RAEAEZE X LA O . BERRBBICREFEASE L.

e I

grating

Rotary
beam-splitters

\\ 45° Mirrar
Microlens

Beam steering
device

\ Photodetector
Semiconductor
laser ( ( -
Optical
fiber

3i suhstrate

B4 EMSHEH#EAS(FSMOB)RER

Rind 2B &R T 0 m B ME R BERR B E R b RS, KA MOEM £ ARREA DU# A2 &
e EHE BN TRBRAER B b, LEE R R S RER WY kA, B T HRERK
% WAL, B R E RN . 5N e K0 I BE B R IR AN 2 MR, R Y
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FlEEW. SMEFREEFLOEFRENA, MNEFEE L bEF A PEFNEAR
BE. HENVERRENESR THEFREEXLHEMERENHEE, o EETEHRER,
B HPATERIBIES RS THME. B IS EREIRA THERANER, RAEHNEAR
FEE QBN CERAIER R, RS, RARS, WB TEMZRAH, BECRE TR
MR L EENHATRERMEN MBI REERER —SF L, E 16 5
FRUSE ) fe e BRGS0 B A A s 34T b B R B B T &
MR BRERIBCASRER T KBRS SRR, S M S st o R H#
AR AR B mE. SATRE F R S s B R 4R L0 CMOS T T AT 23 84
WA E AR R ISkHz, B X AR d4pm, BNHANRFEHEHERBET 10kHz,

Wavefront 1 Image
rarrector output
; l

Wavefront Wavefront
processor SENBeT

H15 B#LEEEEaiEl

Micromirror
drive

k.,
== cireuitry
Mirror —
. Photodiode
Ssupport
structure ‘__,/Amplifiers

16 TRMEAFRMGFCAFAHAERS
8 ik

KR NRIBEISREHIER = T4, HELGEG. XRARAEE. HER, KE
BABMETRERREAMMHKRERE, ERLERUMAKBA T 2HHE. T
TR, BT, BT HMEC A THRANY B, EMBBHEAREEHR THANE
o AMIMERCERIMVNEREAM2E, FHEAAMES S - AE T w2 A&
BB, AT AR R A FIF LT B, TR K. A, EAUEF R
HYSE AL ANAE S LR L AR TN 8ok 8, HA AT B EREE S EME NN EE
O NS R
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MEGESEFBEMH RV BANERRBRERGRR, KRZHT =508, &Y
20 FEFERER VR H -REER, LTHEAERHNRESE TGRS EAK
ZERERN, G0, AT A RECEAER, BT LR SCRS T E AR, AR R AR
B BT BT A R EE A AT ASPLHE RC A FEHRFE. HA
B SRR AR R PEA R 1077, B ns BELLP R T REH G YRR, Wk
FEE LR ATA R 107 s, 1D fs B, BRI AERRIG T UL B M LBoR. B, BT EAE
B R PFRESE IR AR T B A HFHRR MRS T FEME THEHANNE, AUE
RS BB FRH RN E T HAREE R EA, ERRFREERN 2T
RIEE TR 55— 0, WA SCHEE IS H A, B AR R U S A T EANH .
W E R R W R BT RORME M T R A

AT AR MAEARBE LM XFHENLDEREM CDARFHRC RRE
PEH, REBEFEREATFEAMBES. ATHRANENHNAETHR. ERERERE
EHBRTHARBE G B, AT EARRDRERAFERERG LR, REAERR
TR, B0t BB T ER & R ER KR MO, RO TR 21 g
BERBER.

A £ L #k
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23 (8] Y63 1) 8% ( Spatial Light Modulator, SLM )94k A 2 28 25 B1 6 40+ 7 (A8 (o2 (R 3% . sk (]
BEE, EKEGTUEER, X5 RETEEGEMBEGRIE Wl tERA —Fa 4
BG5BT R, BT AR L 30k 75 R 6 I 88 (E-SIM); 5 & W Ak Ik = RbEA &l &%
{O-SLM) . 3% #hofe 5 S # de ml— M sl 4R RUB MR 4 XA G AL BRATE ARG PR
F4F A tRE T AENEELEMNE S, @1 S T RERH OIS — B
B, EELED,SIM T L EREMEE, B XS4, 32 - e A AHW 2D
SLM), 763 20 5| R T R ANERMTZ R
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R R ) (10° P A BEHTEHTRA

L ok 19 458 (SLMD B L7 B
— W :gé,gi
I ApEsyartD — 5581 Yol

1
|
=2
=3

/I/ﬁrﬁi]kﬂ%ﬁn‘#%ﬁcloﬂ FTEM)

1 2RFLABRRE

SLM 23 57 i B (9 A B4R O sl ML S B O T L EDRRY o A e B R RR R B A
BARFES, BOLK A B, RIUE L B AR BT AR SRBLSE , F M E M T (A 5 L B Sty
BIFAS TR ER, XEEEE A E BB LB H RN A, A 1-D SIM
SRR BN X BRI A E, 2-D SIM #Y R A E N, B iR ILE
YR AR XM ER IR B AR R L RRM S RS T BROREE. BHREEFRL
FABEHER, KBS RFAAEAR TR RESBFERNY , K P XEREENHE
PEEERY SIM HSLH, YT A — EEEME R PIFLIA W = F LR
LV Z ARG R HTIR R EERIFEE WA T &, R SIM 7 R 440 H 4% R
BB, B BRI A Z M LB R AT OV EE, R R AR RO TR
3. ERFRONTFEREFTHATRERENEHN T EHTHA SIM AR AREA A
S GEAHTERSTEN. RBEMEMAEGS, IUHRSETFERRSERFLE
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88 VAR RN BRI B AL R AL SR A R
U AR N AR SR

SR LEMIEN 2D SIME A +F BT ERTTHEI,

1.1 333 2-D SIM _\

34t 2.D SIM A U R /LB EEE MR, |

(1) JeB (=88 AR 2.0 SIM BT h Yea
-~ Rh3E R B /R 2 TR, THEEAYS (ﬁa
AT RS RRENRERT SRR A=)
BB AR, IR ORIR) BRI, 0 = T
PP e B RV 1, BUvR R L SR BB R
I PER, RO CLOLY) 3L T, ensn X1 | T mamn

(2) WMPEEFABMBFNAE HBIR
FEURU , AT LA4S 2 B B R, S Rk T
PR (PROM ), 141 % 3 1 — 2 Y637 78 B4 ), 4 M2 R SIM

BSU 2%, BGO & iy 95K i b n b 7808 s 4l i .

(3) WM EEW, MM EEN SR TE 3. S8R 4 500 K 208k 3 35/ R
MEREEF L, FERFHEL CEREUAE T, REPEFREENEEEERHT
(DMD), B 4, XIRAECE HREEFN SHELIHA-EXBHERE, BEFME N
BV ERBEA T AL,

M3 R SLM M4 DMD RELH

(4) RS MEGEERA RS 8, K PO Ra B ABRGER N EE, HE MEER
(MCP)BCR . MSIM W 45502 — B, HE W R 5. JF T EmABRLUIEERMIE
T oA 7 A TE R Bl R B E o

(5) —FARETHEEA R ZEEH R 3R, R LR X M W 28 1305, B2 b UCSD #
H# PLZT P A%, R ASTH —F ER LR Si M e R A RO R L B, A — K
A, B ESH A 6 Bir,

(6) MEF R AGAELAE 4G AU SIM 51 T H 3l A B M, B 45408 5 R e
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HER AR, P Fabry-Perot B = T IR 455,

- Wi

b/\-ﬁ?édﬁ

MCP ‘
| EmaR

Hs5 MSIMERE

L PLZT Zf”ﬁ

s B 36 &

mammb ok B i

() EB

e LM PLZT R
[ S0prn P S0pm |

Ch ik Hy
6 PLAT SIM JRBEA 5P E
1.2 EBHFi2-DSLM

AT 6T HEAY 2-D SLM S48 RUzUHDE RG] 8k R HReE IR 12 L k& STML BR A
RIARE R TG SRS, T i PR A, M A T EF T ILR.
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(1) BFHF4t SIM, XAHARETESEAHOHETREEASHRFKE T HK
AL, A 1TEA GRS ERBZIGLSZHRE BMREE T UHERPR, 67 kHE
A, R1HFS2E) Tiws AKX — 2, 55, MSLMP EMLM, RUTICON % 8 o] i st iE F 4t
N TEoN

(2) FMEE Ak SIM. XM A E AR XA RELR, B0
Lo TR AP, BRI DURER—B8 £ #I7E SIGHT MOD TIGHT MOD 25 4 41 /)
BEACHR 6L YIG o T /N B T (760 x 76pm) . BTG W — P REBE, 7T IR R AR
B J5 ), B RO e {6 L B A R R ER A 17 1Y) Faraday BEHE, M1 722 A B B0 — 2 5 A9 3R 05 R 8
2 O

(3) ST SIM, REGEFRRE IR BZAEHNBOR, B T8z
BHE AR M Y BB A1, A REXT A PIAE ZE L i i P — AR B IR B0 B S LA K 7 A B Y
BREEAEEMZ XA LA RS, ATHEAEE., XIXFFEIERFEME DR HiE
HEMBE SR, B THEHE S SIM, U REEHAHAEZPRBHLHE T XL,
f LCLV.PLZT.DMD % }i 2\ SIM *H#8 W3R A,

(4) HAam ek r=. R FFZEATE K Bragg 15T 8% . PLZT 18 H 2812 £ 1A
MERITLH,

2 ThEERIRL A

SLM HIZhEEMN A MR JLLE .

(1) HRFEEH . WE2 AR B, LI 2-D SIMAHHESRMES ARMES
BRARB, P NELDEE R EAE LN T RES. RAEI LR, KPR
{E AT T 50 B AR P AR B A (R e e | U OB 28 L B AT SH AR . B S 2 WA TR B LA KT
Az KRR = -

(2) WBEMKA, XM= miEe SIMAY T gL AEREHEF, SRALEHIRE
HGHR, BT SE R 55 B AR 9E , n] BURAE BORRUEE LR ST 5 A G ¥ &
BEME IR, SNINEIOREESE AR AR RN, SHSFAFERE
MR E ST E, BIIA AR TR A T8, BN — P R B 5 — R

(3) IR SIM, fERRFEMNB TR TREZMAEROJERASRHCRERY
B BN, R A OEAR T AL AR E-SLM IR NS AT sR B R AL o . XA R R
THBRAZ B LA AATERTH. ERAYS O-SIM AL A AR 6L, X W & 85 2
REREFRH LR, MAHEFERETANERTHFRARLL,

(4) ERFFHE. SIM 7 AR Th B AT (48 th R RN DABT AP P8 9B AR S BLTE Y 1 1 4R
HIRAL, AT SLM AT RIE b aeft . BAFMRTIMER O-SIM — AT AER LB R 2
WL . * E-SLMORH, AHIENEEETE P UER _BRIERN AN ER TR
Fahpy TAEMBAARKAOGEEN R, X O-SLM HEE, 75820 88 RAE L A i (3] 6 1 3%
PR CIRTRSH B A RATEE D .

(5) FERtERME. XRH - FEEMINME SIMBES - A EXNBANTASEE™
AR RIE. L, ABEOHH SRR E A AR, 5 H VT 2 8 38R A 3 U
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BB TEEIESR RN E R RNEUAT AOLRMIELRE R, RAEARE
YERD sin 2n SRR, A BB FIA MG MAHER A RELE sin(2n - DRAME, BRESHE
B3 b EE A . MSLM K PEMLM & SIM s SRS fr i B8R iE. 7 - P ift B3f A& HF
WAL, XTERKFZ AP AAREH A ZEFDLE Y B R R ERES. Hibl
R ECECHEEZREE RO EHRSE.

3 PRRE R

",

BIFBRESHOTAVER SIM mE RS, FHUFHEH . HYEEENE:.
B4R, -BHAEFZRAET L DN (Ip/om) Fox, BT AES RN ERER  HK
RN A RREENSE A O-SIM Rk, tEEBN AT L+ EE EHES
F) e 70 B, X L FE A A e, SR W S R B T LU SRR L AR R R
ZEE T B PR B A R E M T A EMEE BEES. I ESESRE
FR, - FESIM H o, REE ML EF TR 1 PRI R

MR SIM ARG R RIS HEE A B R E M i B R,
AERAWEE , IME2 IR, HALMEG, ZEEXMSHRAEATEEARM.

F£2 SOV AEAEMER

2% WEAF  EEER | EmsK BEAFE  SHER
ﬁf—;ﬂ_ﬁi—?ﬁ;—;)xlm 1000 x 1000 :ﬂjsﬁmﬂﬂ(y{éﬂ) 5 100
it 10H; > 10H, ‘l TRE A EE /5 R
R (O-SIM) < S0l em /AR |‘ FRIIG A% 10% 1%
774 1] 1s >1h H

4 KREH#IE

TR AR SIM, TRE S o HRERNE N EE , XEEN RAR NI B H £
PR EEF R ST AL, ARt 8 AN R R BT AR I R R g 0 3 A9 R R B3R . O 151 9 R B R
W SRHE A LG BRI 107 Pa; Cats( BB THFEURHER )10 Pss PLZT( R H) 107 %s; B 0.5 x
107 %8 1070 BEIGTF 3 10~ %s; BEEL B AD 10~ %; A JE (Brage VA ) 10~ % PLZT( £ )10 "s;
A FEHAPE IR 107 %s; (M F] AU ¢ 10 %,

WA AT SIM B BB, R T E LRI LIS R FERETHREE FHHY
B RAR & REIGS AR SRR,

35 Fr By 8 51 F1F A 6 B 6, ( photochromic Y . 36 = 7l €8, ( photodichroir } . L F 3 8,
( cathodochromic ) . #5 K . B, % 8 B ( electrocapillary ) %38 5 .

MRS MUET RSN ERER  CAMNEE BT AR R AN RN E
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a%.
230 T R ] B SR R R BEAR R B P R AR O LR, B B A R /L R
A HIREMAAR, DR BRI Mg A 20,

A F LB

[L1] A. D. Fisher, J. N. lee. The carrent stalus of two-dimensional spatial light modulator 1echnology. SPIE, 1986,634:
352 - 371

[2] Johm A. Nefl. Major initiatives for optical computing. Optical Engineering, 1987,26(1):2~9

[31 Spatial light modulators and applications 11, SPTE Proceedings, 1987,825
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4 Si/PLZT RS SRR 23 8] e VA 2%

ik

1 3l

T HEZS AR 6 88 (2D-SLM) e — R AE R E T 4SS 19) 4 A R R AVHR L A L IR IR L R
KM —FR . MG B RS EFRANEA AT REEMIHTHAEE
BT B 5E , B FF 0 o 3 hE S 8 SR R HIRS , B B3R Mot Fab s MR R HI R . X (E BN
SN BB P RS, B R B AEA A BEZ R A PER £ 0 F B R HE 3
e EEENRES, A TS APEEE XEEANERARKEFBAER
FEZMRHE, B, EER 2D-SIM TRl ER ERE TRRBESMER, 3 iz
BEM2DSIMEMFROABR T AERRENTRAIBRE, ARSREERARHF L
dr IR E TR AT R K28 ] 1 4 25 2 A 4R 6 R (LCLV ) A H i 6 IR il 2% ( PROM), Eo 4
m AR R PR M A BRI RS AR ER,

EE UCSD AT 1986 8 4B T Si/PLZT SLM RIZEH 5 5, %45 M LA Si {5l e i/
BIICF AT, LU PLZT(Ph, _, La, (2, Ti,), -3 05 B AL B B AF S WA R B 2 )
FEREAH IR, SRR TR HE & TE RN AR REM B, PLZT Bie 4 68 A
RO L RS KRR, Em,S/PLZT S A S A H THEMBAE LS, BHE
R A AR, RAIAN, R & B9 SIM & AT 8848 B 35 B 3+ B AT 15 B840 78 5E
R AR

2 Si/PLZT SIM HIEAR T 4T

“HE Si/PLZT SIM (T 2 A A TIRE R 7w 4 H P WA, B MBI 81— Si Darlington
COHL I — PLZT LA R B AR, B TR B IE 1 iR, TEM, —#E ARG RS
H SIM |, B HRE BN R SRR BT R, B AT 55 ARER
EH B =5 B 5, 8 B T B K 28 R -
R R B AT HOK B 4T PLZT B B S |
SRR RS M b, AR R R A wxs || | ezt ljj*’ﬁ
W, i TR, BE B PLZT MR AT ERRE 5% R I
BOE THR MR, AR R RREHTE mEE |
WSS R, MR R RR T S AR
15, U4 e S AT R0V 0 , 40 5B o O B AR O 1 5
FE AR e B 45°, T O AR 9 RO, e i 8 B T AR

Si
3Lk

B1 S/PLZT SIM B TEFEE
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S aik BE 18 G .
3 IBEHER SI/PLZT SILM 28 14 4519 1% 11 S /e

LA Si o BAE SoT A MR BhBR 4, UL PLZT 48 s G £ R B b R F A 2 Bf
AEEMER, Hhey SRR ke AT ERESA F RS SEET
AL, PLZT BT ke R, FT LA R A 0, RS R E R N B A I E RS RSN E
FIERE R THM , RATERR AN AR 2 /N E T S0 M 8 SRR R 4w
Ve (R B B e i, 76 0 T AR b B O R AR O ok 1 PLZT R, R AR AR
BoRIE 3 FFRNEH., EhTHREO FAEPLZT EHRE, EEHE I LERERBE( ~
10um) , HFEAR F 4, EMR AT Ut s B S5 83 PLET (B e I B R-SE M &, B s ar 5
FERE)T RRIAE G SRR R R BB B 7F PLZT $T B L 8 /e ch S RS B 51 RE B RE B4
R ARG B ] PLZT PR 88 L A3 R 304 # iIR 4 4B B Si/PLZT SIM.

K2 Si/PLZT S% s igE B3 -#S/PLZTSIM MEER TR

FERR (TSI BE - BOCE A AN A 4 B, e — AR G e R R — 130 A 6 By BUIG 8
Darlington 284, BB 1F B A 8O 2, WS A DUH B gL LUBR 40 PLZT sl 25 Ay i
(e _

PLZT s CVA B 88 31 Rk R 72 RA Ko GRS B 8k i B PLZT B #fE 38 s 3T P Y
HE, TR AT RAIR R R SRR AR . RBREGE S B,

g £k

PR ATE .
SRR NN

iR Si

EA&'& &4k

Al B ik
\ p\_// \p 5; RS (i [
NN
74 Frrbradsarasis op o A M NN
it e gy a @L Jg ugl Lg
B 4 Si Darlington #4543 & B 5 PLZT ¥ 258 54 15 e 1R i R
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RAGEDE TR FFI BRI, A AR PLZT AR S 3 8 £ T W R f
BLLAGRAENN AR RERE, AW S/PIZT R A £ SIM 8. Hai, T8
BERNTEAEHMRHM, RITEFE 4 x4 BITH PLZT ML VS 870 B L85 16 4 Si
A5 L 4 x 4 R SI/PLZT BAE AT A2 [AER HE, BU Rt 2h 600pm x 600um,

R R B ER B S WS RE ST AEAA, G5 SR, PLT
FORHATS La B SRR B i B AR R B B D 8 S X RO AR B BE S, Si R
EHERFNRWE DR TR, MHRE SHHECHE, FEREHEIEERN
TAesIE, ANTTRE SR EEE , RITER T 2~8Q cm 8 S B8, PLZT B 45 E W
BT LaEE, ATHAREEMLCREBMEE/a g, AN PLZT e RS Y
0/65/35, B R RZ B H(0.2~1.0) x 107 52/ VP, B HL50 8598 5 X 88 B AL, B8 13 AR
FERD, MOLE SR, RBENS, RSN, BINTEBNRTE, 8 M8 TANEEE
1 250pm x 500pm, JEA B K (100 x 100)av®. AL KRR AEAEEY St HBE
W0 B P 2342 it S B B, 7 2R MRS R P, B BB K, S R PR A (L B T 1R, RRATERS
A ER B R 7 10 kO, BIS L2 BRI E R RS T EER, T I AR, &
IR A E AR AHHE M E BRI RETRACR I, B3 B RAE, T2 wE
R EL | AT W) % 1 € e Dl B V) R R R A S S R e RS, FRIBE AR, B S M
i AR PRE AR . RATRAK LR 7, AR BB 20pm.

4 AR RE A EE R

B IR St s PLZT e AR S NIERE T . SR EREHNEFRE V. =
90V, B R AEE 3 = 60 ~ 80, H JE VR L f 1] 150s 10KQ) AR, W 3% 3 5 DC = 50kHz,

PLZT i B B R B 6 Bin B (BRER S AE),. MRLERy . $H
HFE 90V, WA i 6] 12 ~ 15ps, TSI 8 DC = 20kHz.

SLM 8 & " VARHE B

B
ok REE LRE BE i ko
s} — |-

HA%L

| | a
4 T T LA XL
i LD |- !
| :

LD G i o # {55 e
| [ 1zen o
o i

B 6 SLM et IE
R FA R SRR ERRZ Mo R (SRTHA RN FEF. ()IHE, 28
AP EARRNEAEEE; ()BEE, RUH L EESNRETLER; ORAE
H. fRHRLES 2N SHERFTHEALER. L2130 THE 6 Finiy
REHTHK,
(1) Wik, % HOZERES INET AN SER AR, i 2R (U
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Tl R 7E S0V M TAEH E T #47)

B ARG SRE/ He
1 2 3 4 5 6 7 8 9 10

B BESHENE/mV 4.5 4.5 4.5 4.1 39 36 3.3 32 30 2.8

LLEAE S 1B T M 3dB B B A S 3R A4E Wik , AT B0 % 8kHz, A 7 27 SkHz
T, SIM X ARE B AREE kR,

(c)
B 7 SIMXMAREANGES KW EE
(2) ShEHEE, U—HEMZEEEITH SIM £, ERARHNE ANLERT, BEAARREMNE
HOER, T E W B GEH RN 0.5mW) .

A KR/ mW
0 0.057 0.244 0.48 0.702 0.935 1.1%90 1.45 1.67 1.%

i OE5R /nW 15 160 165 200 240 262 293 321 360 375

BRI R RS AR
¥ = D/ Iy = 3750W/150W = 25: 1
(3) REE, W F SIM, X8 - EHFHBRBEMFTNEALEERERGE, B

BRI EI x B AT %
REUE =5 e ER

MBAEFEE ANES T (5 S 8 B a0 18 B 25 4 1% v B B 18] 8 20ps, ZE 31 8 T 1
BR, BHAHTEHSER(XERER 10:)FEHNEANRGERE 0.240W, 5 AXKER
R 4.6mm?, M REUE =20x0.244/4.6 =0.106pd/cm®, 1 3R BB 77 50, BF 0 49 SLM & & i
BEAR 4R B : BASVEHE 2501, Wi 8kHz, R 0.106pd/ e,
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H i, 8 3 Si/PLZY SLM By HE AR 1o, RS T$ Si/PLZT SIM U TR B R 8 R S/
PLZT SLM ZFH LAF IEfEHEF T,

1] A. D. ¥igher,]. N. Lee.SPIE, 1986,634:352
[2! Sadic. C. Eeener. Opt. Eng., 1986,25(2):250
[3; 5. H. Lee. Opt. Fng., 1987,26(5):406
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ARV KGRI LE

AEHFHRAERAERE BN THLEEICHEABER KB IHHRGER
o EARNTHERE N F A AR RERF SRR, A RS HHNBE LN RGES
B BELAANEEANERN T AAEM A4 BEASE ARERE NGO EEE L4
g, mREMITHESEDT, ARVEARU P /a3 EB AN EN, B F E (optica
interoonnection) , Y # £2 7 4 { optical neural systems) u,ﬁﬂf&?%ﬁ(opﬁcal digital systems) . ¥
W R EUREN N E A A SO L A o) A T BRI AL 4 A SR RO 3 R B ok B
FRAMNGERENAZEIIEFHEEM AR LARII ERENE R Firam, RIELIEN
AMAEEERE T REBWHE RN ERER" ANEEERELTARERE ROt
T RENKBHEA.

WEFEUBAARER AR VISTARENEREFHASLBEFHEABESUHEE
BYRETHEAMBETEINNG, FNFeHE 2B ZANE T EL5LR LT HR
R REREEXE, PR ABRTRBE L ARRUER—MEE s KRARRESNE
ki

ATERERREEAAR  FEREMAN N TERFRCEERE.

HEHESFOFEAR FEFENTIES A, H XS5 D EmEE  KFRERA &Y
AT RS R 2% R H] S RIAE R AR R RN SBEREAR,

RREATERFE AT ER AR RS RA 2B ER(TOM) UERAEHE
B4 RYE .

ERTHRIEEATESS HAMBEAAE T ZRERA M BRI SH K &
T- AT HEMARAALTHERENORER N E.

BT R IIBEE E AR, EMAE S ZBE A (WM A LAB A AR L ER
Hir. A WOM AR K BEER{E S,

AWK ELHECRHENTH T KERREFRAFRENEHEEAEERNE LA

H 36 T -

T LR34 LART 1R T — AU R /N BUGH) 3% M-8 2 o1 8 [ BBk 22 50 20 BE B 4 & R
i St i Ot i T SR AR PR [ B

AEEMBHRAEHNRIINBARERBRE SRS EENATERSE, B A8
EAH B EBREXAFE TR,

SR AL AR EE H MR FREL BT 26, AR 5S8R, RS S
Frifae < MBI H A LEM S,

H— ML R0 B T 2R R VR S 8 A AL, S5 IR B 3R R i B A AL AN RUK
R R T B B B RTHE AR

214



e LERA

1 RHEENEX

E BV H YL (supercomputer) B A FH AR SR R EHLRBERANBHEA K AUTE
B, B ERR R ERER SR KREXEFR. AHEE S TFRERIE LA
BEAAATEES. BEEREBBEEANAE REES A RERZENE, SRR
K, EH Ins AR P THEHRM, ARE XS 2 -4ns, EER SR+ H M-, S aithde—
HMEE R BN A REE R AIEF I (massive parallel machine)mo EAAEREAR I
A RE, W E RS E R NITRY,

B, KEEIFTNUAEERRRSEFAH - RO MR NI EE. B0 HER
HOBREAMG MR, KB ST 2 RRE L &S, SHBBT BHESH
HEN, B BEEH - ABBMAYNTE, 1 Connection Machine , InteliPSC./860, NCUBE2
HI Touchstone #p & — L F B =& . 5 —-FHELBRAAFERE. G- -MERETLLE
HERHERERHFHREREFEHENEENS ABHZRMEGREEAM R BERTFHE
IS HATAY, Xt 58 2 7 i 32 2 AL, Alliant Fx/280, BRNTC 2000, Conourrent 3280E ., Encore
91.FPS System 500 K Seguent Symmetry - -SLEF MR GF., LW —F o xHE B XER
FHERMRE A ENTE RS, LTI AR B S A AL PR A% o AL B 38 Fn o 7 22 08 a5 SR Y
fFRXHBEEHEE. DEMEEERILAE L  REFEERRKIL.

o ERBTENE, R AR — TR IMAFT IS HEN, EHELTAR
BHIZE MEEERKMMER, A FHENTXEETNS, LAWK ERH R NEEE
AR T FTAE L P T SR B R A, e B — R E MR E A B AR ET
ARMERERFE R ITABETNEE, ERAFREH, - THERNE XAH--T2
DS, BB ERE A - T Al (synapse) S E EHERE, XETRBARKE
BAROMBURMENEE MEHRELENME EM MM FTHEE HREER,
BER ALREREEHAMFEERENFRAS X FOEETANNERARTHFH S
2, 3 HoA 2 AL ok o R B A,

G EERSED, H FREMERSAFAATHEAHBEAT ~CHEE R AEE
C, BMAF4E RC TR, MEREE /G THMENIRE, RCESZEMI T REFH T X
RAED, XMER T ERFENERERTELSR, HHE RSN ESHERENT
2L, AR S BB S (clock skew). B —HE, AT VISIR T8% /0, R&EREER
2ARH, WE RS E R, fh e . TR, SREB BT RR
B0, lpm), INMEBETHETE, 82, LHEEREBREARTHEMHRTEA, B
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FRGH K, A ETIR T, AR R G R T 1) R AT B R A SR R T DK A 2 R R R Y
B, MU EERTFERNE, DEBE, HEAE. S8 HTHAESEFEHRE, Xt
E—H,

B, O 2 S X A AL AR A A R e SO E IR TR . R TR
Lt FRARFELFERAAKREHNBEITZEMRERCER, ALENTRMNZIRKE,
WAoot W Z BB E M G Z RIME S B M2 WA R PR M B, R A
B 5 M BRI DR AR AT 40 O JBET W% s i R A E =S R IE .

2 SEHOCEEM YRR

NS EEBEENEAREA., AWEARELES NFAAGERE, BT LUEAS B
AL A F PSR HERARESES A FNRE, L EE LSS PBREAES
BB ESRUENS PR EEME B ESATAE B X ERTEMEES. *
5SROI BRI E A 100, BT RL T B IR AR I, B S R b - R RS AR, B BT
AR ETREE LA GHe B B, 7 B VS 1E 15 8 10 3 b S B R BEAL/ (KT B LK AN i
PR )],

S BT, RFARS TR ERA, BT ZRETB#FHHEIAR, FH
BFESRESHE THRZIRER, SRR AN ERTED . 67 2 50 R A T A
BN AESAUHESR, REXYXAAT 0 AAYRALEHENZIBE Ams
AR UE S BSAENFRTREWERNERE, CtEERSFHIEFENRE, [
HR{LA B B AT 10 s, B RIE S B T o . BEEAEEEFEER
AREO . gmEATHERASBAESR T HERWE RFERNEFR T, SRS
Spm BIBERENCE BRTEREE, ER % Lum SR RR TR, B FEMER TE
DRR AT SR THEM, TREFERESEAS, b 7@ e HIE, LIS ST
JIAERMIEE, FIGE SR ERE, A B ETHESL (4~ 5) x 100/m? LK FEE
i 25 (9 3 , 3%, 5000/mn? BEEFEIE, B P LMK TE, EANEEEFSRENADRR
AR MRGEY B, B EHRMA K.

NEEMEYRFEZHTURTENSORRE, SEa b REHREE. £
GEE AEEEE, TEREAENR ERILEEENRFESET ) MRAFTHBEEAR
BB AL, B A RAY T B, B — B E AR BT LR R e A LB E K
A 5 AL e B R B AL B R U R AIE R E RN Ru e E
A HHD,

B ERTEMNEE, BAREEHRA—EFELHE B EBX S Bsy
i B RAFA)  FN -, B DN E S E 5 AT A B O 4 L A, A TSR
WMALE, TR EER I L8 R, s S ML L RA A

BN TFHENEEREEAGHFENRRECERTER LRIEF, A, FRERN
FERBATEETROREME S, MAFELREAAEZADNE TP OEAR S
Sb FE AR BOCITEN SR I B T BB B R ok, "TLATR , BE & Yo TR0 % AU
2 S0 (AN IE B BE 25 ) 6 R RS R IR I 280 B 25 ) B K B R L SR R I AR A AR
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LTE 90 0, A EE I SR Sl B 5%, Fr AR 4 B E R R0 2 R e i AR Y
NEELEEHERBERRE, ABR L EAE AP EEER, ETE R ETE LY
.

3 BT TR KRS

AR A ETEAGER ZELG AL E, KA E B SREE =/, LFEHE
BHTRBRZAENFHZ I ER DR, TUMNBAEFEENRIER LBES
KU EABNTTIFLHELEF ROTRLED Y, Shadm, AEARKE-$EH
RO ER RENEMEE FRS O BRRENS. K3 o RtaERIERH,
BRTERAREE ZRZNER ERLE R AR RARI S, b EfeHkEE, X
O E BRI AR AR B s S R B Tl A IR B B AR 2 X AR R
EE,TME L R RN AR AR EFEMNERNBH, BT XABHEE. £
EH A 2B I0M (HOE) 2 IR & 48 (SLM) GBS R SR M LM, R S e s — 8%
AR, THMAY LEHLERETHASHDEEM SN ELENE,

3.1 %E ONERA-CERT & MILOID A gl9-2

KR NP IHATRERE - BN B, B 1 AT AR, RIARH LD IDF0EE, K 0.33um, B4
A 100 ~ 140ue B BR Y 4F  SIM 2R Al Hughes IR LOLY, 9.0 3 K 7E 800 ~ 850nm, & F R At

C

D
=T
|

D

=T

o
il

Host transtuter

A:(arhode Ray Tupe with fiber optic-iaceplate
BC B:Polarizing beamsplitier

C:Emission cviindrical opties

D, Optical tihers spacer

E: Reception eylindrical optics

F:Rectengular photodiodes array

G :Photodindes array-processors buffer electrouics
Ti;Lnmos tramsputers

[} Laser diodes

1:Graphic  board
PC o Personal computer
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(CRT), %R 28 7 UDT ye ey “H A 5fE . % TAEM 1986 7T 85, £1 1990 £ T transputer K
B (A S AR RS R, (T S E /DT 100 ~ 150, EF BT ) £ 200ms , $HE 5 R
/M F 100MHz.

3.2 Z£[E NUSC §J AO S FHF X

KB N-FTHABAORESM, WA 2R, FXERER ON), HELELFIMERELX L-
D AFIESCA 128, 1-D T BEE T A0 BH{EA N A -H T, ATk 100 B. Ft
o4 R E AL AT B BARL, o 58 4 70MHz, H 78 40MHz, 632nm AIATAS 3L 3 A B BIE 5 80% , ¥
AREE 2 ~ 6dB, BN E MAIT S-8 & AT 30dB, T Lms B -

Input

ports
Collimating
optica Y Multichannel
acosutQ-optic
] cell A
Jﬂ.“/“'l ¢ ™
[l 1
Ll
| ¢ -~

Frequency
aynthesizers

&2

3.3 %[ TI-CRL K DMD X3 EXF %)

R AN-HATEM-RERNRGE, mE 3 Fs. SIMANREESS{E(DMD), 83 it,
i S @ E ik GHz, 128 ~ 1000 %5878 .

o8B Jpe

1:1y 1+ MNr DMD  Imaging Sampling 13312 N:ly
Transmitters  lmaging Collimating lens tnask Imaging Imaging  Receivers
lens lens lens lens

A3

3.4 %[E UC-COCS 1 DU-CSD 14 B B &R &

FHEMEH T SIM &2 8, M4 Fra. SIM B 1-D e EHTRE, 35
2R, SIM B 4 x4 FLC SLM, Mi#E 10kHz, fH YR 2501, 6472540 B B LiNbO,, & F M
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ITRAEESEe2RN. STHASIMPAY L AT XEEREEALAFE VM HX(RF V2N
A, RGeS BB, 7T LR AT G4 B 48 A0 Bt &, WAt B HE T SIM
) o g B, 045 M-V (Tnp/ TaGaAs )MOW SIM EM R 5 CHe, KT 4 x4 B E EM
HEER, S B ERHE 20 18,

=
—‘_'_F_‘-.-H'-O
“‘——h_______.‘_‘ O
‘\_\ g e
/ Muldpiexed 3] o ©
/:/ hologranis N Y o
..
// \O\
Spatial light
Coilimated rfljwdll atﬁr
input Diffracted

signals

3.5 #[E POC-RD AL EHEL B HEE

B NORRE, BRRER B by = O (T, WA S Fim, Bs(a) WL AERA
B, ()W EIIR . N T 256, LT RBELAG TR EST SIM), FLURFEH AL A
KA e S . T LI R R 7 R B R,

(TF)U (?‘_\.)23
Relerence
; ~————beam Spatial (F00 (T,
G 1lterlnE
g 1 Ienﬁ
r
L
-1 Ci [ _—
1t : Fa
Y i Spatial
boatet V?}ume | ————— [t I—--—r—"' lighl
(T diffuser modutators
| H
I Mask
Huologram

As
(a) 2RIdRHE; (b) HITHE
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3.6 [ RISC%-3.

BEE-FHSENP AT EREN TS, N TR R AR, BRI TS
PRIEESEISEEEE, iCRMiE L HT#T, WE 6 Ta, XHITE & E R BaliOs (Ba-
Ti0; F1 SBN /2 B 88 B W 0 SR i i), 658 1w/ e @7 2 RET tms BHE B
RN EAEERRS BEAMESEEENER.

Mirrar

Depleted SEAM

Photarefractive
crystal

He
R, CEHNEETREATBAPY IFEHATHEGLTLR HERE KEE
BHE—FMHEREAEMEE CREFWFREGTHABNMAGE EEFTH - PR REER
HEE . HEAATERRA (AR B e T R HIR , T L A BB TAE
il H1F, ARG AR R

4 NI IR B E M A fr

EEWZ L AL RIERETARAGEEFHAB N IHEA VN MR ERERESDAH
HEFEME, T UNEIFEMEAT RS2 s tyEE W EXBE T # (boadeast-
ing ) {148 (funnelling) fE 77, AT BT B PEANGE PR 1, X IE 2 H T4 B o fr BRI % MO 4%
SRR & AL ERER B H ARG, o R A A A TR R B A L (R RS A B (VST R e
F3 A AR TTEE AR U T BT BRE M MR LB R R, AN FERE . e B 5 T
RUEMEEEHNE. —BIAN TXFEEFANEEER O(N), 4 NRAR, ERATEHESR
AN GLBEE FHER VOREMEA, LEASHEOMEL V<32 BM HEitH
64 x 64 1932 LT U F Logic Simulation Machine{ LSM) T 256 x 256bit 1 %6 X JF £ 8 F Yorktown
Sirmulation Engine(YSE)Bz]o B--REAKE; REEERAUPHATESERE, L¥EEXFE
RARMIERZE T EER, FAAFEARFITES A E VIR SR TR
TEDEE,

57 P 2 ) 6 TR ) 38 (SIM) B ¥ R TP X i M4 0 18] 7 B R e R B V270
W-RBABL,C=A-B, HF . A CHNBITRE; B HNx NEFP, A H8ARE,T
VAR N A TED B LD 38, ZiFRE S 1 REE KR, 0REBEAEN; B REEERARAS L
BLECESE ), EHA 0 TR RXENIEAREES, 1 IUEFEELGEERD; C RABH N M
WEE. BZF V- FTER BRI S8, AN U e TN TFXEEME. K
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A A A AR M R B M4, T B
A3 19 G B &R 1 50 3 B AR s R T LU R
AR, FHERE HTE ENERBNT &
LN

EEREHEERT SEESAF RSB
B FHBE SRR HEBHEARNHER KEA ZEEETE 3 LS
T8, T @S ik 2 T X E & R =4 &7
ﬂri%ﬁ%{ HERH E R E R R

) BEHH FEGIARTEMAFELRANSNERRE. L BB 5 RMHE

ﬁEhT:

vt} = L@rﬂ[E( )+ E Ek(t)]+ Be(1)

f:}hﬂ

Hop Vi) 5 M ENE HZREHEE T, R RANBRERHRE: CRENE
(FI RIS 3 s Yon 2 SLM AT AR AN GE RS R B N REGER B £.() R E, () 2 RIERSE i

kT I B i R BB € = %,%sm BN ML, 7, £ SIM % X AM A RS R

Be(t) ZREFIAREE

V(1) > VoBF T 5 V() < VoL R EHE 0 BRIV, B
B {E .

BaTE 1o 0,8 PSRRI EEE Lk - DR B E8E o0 SRR,

BER,; = Ci%l¢*!  hk=N-1
Hrp.p RAGEG Y ZE | R, ¢ BOACER 5028 0 R FHIL.
K
BERE = > Chplgpb!. Vi+ BV SVt Be >

HA BERS BB MIEEH 0R MBS 1 WER,pl BEZEORNVESR 1 MEE; Vv, -
(To/N)YGyoxEp, V, = (T, /N)CroyEy, EL 1 Ey 5 FIRICIRH 528 0 MBE 1 HHL
Bt

I, FEIB 48 1R B8 0 AU B BERF .

K
BERF = chpfg" Bl Vo SV sVt Be < W,

Hf: pl ’%Eﬁﬁl&ﬁﬁﬁﬂﬂ‘]ﬁ% '
B2 Be £ N0 RIBIE B XM XA HERENARE(K/2) L TEH IROE
8T AT LASE I (iR A

Va= Vis BV V) +50(Vu+ V) 0<Bcl

P =4qg= 1/2, m = (VH-— V[)/ZO'
MWFT BB EELE N 5RE% BER FMR e SV(ETEED ) JEEL C L RBEEES
MIXR:

BER(SN) = (%)k+1§36i{(1[(23 2 /5] + 6 (2 - 28 - £ ) /] |
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C(Z) = %J e~ 2y
W 2x s

HEHE O ERRER, EEAERET 103, Mt ENANKESR, BHESRIE
10712, FARUE IS PSR AT F LIRSS A, — 7 B 7 LA of oo 70 1] 3 8 ) % 0 v BB 5 K
WAL €553~ 7 T AT 130 8 25 A1 M40 L, 0016 105 0 Ein PR U 28 40 M 75 2 00, R 6 S - -8 By
RERRASEER, R, AT S T8 H . 2458 — 5 1 F 30 2 PR i % 98 A K
RS TE B0 BF RIS A5 B0 e 5 40 — B T P AN FL SR R S RO SAES R BER' 4

.r]

BER' = BER - [ ; Cf — BER®(1 - BER)"-%] /n
Ko on BRC E BRABE M.

MATREGRAM, N AT RAES, NHUKTC. N=500 BALAEHM, FHERME
BJIE, N = 1000 ~ 20000 27T g6/,

(2) EMARE, EWatE 725 EEHTXNNE, PRY %25 FEEE BT
R, R L, EARA RN F L MR A A R e ], A RIESOE R E R WATR T, Bl
— M B R T AR EER R R BN EAT M HEVHSENRUEREREL
B BRI B T = R AT T LR IR T, RAX T SIM A L HIN
AR M, EHRE TR TIEAENTR LEHE N RE-MHEHHX
B ¢, RSN, T = Vo ATk BENU, T = Ne; 3T RIeT, T= ¢ BETATHTE
PRI K O 4 P BB E SLM 9 FF KBTI ZE 1~ 0. 1ps, BT LA E F 5 [ 4% K
BEH SLM M EERYMGHE , Ins AYFFISm BT R T LA, ATT R A HUE 09 5 7 M) 2 SR 1, E #4
Wy B 7E ns{IF17 )R ws(ATHATIESR,

(3) BEEREE, FECHERRAG ERBEN EERATRERER. WTR
IR B s BB S 2 RIT R B R 4 | AR W ATEE b R SRV B A4, SR 1%
B F R E TR R MBS 5 LR AR 2 A R Bl R T ORI R (S R B FEE
WEEH ). 430 LD FH0 RS K97 T8 20 B vl 35 20GHz 1 40ps, T4 B DGR RN/ C HfE,
AHFRETFEMERME N REEFEE, LR 1Gh/s WRBEEREREEEL A —EIIEEX
TR 2R A/ — 25, K20 00 SOMb/s, B AN L F 2R 4500 LOMb/s R(BRETH
RAHEF L 50 ~ 100ns) . 7 BT, L5 % /K F B8 JF 58 60 FF SRt IR] 2 35 £ 35 0. 1ps, JE A8 Bk Mk
30fs AT JL 6% R G A RO s R ARE R, M -F RE BB E R AR Y 16b/s.

RO F R OE S IR EBER N M RAZOSN MAHEONERL & (MEER
PAEART U SER A SLB MR ER), S EE RS, TLOED SIM BERE S
(FHFEFHEESEE, BEhmABE R TCLV AT LB SIM, R E EFRAERN
B CHFH Y Si/PLZT SEM {3 LCLV, LUBA K08 B A D T M M E MR E (T2 8 1ps %
fi)e

WAIRBABST r ik B

HE,RASLMEECERS) BURRECHERE R 4x4 NuEMS (BAEELA
8), RV R WA HP A BB K TE 0.8 ~ 0.85um B9 GaAs/GaAlAs LD, W) 28 5 it 46 DU AL, S 4F 3
WRRH S LA VA, BB LRA T SRS AR,

(1) RHE 8 Fim kGl @ mias LR RIEZ MM T EGE N,
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E%
LD il %
HEH
R L TR REBE — T
24La — S, e .

ﬁ'L]/)\ A [— .
(158 Kot ! L S=Ss
N mER BiR RS TIE N
HE#
LB
8

{2) RAE 9 M E s B R G SRR A TS, A B s I, — 7 A
R tHMENER, 5 — A E T REEWMEELRE NV AER (B SIM 83 S,

—1
T LEns :
AT

K9

(3) RARFR vV 258 GF 5 R A R RRR CFIER ) AR S N8 Ok sm
REPVEAFRNEEE(BERLZ) BERE M AHFZERTHBEILE, USAIRENE
ERR. HTHENEE RiEH Si/PLZT SIM BB E R UL AR E A LCLV /R R TR
b THFHR T,

BRI RS TS ID. PIN BN BKR T2, B8 A5 K
BIETR, HAR A RR TN LCLY (9 4 x 4 HE RS AT E#TEENR, ZiatE %A
B 10 B ek 1,

FEMERE B UL S/PIZT SIM 08 LOLY, 8 EH N E FEBEERMRE.

EENH

wH
@

B 10

RAVEFEBH A Si/PLZT SLM BITLE R ME 11 Frn , I E5) X B A ST bk
Mok, AR A% TAER . PLZT BUG IR 88 K A F-P 1 45 3R 0] 08 BE B2 iR v i e B 0 2
F,NEFRBGERRAREMAEANERER By ANRREREREEAR, XH5E
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WERSBES RS AEER T2 ER, Bt MERE. SsarReREksREK
B, s S 9H R PLZT M S SM2EEIFE , IR AR S B R

NEERR
— SIO Ffr AR
w3 PLIT ME
L
ﬁa%ﬁ{ A g
 REEHREML
{ \i s T
' S
BAR

B 11
LR A SIM, B TR M A EH EE N ES, Wk fEn FhkAY SIM, K&
5 10 K00, THEHES ERMERR T B b AU e R8s
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BACRRSAFELFEN - TBHE R, TRMATREIMIIEHEE, SEERETNF
BEHFEEFE=RIE, B AT LRAR - TEHESEH RAMEIES. QIR E R AR
o IANARBUREARRHERHE HRE MEEE MEEEA LMEAEHEX
RYZRRIR S, PTLUHE, BlAHA R D REAARBITHEAE TN ISR 2 ERIL,

BABATIE ARG ER, RN RN YER ARG S N ARI XS, 8o # 5 a R
RARB T k#T A%, B, EEER IR Ha N EEagic R MENR DR, iTE
FEQBHAT IRV BRI RS KBRS, CNRA AR ERS LEF
ENTEHR . FEMSES M, CITORASRER , Rtk EAlL R, G THEF M, A
EHEHLERBIS AGFSHELTHEI,

B ZNEDRICRNEX FERRTFREYELRREY, TRFELR.BEE
MEREFETENS , ICFREEAPREGFR UL DRSS S HRARMK, MR *H
BEAZRAERGEMR R . F HERRL S Rrns s 7 mf js) i s A K .

— Bk UL, BT R R S AL ALK A B0 R A IR AR RT 0 RO RE Sk X P E B
R AEFN BT T RSN, UKLy ERTERE A, R, 200015548
MR FEREHRAGSHRER —EREAHERE BiCR 0L, SN, 7—HE54
BB MR E R N E G S TEE B B R iR S 4t .

H A 1940 £ 7 B LASK , B0 F# 2 A KB R B R BREw R L LA R Ok id %
HRo BREAENBHIES-SBICTEUN , ARHAkE) " EEA, MM 1 ir, RHZHRE
HEERIICR T E. 2R FHENOREZRRE, ENEREEIMCREER R NH
HEMGERIE XRERENISNEAESEERICEEAT L TEEME, £E
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FHRFEE, FRHERENEL O R, X
O AR R A T LASE B R R SRR .
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1976 & FAE AR H- B 80H, B AR T (K-
hara, et all®, Shiraishi, et al®) #2487 R AR L 2
ROEHNFTE ERAENEHREERESE, BAT
B, AT B B T, RABEE T4
MEFAZEN EREREEREILE 2,

B RAER - FENEE LWL IBM 2 7
T 1957 EE W T H T B R 8 R e =
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P, FIRASSMAGEE LB MM AX
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EREERMITENLRBRARERIFHES. M, ZRRNNRECREED TR #E
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BB, XRMAMAEHBEERN  GENERETUAMHE -/, XS5 ANER N
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Wi, BV RE LR R B AMEREE R e . D RAE B R B R R B N —— R
R 2 R B T SR B0, B0 2 2R R e Ot ARG i A B3R B S R E A B, R O
R AN RN AAAEXD SRR T ARERX. ATHERENEHERSA
AR, BB A B E RO R LS AR . BERNBEERRSEKA X, RARKE
S ROGET DU e R

EE ot

Bs mOticRERRM
B TR E 7= Gk R R A T ROR R R F R B IC R %] 2O, IR K
BT Rk SR A K T SRR R AR EE R . BS0, BESL AT R BT A A BEHE RE A
WU SRR SGH D RE B EORETE . FNBEE IR B R TR A, EHE
WAHMMEER, TREFENREEMNEEENRSE. BCRERERE=TFHER
TOEERCRSAATHER. B AETNHTRERVIR)ICREENZEIRLA 6.

10° \
\ Perp. Rec\
ok S N
o r ;?,IBM(MR)
: VTR, ﬁ//h\uwm\
| i
E Q97D (1984) 1 Mag. Opt. Rec.
. 3 $\\ f,’_‘_‘\
w10 2 :
£ )
B
E:
£ 10
5
10 L
i\\\\\\%f1957)
10 \
107t 10t ik 108 108 10t

Track density/{tracks + mm™'}

Me MICREHEHER
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hTRERE, TE NS R L SR A R B R - -SRI

2 TESHGCR

HREBICRORBENEI T, LRARCHE - HREEG LA FNRAREEZH L
M, Em— TR S AN AN RE R FENEAMBHEES &
AR R E M B RER KR, X R LB AN - C M E R LS TR
BEEREEMARLE. £LS/FREZEESRNEHTLNEHALURER—EN
BB, XA RATEEE . B dh AR AT A LA SR 3h FF o ok T DU B E IR BRIV fE B
B ELHBEILAFR E TR, XHRHCEERATMIS5.6~63mMERHERRLE, €
NHEEEMNBOEFHRMB BT HFN,

Coil current é(1)

Arm-electronics

{AE) modules
: Disk stack
e

{8

Linear actuator

)|
]
Magnet assembly — 'm-l

Voice coit

Position
errar
signalj Position
Control error

¢hansel

enlt)

Desired head location
x4(8)

Bl 7 PRk E £ AR R RS

EEMESERICREEERGE—BED, TENTEHTRAEN T CHIEEHE
AR TR PR X BB R AL (DN THAEMERRL; Q)FEHRIER
o B HERARARR, (DSSHMANHIGIHE; C)BRNFESLENEN; (6)
T P PO T "

1989 %, X E BM A FARE TEFHLES R, 13.3en(5.25in) NI AT SHFHEHERC
£E P 1.8Mb/am?, BB T X0 R E I, BRI AR B S U Rk
B4 WA B, A8 ] R A0 B 430 L7 B¢ K 7T RE” PRML( Partial Reponse Maximum Likehood ) 4 9
FHEA-

3 HIERHIDS

EAERBRHAT ICRBRA TR RE, AR EHRA, BT iCRRBH @R
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AHEL AEEX NEELE BERKESR 12. 7om (0. 5in) 6. 3mm (0. 25in) . 8mm F 4mm
%, EBEEENES D, RBEH WAL S BT 7 S08cm/s(200in/s) B 75 3 T 4 RE 47 K5 0 i
FIHEZBEEER L R, H M H B VLA g8 Pl i F LIg 18 F R, B
TR E S R RAL, U ESH ST A EEE L KR LM EER. B
IR T B R T 2R R v AR R S R R BOR A BT e . MR I I IR R
g P MABA RS TR ERE, S50 ERENNEUE FARES B2 HEF L
o, DRIF £ E B L SREE A A EH . B SRR LA IR I 8 FF R . R
REHAGUBSEES LRSS, AFE RS RIS IEROTE.

12. 7mm(0. 5in )3 REH {0 R H A5 i AT
T F R A B, AR R A R R
FRURERALAARRAE T, FLAR
B Z MR S R /N R B, AT R L,
BA R 12, 70m (0. 5in) B A UL 2 IBM &
HT 1984 48 49 IBM-3480 B H TR E &
FHAETFRA, CRTFAEMEXETENAR
g, ERELBRAREE 1.27om HFEXBEH
3420, XEHEN 3480 BF T EHBH MK K
BN LM BE, RN RA &R, B R
HAF M, R 18 BRI R RS, R B3 ATRECROETRANN
RERMI S FTEERZE MAZEMBAFEHTNNAAIBTR T 4380 HERF
REH L,

EMNATHEBRED ,6.3mm{0.25 n) EFWHHE QICHR T CENERE, HEHNER
5 S25MB, FHZE BN 1.35GB.2.7GB. ®1 5.4GB, £ & £ #8351 10CB.

RERAHE, FHEFEH L E A BEREFERALEHN TRV, WUAT
W, IR RE— T EAE AR ARA =, 1990 5B E A EH O 8 500 2% 7T, W HAE
M H—- B ER, BERER HAREM, 52 RERA NSRBI E, E
TS — MR TS,

4 B SRR K Y S HME

B S MBGIC R B 5 B, —AP R a4 T Y e B b F 1 P ik i 1) A2 o T BB O
Y X R Ay B (magnetoresistive )RR . XRIRBEE S F R AE T EVANBEHN P, B TH
HLEA BRI L TR ARSI NGEES S 5RFEI R MRS SRS
FBEILFE AR AUESEES LA R A E L% —FIRA, FER, FE£LFH
FEFEABE, iR ML B TESEHRP.

1990 4 7 AR ID R Bl & B3R R a L S A A5 £ EK 1BM 1 AMC(Ap-
plied Magnetics Corporation) . H ZX# NEC, 3 Bl #Y Eastman Kodak Company 32 &} T — % i % HE R 7
PLEERE L., 7EM SREMl A m, A SRR A TENRESR, 28 1BM A7 AR THE
WAL, ARFERE , Camegie Mellon XR¥FERBELAMBEMPR A ERMBIIATEN, Bl TR
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B 5 BR ] L 35 B AT o] K AF AR BB AT W IR R S A B Sk 0 S B R

B TREML L 49 PR A TLBRIE H  NBES A, BRI T 55 A A 3k 0 2R 3 AR B 1 A9, BIDR A
RIS AR T ARIEE, BB LBt IBM 2 8 TFE AT P REBL SL AR I MIE R E R
1.8Mb/mn® FEE RIS AL T 1077, M DAY, IBM A2 5 3300 W R W is AA B KD ¥R
H7 0. IMb/mm® . 1BM 2 W)X R SA G ST RS, L S B2 RIRE & 4 3. 4um,
PR E (B AL ) 8 160nm, A BREHNEHEE S8R R YT EELH A 60m, X
BEA BB CHF IR S S (RS2 I S EF R EEERENREAR, YRR
i 2 B 32 AR R AR R BB AY B (L R N 3K 2.5% .

RT3k 45 e AT B B, MR SR H LR SN T EA R S &
Ab, FRE R LA TR AH A LU T | b TR R, AR BT AR R A R A B R i BTk B R v
g, HERRANBMERT , AS=EEEMARELE RS, 9 MG MK, MR L HE
TR S E R E NS R, MRS A SRR L, EEHE SRR D E(E
RN ESNEEARKES BT RAZEE, AT HILS AL RREE R R EN
ke, 47 {18 Y (R] AR A SR I AR

AR, B MR LA RA T AR =5, BT S TREM, b TR L 27 R
BEAT MR 044 X B L MROT RS X SR I THR L Wl MW B L E R E
%, LAE WM B MEE AR R . AR EIE SRR R0 5 5 I X B ALK Bh 88 R 1R 2T 1T 8,
{H7E TREL LB o R 7F % 300 38 /mm 1 KT E 60nm &M FI2E T, HETE
Mt PO RELAEE EMEMAERAE 0.25um, XA HEN 1/2~2/3, X EKE
HIEFNMAEMHEECERBITE. AR BB LS — b, M
RAABACRHEFEE S4B B KA REHEA,

5 BRSO A R A

MR ACH 10FU BRI S AEE THAES. REG-AEERE
I 50um, MECEAVR 5. 5um, EE U/ RBERCA S BHENE 45 BREL ., RyjAHER
BARATELLNMEAR KR NS XABN ER LR RS TR, GREB T
RRLZHERENLE, SR 2WA, BTASHENABER LM ERHT T/
REMRCTZAEEAE on (WARERE #EREARMEZ MR LR EEERAR
W, SBARRENARREE MABZR RS E TR E AR RS ARSI
T,

FEEIDRBER R, RN TR A, EREmEER /D EE, mELEM S
PR A AN B AN, TR B AR, X BB R S R R RO . AR,
BT B LR B T B RAY Y BRI E . B A 0 IR A B R FOPUR Y B iX S sk R %
FRIME . GRMEERH AR, AN EREXBEELNRE,

BAMIR L B TR KRS Hh T RS ARR, AN R L 5
—~ S NFTRAFE. HP--- T H B HBFIT R R YRR 8 B R B 1 NiFe #
IR 245K R e 6 Sy v i A T8 AR 5% o B e 3 g R~ ol D, PR b o 3 o, ol g 3k
YR P, 22 R BT AR S Y RE 5 S R N (L R B G 3k A T st B, ARk e AR R T R
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FEEWNT A, NBE LT R, BE #3015 F 8- 5 S 2UH] R NiFeCu/Cus/Nike-
Cu ZI2ME. B4k, CoFe F1 CoNiFe J& NiFeB £ ZEMWEE R — IR, MBERHET
ERH I AEZEEMMEEATBEEERAER.

BN 7L M B Fe IR NiFe BEE #H—&04r N B Fe-N 38 NiFe-N JEREME 2 ] LIA KR EE
BREIERE. BM v AR T EMEZEW, BEEMN 0.7 ~3.0pm b, BT 6 L7
REAL SRS, BOEBMWEEETE, BB H.<3240/n, HP H, = 16A/m, Hy =
320~ 4R0A /e LA B dx M, = 20kG,

ML R - ERSH AR ERETRAREEA, —FHEFRNNWEEEATH
e . R T G H AR AR R Sk oy T4 B LA B i 8 AR R R M AR AR 4R R, X
RAETARHEHER SEB T oL R TEArT, M REAEEERR
R YITEOAES IHEMR, W LSRN T VISINITHTE T ERZR., Zfk
Fiob IC ML fF 100mm B96E ) BT RISE AR 1000 4~ IC 3, 200mm BE b W] 48 4000 4 IC 3k, M
T PR, AR T RS aE ks,

0o A 1 2% PR ey TR B AR 0 T IR Sk, 55— R R BT 11 0 2 DA £ T K Bl 43 1)
Hibghil R By R, gARMHEIHERE L, i CRaERYnESEex, RAER
B AR R E R RN SRER L, EAKBRES BRRERE. BEXEZRFE,
YT R R KA, ANRKE R BRI T AT DR TR, S8 #4810, #H L
HFILENESIEEN R EEE, B EEmEN LR Z BN DRER O EE
Ho i ah, SLFUHE 2] BN B R G L A AR, R T RS MR LR T LA,

B FLSCBR A B RO R Sk B TR M RE T B HLRE B , 38 18 38, kAL F
FEERE R L E AR SEENSEELEARAE SRRy, ZRLBERILAH G
R BFRILAR., BFAET L RENAR, ERBREEHTFTRE. FUEEEN
oF R E VL (DASH B0 M A T 48 E Ry HE I .

6 kBT AR 5T B & R TR DL B

B FiE RS E AR, BOE SR, RIS T b, B T BETE R A 4 s (8] 50 M
TR R LA S FR R . TRk S 4 a8 4, AR AR
FWHE TEE, U EEMITERRR, G EEAE T ROER, AL EEHA,
Camnegie Mellon K38 TIRF LM ZHE G RuTotr i, KM R = ERFH T AR
[E LA RIS S BRI E RO 28 1 Delawnay BEM B ~4E#., ZHBEES5REES
WA ATERERT EEMMMEAL ARBRRKEDEERFRT, KERHER, R
Bk, TS L AB R ARG ST U R EEMETS R, XA E
B A 1 B D BRI AR A A S S BOR AL RS, 244 68 7 B2 0 BT LAAR R T E .

EREFNW SRS ER SN ETERE, 20ER 3628, Kb 191 2858 JLE R A
HMHSET MRS ERAS SHIA BERREEES Y. Read-Rie A FRET ¥
JERE Sk B2 5 PEREAY Monte-Carlo 8848l 4452 7 10 ML S8 7 - HREE MBRKE HE.
MEBlE AR i R AR SRR R CITE S AL Bk R AR
0,
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T BLRLIC SR Bt g

1 #Eid

BICRESSMARE SR AN P, GFETENAERERHG2E™HENH
SAHEBRCBY S0CER, FERKBERR, BICRNEAEELE 25K 3£ )
BREE, R T = 04, ERE SRR AN, XM KEERRSMET L, S5H
{th &5 R T R EORME B, BRI R AR L B 3

FEEHYIERIEAR ISR —THEALL T 0FNMEFL, HIEZP ERHLHL,
1989 FE AR AMNE -~ BEERICREFRSWUATLUER - REE, CEET I05%EE
HE T ROE E AR EFREBNECER, AR, B E 02T LR EER 8
FEEABARRR, EERANAMBUR BT REREYE, FURRE#ICRERE E
BB RIDREE LN, U R EERBGC R OBCL fHE R0 B Z R AF— R,

2 EHEHBGCRMRA

2.1 &

FCALRIE S EERIC RN ES L ERRA XA AT RRASUE., —RIAR
BB FEDT0.1~0.15um, FREFRERICFOERESGETE+HA. AMEER
R REAERYATEMRRICRETOREMBW., % 13.3cm(5.25i0) M 0. 9em(3.5in) 19
BAER, RAZHELRN, RUBENE— L B EE5 50~ 100KBPL. XX EALRA
EHFRFEM—RRBLREZEN ;B -BRBLANEN G, ITERRERSESRE
AL BT R W R 7 B R R ek R s B RR

FECFRKAN R EEEWE, KR Co-CrENSEE 5 - LENKEEREK
FRKRE., Y&BEEE XARTENHANMTREE=ERE, yHRRX—-REERTT
HFEHRD  Eh O EE B B A, B, M AR R R, T
TEENMNEKER T2 R2FRE, LARTREASENE GHTREE™. HERE
£ AlEE 1985 SFE SR AT 0. 9am (3. 5in) W EE D RERBERRILFRA 46, LU HEH
3SKBPLEH N 135TPI% . ME @ RAFNHRAREAR, CHFRERE 16007, BR
ARERELE 1 ir, FESHENT . NEBEFR:166h (I A1k ) ; 5% H . S40TPL NFE K
35KBPI(MFM) ; 5 [X 3 : 64 & %1 3 % . 3GB/s; ¥ 18 : 901r/min; 3 39 578 B 8] ; 50ms; & b A+
0.9cm(3.5in) , MELE KL (H, = 60kA/m) '
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Berve sector

Data sector

Serve Sector
| |

{a)

Data Sector

Data sector

— T | |
]

1 HEZAF0.9cm, 16Ch B8 7 4 5 A& 5 K AR AER

{a) FL.OCEAR;

2.2 TER

(b) WREEAS

EAEERICR WO ARG B0, RARRLONEERBENLBAERE,
B RITEHTEC. 1 ~ 0. 15um HBf , TR RIEH Deg = 40 ~ SOKFCI. T B0 RS0 Bi0 R 1T

FEEL L AR RNLENE 2. 2
&) Censtor ! Northern Telecom ¥ BE-& T HiE T
- BHLE S Y 20, 3om{ 8in) T 2 K0 3%,
HF BN T 44:20.30m(8in), 21,8
B 16 BRmE FE 2. 26Tb (L) (U
B 16. 9KFCI, (2. 7) #%, 25. 3KBPL; i % B :
2270TPL B Rl IR R 4 - 8 A KX BR, I RN
¥OIE A5 3. 3.0Gb/ s F i - 36561/ min.,
BEENF BRSO ANRE,
EMBEHRHFICAWEREL T EOHME. HE
ERAD BEFEEAEEMICEERBARMKLT
1 B EE %, L BB U AR FFZE 0. Lum
PUF B ZE 0.05pm, i, 7E /0 3K & A1 B
REMAEFHE#T T RENFR, XRN
FER/BBRE R, BRI H AR, finf %
ABRRE AERAEARMNEAFENER
gl R, ERELEATNESE, iR
BHBECFERNRANBELRE, EBERTER
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FREE—HE.
23 FE REMEMER

EHHOERTRAETRRROCHTTRERMLENR, EREA A TEMASH#EL
FULEHEEFENICRHE AMARERFEFT (DAT) ABRFERBONVNTM A L ARAF
4tJ;, HA NHK M—X8CERMH, kAR ESR L, FRARA Fe-Si-AlN #E, % 2.6pm, B
0.23um, CoCr/Ni¥e X E BN ICF A, K ICFHEE N SOKFPI F &M b EE A
75(nV,_ pm-T-mes), AR C/N = 51dB, iX it &7 1978 R BBV T Lan’.

B T Co-Ni ¥ 2 & B (ME 47) C B i 1T @& 80 8mm Y VIP K. XIEH & R
AR AC ANCHEER, EMSFEHAXARELERTS., “HARFEEFEHE Co
Cr & 6] AL B R R4S PRI LR LR 3712,

500

100

7y lon beam treatment

O Glow discharge treatment

| ® Tiunderlayer
a0

Reproduced voltege /A Veo{mm » T » m>~1 « )

1 1

L | i
10 20 a0 100 200
Recording density /KFRP1

B3 SRR B S CoCr &1 Rk R FRD AL RO H g2
R H AR BB IR B 1R R A R RFEA

B0 A 0 T K B, 6 TR e A R A -
MITYREMRENES AR REREL 5 O
B AR T DAT REMER BN R -2
R 0 4 AR A R e Al D o
PR 3 B 01T 419 B s o e
L
3 BEHIDFHH K N BN

Bias current/dB

B4 REFR I EEEE M

3.1 HH G DI LR EE
. ! . B H. /(kA-m™ 1} :d48.0;  «:51.6;
kP RRRAE, BT Rk R 4 s oeeto
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HRERBRENENMGIBABNESHE. BRTAMANEZ LU RARINELY
B EmNESTA ARG LNAENFRRERSTEECE B FTHEGHWEEPEMN
BERAER FEESFEELIIRASS, HM, EERE IR REFR LSRR RH L
(probe type single pole type). XFBEKLAFEZARMEA.

BE 2l H AR KT A £ R S8 EIR 7 BB T A 5 PR T A PR AR R R
EHE B K (APD-SPT) B B SR BN AR LA, PRk BB b E R R = AR
BRRMBEE R, ELLATERIIR, LML N RmRFEKB L SERE S Do, 2R
K R R RL AL

ERAEBHUEEICRUELEREBE THEEHRSBHIREAR—EETHHHFE—
A TFRBMEACRLTEER Sony AATFAA W R FE L (WSPYHALAFEFEMHF
B, HFEMNERIDFLEER Censtor 2 T L (SPHY IS B 3B 2 &) 9F & 49
iR 3k TFP,

A, B K et dE — B B, LRBERIRE R, SHRAN, S FHVAH MR
LRBHBEHEICRAOEL, BFSAANERBER,TAELNESS L AR HEE LK.

¥ H Censtor 247 1980 £ H A B FME — K KPR EHBID® SV (PMRC'89) E R FH
EREEICEELNOEHE, T2AAT 1985 £ FZEHHE A ntermag 21 LR T, HE
WrREEWES IR,

el —
“S B
Nile i 2 HEE
NiFe B4 -
— .
E;E aaoo
Nife $k# L == aadE

HEE L ey EA
B5 %E Censtor 2 7l M A Hio Tl kSRR ERY
RSk B B R R i AR RE [ g . TR NiFe, B 0. 7pm, 5T 8pm, 2K
M 25m/s B KRN 0. 15um, EERBENE, LrhOofdk 3L S0 B, ABKA CoCr M
BERKUNZE BN T LRI O T 5O B oh 08 7000 Ve_ps TEZBK M
PW50: 1.65;m; Taa( 20KFCI) : 400uVp_ p3 20 EE ( 20KFCI) : 75% ; Taa( 16KFCI) : 550uVp _p: 43 BE K
(16KFCI) : 83% ; Window Marging (107" BER): 25% (2. 7) Window on MTI; 4 &f i [A] & 4.
< -50dB.

3.2 #H

SE AR MBI KRR R, EELBITH M BEECREREABEIHEMR
HE(BE)WESTE., BNERTURSROBE, AL BARENICRES, XEOT
BRI R ER A, RO EREMEAERT B2 R, B AE R M EE .

AT, LR BH L FERA Colr HEHEMBM, HMMBEEFRETAT 12T, Hibg
PRAT o BB Y REAR AR SR IR B RRRE IR AR AR B 10 5 S et BL s AP AE AN )
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MBS PR EEHE. B T BNl KERNARHEE MALEL Re f
Pd.EEAEFHTY Co BIFFRMMN B, WA, W LUK Ze X Bf I E BT BE IS
K. B-RBERABBENE Fe e HASBRIA TS5, B0 FeSi A Re, H
B A3k 18T HARMKESEVUNER Site BH 4, THM 18T, HHESB B LT
1000, BAFARE BN B, Wik 2,47, BE, XEHEEFTESRLARETZHE
B HIEMAE,

H 7% NHK BFE3E 5 8ok PrSi-AVN JEBLHIAE T 28 W10 iR R AR B3k, ATl B B0 R 45
HAL T Co-Zd-Nb I, XMEBRK M, = 1080emu/ce, H, = 2.4A/m, g, = 2500, BB LB 1
AR, KRR 2. 6pm, BHE Y 0.23m i & B 75(nV, . pm T mes)

MR RO B PR R B SRR EER L, WNEHIZRML kK
LR HERNAR, G AR RNHE, DR ES S AR BWEMEHE, WA RH TIC
RERMH . & TEFERNCRNENARE, B RARTE B B ANENER, R
REHE AP B E SRR WER, T CoCriBRARBBE AR, B & EE &
RIBEGEHY, M BER L B EFB L, 500 FH AR5k

3.3 BEBE(Tribology)

REEABUIACEZENER BRALSRFLE(EHRES)MEE, AER -
PLEBEARBEELEEN, REEREE P HLE., BN, S EXFTREKTEFLAREY
3R, A LB A AT KBTI, BT RITR LM B BB REREE S
w A R R E A RRE R R miEg R,

AT CoCr B CoCr/NiFe M BHRTZ, BHRBBMER CB,EEIE m, WHRE
st EL CVD HLIE B S0, M CoD SR, 7ERMEE TURARASEAE, BdEd, ¥
WK BRI R, B A B MoS, BN RIBHEZH%, —REBESH, A8 lom:

X BT R A RS, AE YL SR G, FREES B RN TR RE. W
hEREEFEREE, REFEHET S0 BHRESIUE L B E BB/ 3 0.05um, B
R T - MRS RN RN RS IR, L B SR
BEHFMER T, AREANE 200 ML SRR AT REM T, FHXREEETE
AR AR SR EEH A NBRRRG R,

B TR HB R NEREEFTEARS T— R TREH R ERER . &
AR FERNENHR STELEHBERN XYRFECRE AR, BWsA:
B AR BB RN s YA SR EEEN,

3.4 BE

BANCRARTHBRA LR A S HE . B FHKE SRR L., SR EHE
BEWAFIEER. BRHLT,RELRS UNFRE N T, WUBA KB 2 g
W —TEERE. EERARBER TR EEE, URKECRERDRaE N, Bk
FRAGEARFRCRZETHIEAC AMAERNBLRANTREIIR TRAEE,

BALW R AT B30 T A o I R 2 T Ay R K R S IR . R Nyquaist 38, 0 T 1B
DRRCA TR TR RERGIFERA, ATRERESNRBEESEGSBBRMEM, X
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Y Sk A RS Bl AN R B . IR P LT BB B PTR R, M R R R AR A —
BTN KR S B0 S ol T o BR B DU SERR A s, X F BT RE L RS SR R B A IR
FEETTIHERY

4 B|HICFRHE

HREAEBZ DR RAART PR EMRS E 0 X E— P, TR AR 7
RPN JE— R Co-Cridt M HEREMME— 228, FEET AN -2 THERMULHE S
Hl & TR X R T RAREFNICEN B, FH RN A EREA N E
HIiC R EES R ANTR IR Z T, 0 TOSHIBA 2 &) B FF &) b DLl | I0 &0 R R
4MB E (LI’ F R AW ah 8%, IEAETTS 16MB 895K HE AR sh8 .

4.1 RS M

I M) TEM S5 FEL, 8P Co-Cr REEBSITE B, B M 45 (U FE AR B F1 R 40 R B b2 B2 4 .
B 20nm I, BEBEIEAE 5 FE AR5 10nm A, BEBR A9 TEHE o 00 69 P £ 4R 5 100nm BB | 8 B
AP AR, MO NSBRELREN, BBEHE R ZERE,4.9%Cr A Rlock 7/ ;19.8%
Crogdardesf 21 8% Cr A XS (Cross-tie wall), BIRIES, ARIWEEREEHESHR W
fEr SR, WAL R MA 3, % Co-18%Cr 19 CoCr MM EMTIR LB, RE AT H & B Co
CrEH RN A R R, AR E—B M BHRAEAE —F Co T XM B RIS
M EEHE R, XMW T RSB R, FCER N, SO TR R 7
ME R AW R, FEZIHIEPERBENZN, E TR ERRE,
AREARFIR A Ge B(HE)EAWIEERMUA K EH . HREFEFR Ar STHEIM Co-Cr BH AR
HthEHEKXAEW, SEEE/NT 1000, Ar S EF/bT 0.26Pa b, Co-Cr T RIFHE &
R E R A AT Y M E KT 1000, Ar K EFR 0.16Pa Bf, IR A0 1 Bl B
WL 13 3 Ar SR PEARE] 13, 3mPa BY B A FHERIES, HEIESE SN RTT I E
BEamEESHRERWEELE,

R THS Co-Cr BMFREMMEE, & CoCr BEF A Mo AIHF5 £87:CoCr-2.9% Mo TTREK
B BT FIREREE RS, B, = 115.7kAvm, M/ M, =0.3,A8 =50°~ 8.6°, Mo RO ID ABRIE T
Cr i MEN K E T EREAEL, AT E T Co-Cr BB HAERE, A CoCrMo B IHEFEE
Wt BAR A — A T R, B BES BAR LR L BARE A ¢ BB,

4.2 WKEER

FETEHBEIC R T B R R Ni-Fe B A4S IR (underlayer) . #7754, 72804 5 et i
BRWEEEFARBERRERS, T —BREESAHHH(EHE 20n/s, tHEE
150nm) , #2905 7 TR 030 2 o, AT L@ ) A R MR8 B0 B BE 5% ~ 10% B BB i
LR . RN TRNEFEEQun)HHIRE, BFE— T HRKFRA A XA B L
R, ABEE I B FRB AN IR, X R TR - MR AR —— B L
s E R RRCR MRS . BB E LW, AR R R A AR B R AR BB AT I, 0 Ak
A BREE SRR, B AR X NiFe BEXT 2um bf, 2HB—MARREE HNT N E
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WRrs eI R MIEEACER A LIRS PR ESEBES KA. X TR Nife &, E
) R B 2 4 LB AR A T MR AR O,

KT HFGHAB LG E KA A NiFe B, # & Ni-Fe BB F MUK E. &
Ni-Fe 2P B L #n— 4kA/m T A5, RERTHRE » E FHEE S ERE-L TR E
IX . %FT 0.5um FRAY Ni-Fe IR BMAREALIRFE 9.5kG, Frml J) 40A/m. BLAh, SMREGZ MM A,
AR T EEHNF A 5 H, R 08N F] 8kA/m BT, 3 I B A H %M 509% 18 1 5
9%, TEFRS Ni-Fe BEHd, 18 BEHI AN AR, WS FE MG n. Lo Mo g,
O, /RGN, H, BT, BT LR 5 R B RIZE /AN T 0. 42mPa, AT LV B BB 71 7F 8 ~
240A/m. A SCESE UL TR AT R A T -8R KRE: MAA CrTa,Nb,
Co.Pt.Pd ETTE, # CoCrEM ¢ MBI T IF M EH THEE . 401 10% Cr + 18% Ta + 18% Pt +
Ti fE2% Co-Cr BERIHIRIZ . Afy=5,M,/M,=0.1,H,=70kA/m,

4.3 FHHMHFLIE

ME A RPSERE, C-Crid#t MR A RIFHR B, BAREVMMEGE, sy
£ AT R 5 AR BT o (B o (flexible) REL S, WM HIAHE N, RRME A H
BHEN EEFE DA HTHRER K, AL T RMEAM TP ERAEEN.
W, AN IFR IR F 33 006 B A FT 09 T2k (U o B 4 LR IC 3 40 i F04R 1,

FHEHELFEN TR DEEAR . Co-C0 & FeTi %, MEKEEMFRHARRERTD AR
7 ik W SNk E AR BR 8T, 40T Mn-Zn B S5O SRR TR B, Wt 3 4 Mo-Zo 2 E B
KRR RN A, MR E ML Eh s 2 0, K AT LA 0.16 ~ 4. 8kA/m HEFT
W, YMKEE R 2. 50m, Mn-Zn EE R 1.00m B, M, = 450emu/cc, H = 4.8kA/m, E—@E & T
FH IO RN R R, A8 HE F W . Dy~ 88KFRPI, SV = 40dB, M4k, 4 i ol iy 4 5, 3
FEEHERRILT Co-Cr BB,

] FH AH X SR 9 5  facing: targets-sputtering ) # 8 i 7+ 9 18% ~ 20%Ti §9 Fe-Ti IR H R #
B, EE A MR H, = 240kA/m, M RIBEALGEE 600emu/co, BEFMA H,=7.2kA/m.

BT Co-Cr BEPFETE Cr BOWE,F Co-Cr MNMMB A S, A HWEREE, A
XEHH FARS Co RERT M BT CoO RIL C, MR Co-CoO BIZ RN FH. 4
m((y): m (Ny) = 10:90 B, ¥ 2] H, = 300kA/m, H; = 89. 6kA/m, M, = 570emu/cc, Dy =
105KFRPL. Me4b st i At — S S HiE/ BHaE,

TE A SO 48 Rl S AR A 7 S R AR MO T, K TEEBEI T . AT
FLEE TR R RENERE T, AR A T AR ERR LY
Ff e Oz h e A PR E RS S FREE TARM B ER b R e
Bl A, S Vo BB - 60V B, B KB E Al 35 0. 8n/min. ERAM RS, &
PRALEY Ar SUBJI T (0.133P) &6 F , B EUAR 2 AOULRUE 38 , 1B A0 ok 55 A 0 B e e BS J
M e G A [RT % (B R BT RHUIKER,

R T 450 Crexture) AT I S RS RER B KM, BETRE AT Y AYTRE W
Moo HARE—FEE T E— %S (chemical textuning) , # & & %40 F 4 B #65 AL
Mg 172 ERBA 3G FERT,ER 10un BHHRELBE. BPHSARTHERR | (cell
size )53 17 30 ~ 40nm F 100 ~ 120nm, Al T2 ST, FEH & & A VLIS (40 5 Bt T AL 37
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HAVIRES ) IRATERLRNRE, R AP WIMABE L GRZ, BAR R, REH
BRABABm/L BB 0y BREFRTARRZD LR, 3%, 21 XERTRaARE
JB3H HLAR UL A9 10 ~ 60nm JE A AT & 198, AL G iE M B B R IR & 08 i
B CoCr/FeNi iR £ 5T, Dsy =~ 100KBPPL.

5 &5

AR E IO LM, B ERASHIFRE RSB R T Rl H 2R &/
WRWE, AKALTE QSEENERATEHGERKEMB T RREY, AR EA
BE, KN RAREMNENEETEEEN. HEER - FHPRTYLEECRDPEE
HE/DRUBE B KR B RGRRT RHR S R 2R R, R EREA RN MR, TUMEE
SEARTEEHICR RS D, AARAEMLTRER T RERIC K S NEEMM.
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A New Concept of Magnetic Thin-Film Heads
with Superconductors

1 Introduction

It is generally understood that in order to increase the density of magnetic recording one of the key
points is the optimum design of the magnetic heads. The requirements of these heads are not only very
high resolution but also very good sensitivity. Many new schemes of recording heads have been proposed
to match the requirements of wider bandwidths and higher recording densities! 1%,

A tremendous breakthrough has been made in high T, superconductor materials during the last two

years' ™™ | It strongly encourages scientists to search for some new superconductor materials whick appear

to have a higher T, and can even be operated at mom temperature. On the other hand, this situation also
promotes the applications of the superconductor to different techrologies. In this paper, we consider the
use of the perfect diamagnetism of a superconductor film inside or outside two magnetic poles of an induc-
tive thin-film ring head to confine the leakage and divergence of magnetic flux. The finite-element
method'*] is used to calculate the field distribution, reproducing pulse and other characteristics for the
medel of the recording heads which contain superconduetor films in several different structures. The cal-
culated results show that such new thin-film heads have some obvious advantages. The experiments of a
largescale model of this recording head will be reported in another paper.

2 Models and Calculating Methods

The models of thin-film heads with a superconductor caleulated in this paper are shown in Fig. 1,
with {a)} superconductors only in the gap of poles, { b) superconductors nside the gap and outside two
poles, (¢} multilayer structure ( nonsuperconductor-superconductoe-nonsupercon-ductor ) in the gap, and
(d) a superconductor layer under the recording medium. The dimensions of the models are shown in the
same figure. The coil of the head is 16 tums, and the current is 20 mA.. The permeability z of the mag-
netic poles is 1000 and permeabilities of the superconductor are 0.6,0.2, and 0.01 in different cascs
Fig. 1.

For finite-element method calculation a longitudinal section of the head is divided into meshes. In
order to get high accuracy, the meshes at the top of the poles are much finer than the other parts. There
are a total of 2336 nodes and 2118 elements in our meshes. We input the data of node coordinates and
elemenis, and then the field distribution can be obtained,

243



¥
1| Hcai
=
A Fule .
< fd .;:',
—_ = 2
el B0
8.0 .0 Z/AA/L“E i
, 4/ 7.9 7.6 (2ot
t 1| EN) 7 2. Tz AT A L
270 62.2 Lo 2.2 2z 2.2
4 0.6 0. %
Superconductor
t2) (h td)

Fig.1 Stuclure and size of various head models, (a) using dismagnet malerial in the gap, (b) using diamagnet materi-
al both in the gap and outside of two magnetic poles, () using & multilayer of nondiamagnel material and diamagnet ma-
terial in the gap, and {d) using diamagnet material as the backlayer of the recording medium
By using the reciprocity theorem, we also calculated the isolated pulse output from the magnetic field
distribution resulted from the FEM. Assuming the y component of remanence M, =0, and the x compo-
nent remanence M, is constant along the Lhickness of magnetic recording medium, we have the formula for

isolated pulze output:

_N WJ’+«.-J‘dm+xm aMx(“’f_‘f) N
e(x)——fﬂ—i . Hx(x)—“ax—dydx

-

where M_{x) =2/nM, arclan Tx/a, a is the magnetic transition length parameter which is determined
by coercive H,., remanence M., and thickness i, of the magnetic recording medium. ¥ is the tums of
the head coil, g is the permeability of the magnetic recording medium, v the head medium relative ve-
locity, W the track width, and i the cument. All the parameters concerned in the calculation of the pa-
per are determined in accordance with the thin-film ring heads and magnetic recording medium available
in our laboratory. The dM,(x)/dx which resulted from the assumed function is an even function, and
the H {x) calculated using FEM is discrete, so the integral can be regarded as the discrete conclusion of
H. (%) and M, {x)/2x, therefore, the fast Fourier transform method can be used.

3  Calculated Results

We calculated the longitudinal field components ( H, ) in the distance to the pole tip y =0.0375 ~
0.45um when the permeability of the medium material in the thin-film head gap is 1.0,0.6,0.2, and
.01, respectively. Fig. 2 shows the distributions of H, in the x direction with the permeability of the
gap materials as a parameter as y =0.0375um. The amplitude of H, obviously increases and the distribu-
tion plat of H, in the x direction becomes shurp us the g reduces. The relalions of the field gradient
(dH,/dx) to permeability with ¥ as a parameter are shown in Fig.3. The field gradient decreases

244



:
al
(3]

160, 06

ALl
.

&7 U0
=

48, 1

Hx 10/e

=10, 03¥ipm
L] }x:l. I
ap=0.8
+ =02
® ge=1(1. 101}

|
fana
=
=

il

g-ﬂﬂf_l
=40, 00
T

}
. 5

)1
i.A0 2. a0

xipm

Fig.2 Dismbution of longitudinal field component H, in the x direction with

2 o5 & parameter (v = 0.0375um)

shamly with the permeability increasing and the plot of
the field gradient versus the permeability becomes flat
when the y increases. Fig.4 shows the relation of the
peak value of longitudinal field component ( H,,) to
the distance y with the permeabilily ¢ as a parameter.
Obviously, the peak value of the longitudinal field
component using the diamagnel material in the gap is
larger than the peak value without that. The H,, de-
creases while the y increases. The difference between
H,(4=0.2) and H_ (g =1) is apparent near the
pole tip, and it becomes small at a distance far away
from the pole tip. Therefore, using the diamagnet ma-
terials in the gap gives a signilicant improvement only

. .uru_l )

(i, de) /(1071 0e

2.0k
. »=0.0375pm
1. G-
v 0, 1&7bum
)._._-—N-— Lal
0.2 . . . .
1.00,6 0.2 0.1 001
II.I

Fig.3 Relations of dH,/dx to p with y as

4 parameter
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when the permeability in the gap is low and when the position to the pole tip is very close to the recording
head.

Fig.5 shows the relations H,, to throat height b with the permeability ;2 as a parameter when ¥ 1s
0.1875um. For gz =1, H,, ohviously decreases while the h increases, but there is no significant change
in H,, for ©=0.2. Hence, the influence of the throat height on the field amplitude is reduced by using
a diamagnet material in the gap. It indicates that by using a diamagnet material in the gap, the recording
scnsitivity for high-densily recording can be improved, and the yield will inerease if the throat height con-

trol 1s not as crilical as usual..

3.0F
2.5
p=1.0
1.8
= 2.0} i
g O:u I
T ] < :
| T L 7}- _
1.5 , #=02
|
1.0 1.6 L o L
Q.0 0.4 1.2 20
»/pm hipm
Fig.4 Relations of H,, to y with s as a parameter Fig.5 Relation of #,, to throat height i with
J a5 a purameter

Fig. 6 shows the relations of isolated pulse versus various structures when the distance between the
pole tip and recording medium D is 0.225pm. The amplitude of isolated output pulse increases hy using
a diamagnet material as the backlayer of the recording medium. With a multilayer of nendiamagnet mate-
rial and diamagnet material in the gap the amplitude of the isolated pulse increases a little and is less than
the amplitude of an isolated pole using a single-layer diamagnet material in the gap. However, the nega-
tive peak of field distribution can be reduced.

Calculated results show that there is no obvions improvement in the recording characteristics by using

a diamagnet material on the outside of two magnetic poles.

4 Conclusion

(1) When the superconductor film as a perfect diamagnet is inserted between the magnetic poles of
a recording head, the field gradient dH,/dx at the top of poles will increase, and larger amplitudes of
the reproducing poles will be expected as well. However, these effects will reduce very rapidly with dis-
tance from the poles.

(2) The dependence of a reproducing signal on the throat height of the poles becomes less critical
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0.30

D'|_ 3 um

Fig.6 Esolated pulses vs various situations; £ = 0.225pm. (1} = 13(2) 2 = 0.2;
(3)2¢=0.2 and with x = 0.2 backlayer; (4) ¢ = 0.2 multilayer

when the gap is filled with a superconductor film.
{3) There are no obvious improvements on the head performances if the superconductor film is put

outside the two poles.
(4) The reproducing amplitude increases when there is a superconductor film under the recording

medivm.
(5) The bigger the permeability of diamagnets and the more the flying height decreases, the more

the performance increases.
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Characterization of the Film Heads for

Perpendicular Magnetic Recording

i Introduction

Because of the physical limitation the longitudinal magnetic recording can no longer meets the de-
mands of the tremandously increasing of the significant approaches to continuonsly enhance the perfor-
mences of (he magnetic recording hereafier. A lot of research works in the laboratories have demonstrated
that the perpendicular recording presented much potential in the past yearst!™> . It is greatly expected that
the perpendicular recording can be commercialized in the near future. A new thin film kead which can be
practically used in a perpendicular recording rigid disk drive is reported in this paper. This head has the
same slider, suspension and flying height as the conventional longitudinal head and its output signal
waveform is quite similar with that of the longiiudinal one as well. Therefor, such head appears good
compatibility with existed drive systems. We have put such heads togather with perpendicular magnetic
recording disks inte a commercial product Maxtor-4380 drive instead of the longitudinal heads and disks.
This exchanged drive can be operated with a personal computer normally. There is no doubt that the
drives will be much better if it can be newly designed to fit the optimum conditions of perpendicular
recording heads and disks.

2 Structure and Fabrication

Two schemes of thin film recording head with single pole type are designed as shown in tig. 1{a)

Ferrite p V Ferrite
Coil Coil —§
Main Main
pole pole
— - Glass AlLO; ]
P e d =it~ L

(a} b

Fig.1 'The structure of the recording heads
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and (b). Both the two heads structures are using the ferrite substrate as an auxiliary pole and the soft
magnetic alloy film as a main pole or probe. The isolation between the probe and auxiliary pole is non-
magnetic medium which in the structure (a) is glass forming by grooving the substrate first and then to fill
it up with glass fiber sintered. It is ALyO; in the structure (b) which is formed by sputtering it above the
two layers of coil. The advantage of the structure (b) is that the geomeiry and the magnetic properties of
the pole tip are easily to be controlled, because hete the main pole is on the flate suface of the ALO,
layer, We designed two different copper coils with 16 and 23 tums repectively. The insulaling layers of
the coils are formed by high temperature solidfication of the AZ photoresistor. Thethickness of the magnet-
ic pole is 2 to 3 pm, the width of the pole tip is 16 pm, its thickness is 0.4 pm and height is about 2
pm.

3 Resulis of the Experiments

The resistance, inductance and resonance frequency of the heads are measured by the HP4194A Im-
pedence Gain Phase Analyzer. The typical value of those '

are 16.5 , 280nH, and > 50MHz repectively. The nor- o |

mal flying height is 0,15 pm, which is measure by using o *87

the MeGill 50Z fly height tester. The flying status are E 0.6 .

0.10 pm for pitch and 0.02 pm for roll. The read-write é ] ™, Y

dynamic characteristics are measured by using the Adel- i o \'\\

phi RD-009E tester and the disk in CoCr/NiFe double- £ 0.2

layers structure with a coercivity of 67.2kA/m. The re- 2 0 |
1 3 ) 7 g

sults are low frequency output LFTAA 0.912mV, high
frequency output HFTAA 0.768mV, Half-height pulse
width PW_g =93,75ns, overwrite O/W - 37dB, reso-
lution RES 91.3 and signal to noise ratio SNR 30.6dB,
which LF =1.25MHz, HF =3.33MHz and the write current 27.5 mA. The frequency characteristics of
the signal output at the inner track is shown in Fig.2. From which 9.4 MHz can be obtained for the Dy,
it is equal to 41.6 KFCI.

HF Frequency/MHz
Fig.2 The frequency charateristics of
the cutput signal
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The Thin Film Magnetic Recording

1 Introduction

Now the magnetic recording is the main technology in the information storage area facing the strong
competition of the other technologies in this area such as the semiconductor storage and optical storage, it
still keeps its dominant position whatever as the peripherals of the computers or as the consumer products
used in video and audic syslems owing to their excellent recording characteristics, flexibilily, cheap price
and great polentiality of performance.

The two elementary parts in every sorts of magnetic recording installations, are magnetic recording
heads and magnetic recording media. The magnetic recording media could be classified to the magnetic
tupes, floppy disks and hard disks according 1o their different uses. Correspondingly, there are several
types of magnetic heads to match the different formats of media of their signal writing on the media and
their signal reading from the media. The longitudinal recording and the perendicular recording are the: two
pain recording machanisms based on the magnetized directions of the magnetic media while they are
recording. Since the demagnetizing is with less influence in the perpendicular recording than it in longitu-
dinal recording while recording in short waves, the recording density could be highly increased. So the
perpendicular recording is the important option in the development of the magnetic recording technologies .
Generally, the perpendicular recording is usually adopted ir the magneto-optical recording.

It is a very effective way lo use the thin film technology in making the magnetic heads and the mag-
netic media, which brings in the better recording function and higher recording density. Now the thin film
format is successfully introduced in the making hoth of the magnetic heads and the magnetic media no
matter they are longitudinal recording, perpendicular recording or magneto-optical recording.

This article is the summary based on the research in Shanghai Jiaotong University of the thin film
technology used in magnetic vecording heads and magnetic recording media.

2 Thin Films for Recording Medium

2.1 The property regirements for the magnetic recording media

Different from particle media, thin film recording media have higher coercivity H, and higher recond-
ing density and output due to the fact that they are totally magnetic materials. As early as 1960"s, thin
film media used for magnetic recording were investigated, but they did not be used as the hard disk com-
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mercially until the early 1980°s, and they were earlist, majorly used media.

According to magnetic recording theory, the half-width W of the signal pulse in digital recording is

1

2 213

- e £37]°?
Wo=2[(d+2) +(£)] (1)
where d is the height between head and medium, g is the gap of ring head, e is magnetization distribu-
tion constant of the media, which is decided by medium thickness ¢, residual magnetization B, and co-

ercivily H,., ¢ usually can be expressed as follows:
B,
a=006t, . (2)

From the above formulas, it can be shown that in order to increase the recording density, Wsy must
he reduced, which means that the gap g of head and the height d between head and medium (il is called
fiying height in hard disc recording) must be reduced. From the point view of media, we should increase
the ceercivity H, and reduce the film thickness 1, the reductin of residual magnetization B, could in-
crease recording density, bul this results in the reduction: the amplitud of signal output. In order to ensure
the required S/ N ratie, B, should be a medium value,

2.2 Co-NiCr lengitudinal recording media

The longitudinal recording medium of Co-30%Ni-7.5% Cr alloy film has been studied-!). The ex-
periments show that when the films spuitered on the substrates coated with Ni-P, CoNiCr crystal with
hexagonal-close-packed laitice structure is produced, it grows along the close-packed plane (0001), the
easy axis [O00L ] of tecording layer is nearly perpendicular to disk surface, that means, the hard axis is
nearly parallel to the disk surface. In this case, the coercivity of medium is relatively low, the B-H hys-
teresis loop of the medium is shown on Fig. 1{a). When Cr is used as an underlayer, CoNiCr/Cr double
layer film is formed. The crystal of Cr layer is bbe structure, it grows along the close-packed plane
(110). Because of the atomic area densities of the plane (1011) of CoNiCr and the plane (110) of Cr
are very close. According to the energy minimum principle, the most probable arrange is that the plane
(1011} of CoNiCr grows epitaxially on the plane (110) of Cr. CoNiCr film is also in the disk surface.
This greatly increases the longitudinal coercivity, as shown in Fig.1 (b). As a rersult, the texture struc-

ture: of the erystal is improved and the coercivity of double layer film increases with the increasing of Cr
M M

T TH 4
H.=1540e = 10970
§=0.86 §=0.86

(a) (h)

layer depth, as shown in Fig.2.
The corrosion of the film is a very important fac-
tor that affects its applications. The accelerating

degradation expriment under the conditions of relative
humidity R. H. 88% and temperature 88°C shows
that'2", within 50 hours, the saturation magnetization
of CoNiCr/Cr double layer thin film is almost without
change, however under the same conditions, the Fig.1 In-plane M-H hysteresis Joops of

propetties of CoNi/Cr double layer degenerate rapidly {a) CoNiCr single layer and
{b) CoNiCr/Cr double layer this films

as shown in Fig.3. The mamm reason of degeneration
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of magnetic properties is chemical corrosion. When corrosion occurs, the Co atoms in the film continu-
ously diffuse to the surface and get oxidized, this procedure changes the chemical compasition of the film,
thus results in the reduction of magnetic properties. But when Cr layeris added, il can effectively impede
the inter-diffusion of Go and O atoms and the oxidization of Co. In such way, the degeneration of the

magnetic poperties can be delayed.

1300 104G
L G0
13061 &0 — 1
10,70 .
1100} H ¢
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Fig.2 Fffect of the thickness of Cr underlayer on Fig.3 The comosion behavior of CoNiCr/Cr and
the magnetic properties of CoNiCr/Cr double layer films CoNi/Cr films. Conditions:88°C and R. H. 88%

2.3 CoCr perpendicular magnetic reconding media

As the perpendicular recording media, the thin films are expected to have an anisotropy field that is

perpendicular to the film as high aspossible. The thin films of CogCry have been investigated in our lab-
[3]

oratory . The anisotropy field of these films mainly come from 4, I

their hexagonal structure. The ¢ axes of the grains in CoCr film
orient along the vertical direction of the surface, this makes it 0f
possible to be used for perpendicular recording. By choosing
the optimum sputtering conditions, the CoCr films with perpen- o

dicular anisotropy can be deposited. X-ray diffraction is used to

characterize the texture of the film and the spread in the c-axis

(A8 ). The experiments show that Afsy from the rocking OL i S —— -

curve can be as small as 2.1°, as shown in Fig, 4, The

auisatropy field H, of the films with thickness about 0.3~ 0,4  D&-# Textre characteristics of the

o are 400 ~ 480A/m. It indicates that the CoCr films have ~ C°C fims X-ray diffacdan spread in
very good perpendicular orientation growth characteristics. To the c-axa (80)

form a magpetic flux close circuit, a soft magnetic thin film with high pemeability is required 10 be an
underlayer of the recording medium. In our case, the sputtered NiFe film is used to form CoCr/NiFe dou-
ble layer medium for perpendicular tecording.

252



3 Magnetic Recording Heads

3.1 Property requirement for the magnetic thin films

Thin film magnetic recording heads are construeted by multilayer of thin fierns. Besides magnetic
films used for head poles, there are conductor films used for coils and other films used for insulation, gap
and overcoat. The properties of these films, are sensitively and directly related to the producing methods,
Among these, the properties of magnetic films are most important.

The basic¢ requirements for the magnetic films are as follows:

(1) Permeability z:. It is one of the critical parameters that affect write and read characteristics. It
is very sensitive to purity, thermal history, cold mechanical processing and wear environment.

(2} Saturation magnetic induction B,. It determines the maximum magnetic flux density which can
be generated in the head poles. This is very important for the writing function .

(3) Coeercivity H,. It is the magnetic field necessary to reverse the magnetization and decrease the
magnetic induction to zero. It illustrates the ease of changing the magnetization and determines the mini-
mum outpit of the reading signal .

(4) The magnetostriction coefficient A, relates the magnitude and sign of strain, along a given crys-
talline direclion or magnetic anistropy axis, to a change in magnetic propestics. The value of A, may be posi-
tive or negative. As magnetic film to be used as poles, A, is required as small as possible, zero magnetostric-
tion materials are generally preferred. The reduction of A, in materials results in the reduction of noise.

(5) For the magnetoresistance read heads, magnetoresistance coefficient Ap/p is an imporiant pa-
rameter, it represents the fractional change of resistance associated with changing magnetization from par-
allel to perpendicular to current flow,

According to the ahove requirements, the materials for thin film head poles by using of permalloy
film have been for long time, which composition is 80 wi% Ni and 20 wt% Fe. NiFe film can be pro-
duced by sputtering or electroplatting, the latter method has higher depositing rate and is commonly used
in thin film head manufacturing. Whichever method is adopted, the properties of NiFe film are sensitive

to many factors, even its shape and size.
3.2 Electro-plated NiFe films

By means of the method using an improved inductance sensor, the initial permeabilities and the do-
main struetures of the NiFe films ( thickness from 0.2 ~ 1.2pm) prepared by electroplating on a glass
substrate in a magnetic field of 16 kA/m were investigated-*! . By using the phetolithography and ion beam
or chemical etching process, the NiFe film was cut into stripes with different width. Experments reveal
that, first, NiFe films show a loss of its permeability at all frequencies {between 0.1 ~ 15MHz) after
having been elched into stripes, as shown in Fig.5. Second, the eiched siripes with different width pre-
sent different permeability characterisirics, namely, the pemmeability along the stripe increases with the
width decreasing when the easy axis is parallel to the stripe, and the result is reversed if the hard axis is
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parallel to the stripe. In order to analyse the permeability

characters, the domain pattems were observed by Bitter
method. These patterns show that there are many closure do-
mains at the edge of the stripe and that the density of the clo-

sure domain varics with the width of the stripe. In hard axis

fraa{ 100G

pattern the density increases when the width decreases, how-

ever, the easy axis parltern shows the epposite resulls,

3.3 Sputtered Fe-Si-Al films

Fi/MVHz

In order to fulfill the requirements of high density Fig.5 Frequency characteristics of
permeabilily along hard axis for the plated

recording heads, various new materials with better properties NiFe flim stripes with different width

have been studied. The alloy FeSiAl ( named Sendust) and

Co-hase amorphous materials such as CoZr film are among the most interested materials. In comparison
with NiFe, FeSiAl alloy has higher magnetization and permeability. higher resistance coefficient and
therefore better high-frequency characteristics. 1t also has high hardness and wearability. But the magnet-
ic properties of this multielement alloy are very sensitive to the change of its chemical composition, this
makes it difficult 1o be produced reliably. We studied the preparation and characteristics of sputtering Fe-
SiAl thin film-> . In order to deposite the films with different comgositions, the slices of Si and Al are put
evenly on the surface of Fe target. The experiments reveal that when the compositions are 9.3wt% Si,
5.6wt% Al, the remain Fe and 5.6wi%S1,2.7wi% Al, the remain Fe, both films have good soft magnet-
ic properties. The relation of H, between films and their composition is shown in Fig. 6. The experiments
also reveal that in order to prepare the films with good properties, high input sputtering power, appropn-

ate Ar pressure and appropriate annealing temperature and time are required.

0
100 95 a0 RS &
Fe( %} Fe (%)
(a) (b)

Fig.6 Coercivity H, vs composition of Fe-Si- Al sputtered films
{a} before annealing and {b) after annealing

3.4 Spattered Co-Zr-Nb films

Because of its non-crystal structure, amorphous magnetic films present no anisotropy and have high
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permeability 2 and low coercivity /.. The composition of the films which the magnetostriction coefficient
A, is zero can be easily choosen. They also have the advantages of high hardness and high corrosion resis-
tance. We have investigated the effects of various processing conditions to the properties of CoZrNb thin
films'®!. In the experiments, an alloy target of Cogg 7264 gNby 3 is used. The experiments show that ap-
parent diffraction peak appears on the X-ray diffraction pattem of the films when the sputtering input pow-
er is small (800W). With the increasing of the sputtering power, the diffraction peak drops, umtil it
completely vanishes when the power is high enough (1600W). The measurements of magnetic properties
of films show that when the film structure changes from crystal to amorphous, the coercivity H, decreases
sharply, while the saturation magnetic induction 47 increases a little as shown in Fig.7.

3.5 Magnetoresistive films

The new magnetic head technologies are heing driven by the need for higher recording densities. As
the size of the recorded signal bits shrinks, these small signals are easier for magnetoresistive than con-
ventional induetive heads to read. The veltage output from an inductive head drops linearly as the bit area
gets smaller. But for a magnetoresistive head its output drops much Jess as the bit area shrinks. The mag-
netoresistive head makes use of the slight changes in resistance that occur as the magnetized data bits
passing beneath it change the angle of magnetization in its magnetoresistive element, In iis simplest form
the head consists of a narrow stripe mounted in a place perpendicular to the recording media and connect-
ed to leads at each end carrying a sense current /; shown in Fig.8. As a result of the magnetoresistive ef-
fect, the resistivity of each portion of this stripe will depend on the angle & between the direction of mag-
netization and the current density vector:

p=pg+ Ap00529 (3)
For most materials of interest the increment of resistivity Ao, is in the order of 2 ~ 6 percent of the base

resistivity gp. We studied the effect of sputtering conditions of films to its magnetoresistance characteris-

csl”). The target is alloy of Nig Fejg. The experiments show that by choosing appropriate sputtering con-

20 e 20
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= -
o T
& )
£
10 10
D 1 1 0
600 1000 1400 1800
Po/wW

Fig.7  Effect of spubtering power on H., and Fig.8 Magnetoresistive head element geometry
M, of Co-Zr-Nb amorphons films '
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ditions, the films which have maximum magnetoresistance coefficient Ap/ 0 = 5% with thickness 1 pm
are prepated. Under the same sputtering conditions, the resistance increases when the thickness of film
reduces, while Ap almost without change, therefore, the magnetoresistance coefficient decreases with the

decreasing of film thickness.
3,6 Magnetic thin film heads with superconductors

A new concept'®* of the thin film heads for magnetic recording is to use the superconductive film as
a perfect diamagnet to be the gap medium between the two magnetic poles of a thin film ring head for the
longitudinal magnetic recording. By using the finite element method, the magnetic field and its distribu-
tion for the new designed ring head with a single layer superconductive film or multilayer structure as the
medium between the poles was calculated. The results show that the diamagnetic film in the gap not only
incteases the amplitude of the magnetic field in front of the magnetic poles, but also makes the distribu-
tion of the magnetic field much sharper and the amplitude of the field is less influenced by the throat
height of the pole tip as well. The bigger the permeability of diamagnets and the more the flying height
decreases, the more the performace increases.

The experiment results'®- of the large scale model of a thin film head with superconductors mentioned
above show that the values of both the longitudinal and perpendicular compeonents of the useful recording
flux density of the thin fiim head with Y-Ba-Cu oxide superconductive gap between its magnetic poles are
obviausly larger than that of the conventional head with a nen-magnetic gap. It matched very well with the
calculation and indicated that the effect of the superconductor diamagnet is of enchancing the head sensi-
tivity. Once the superconductor materials can be operated at the rom temperature, this type of thin film
head with the perfect diamagnet will present a great potential of application,

3.7 Perpendicular magnetic recording thin film heads

Two schemes of thin film perpendicular magpetic recording head with single pole type were designed
as show in Fig.9(a) and (b)U®!, Both the two head structures are using the ferrite substrate as an auxil-

/ —~Ferrite -Ferrite
/]
4,/
Coil Cail-]
Z
7
Main Malin
pole pole —
7
“
i Z
Glass ALO ¥
2 L ] L
{8} (k)

Fig.9 The structures of two type of pempendicular magnetic recording
single-pole thin film head
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iary pole and the soft magnetic alloy films as a main pole or probe. The thickness of the magnetic pole 1s
2 ~ 3 pm, the width of the pole tip s 16um, thickness is 0. 4pm and the throat height is about 2pem ., The
read-write dynamic characteristics were measured with the medium in CoCr/NiFe double-layer structure
with a coercivity of 67.2kA/m as mentioned before. The experiment results show that the linear recording

density can reach 41.6 KFCI,

4 Conclusion

Despite the success of magnetic recording system designs to continuously inerease recording densities
in the past, the need for higher magnetization media has steadily increased in order to provide adequate
signals in inductive recording applications. The magnetic alloy thin films have the desired high magnetic
motnent and correspondingly high coercivities. On the other hand, thin film heads with finite pole-tips
have been designed for high-bandwidth and high-resolution read-write elements for rigid disk files; and
multitrack thin film heads with separate read and write element for data tape recording, where they have a

major application today and in the future.
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B, 6040 . 58 L (field-assisted diffusion ) 8L 85 ¥ (sliding) %53 8, XS, BIRMPHE
TERBEREZENBAREI, CRRZEFHLLTRE B PREEL R IFOBRRRE,
ERESBFIFEMRRRARERET BT L, 8B M BEEE ABOY B M HM
1710~ 1/3, AT LINR S5 O BRI A B+ 2R (EF S B R AR T 20 Pr(111) 1 8 Xe),
BIBGRIAFERBE R ZAM 0.1~ 1.0eV,

7E SIM IEEH R B B S SRS RE A BRRIGEL, YREERBEY 0.50m FH
BER1~10VE, BHBENEER 2~20V/im, WEHREHSIN, £ P RBHE, #i
WEMBGSHEME 3(a) B, HF4 RMER Y 10m, BHFEERNEBETHEE N
0.5nm, (EHE N 3V, XHBMK BIFHE LIFEEF =4 HEBMBERN, EFRHERmATL
EBRARM R G T H#AT, EEA YA B 50 E TR ERERGE SR ERLETN S,
GBRERFRTHGHE AT 8. XA R —FERMARAR, W B W A8 E T 0 ER
HERARALIE . STM #9355 € M9 8 B Whitman %5 % %% GaAs 1 InSh(110) & & Cs EFW
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LA M B AN AU — 2~ —3V)AT, G B RT 18 Co 6T 0 STM B@RE R
LM, % Cs BAEET S B — SR RHE , I S RE MRE R N E S, A B Y Cs B
FH AR T MBI, G B TR R 5 | Ea s rnd @4 %,

STM IRt 3 R E LA FRA FETHE ANEN. Bd— 08 2d FETE M
SR, IR B R S A B AN R R A 22 TR 5 R A R A A L B

BREHE R T & B AR i B, BEAT B R ST R R B R N R 2 3, 1%
Fr B MR, X PR M 92 BR T FHIEL 3(b) iR T B MRS 3 RO MR BB T #E ST AR 1R 10
B o, TG BB RIRE T o 3, ATt S 0 (2 R S R e T R B o, ik 4 51 A0 Bt
TR R ., R A B R E AT R R TR S o A R
BERREFLELRBTREMENEE  BERARENIZERTE, B4, SIMIKE
BFERMREHEE . HBEIBLARMETHRISRAFHORESE, Y8BT S
Rt A S R R R R, R AR, 76 A R, SR A R PR A 40 4 F
ErEIEUERRELEREES., T SIMBHEEET e BEREEENRME,
TRt BB 25 L L3R, It A S A R B A 20— 96 2 , T BLAT LUK B3 1.

=

L]

o
1

Thn N, Tlp s
3 i N
b / N "
N /', AN ‘ /
)62 \\Lc______.‘-”_ _____ Sod

_..__.._-_.___

\\\\\\\R&\\\\\“

B3 (a) SIMBEHHERFHSEAE (b) BEREATETEHE

THITERGIR, N SIMERFHRANTAET 2 FREFAAERETEBIE
oWk, X5 LN ETRALBBINET AR ELAARERERERA, &
AR, TEMHEFEFARERFGEBHIEN. XAIREENEERETARTAE
HEAFIT LM EBRHNALEE., XBLEEICL TR SRE D RE &, 45400 E e
KEREES TRBEENEFE, S54SR FREBREN, XBEEE/EETE., AHH
THIBEVRBEGRINERWIELEE. RELEMPEMRE, EESEY LA FH
WACH, mEm S B HS HEEAUTIBSE,

MBS E B EREEREN RN FRASE ., HIFEHRETHELEARES hRt
FIREG MRS S, AT B HE LW, X BEHEFTEREM GES HETRS,
TG R4 0 R B RO I TR [ T 78 R B S B B 4R T I TR R U - 5 R T A g
PRI . FATET LU SRR WAt R R TR MR m 2 HA — T %F R EMER
AREARSGE, SREH BRI Xe HFEEMEBEIBEDRKELETRBM (11D R
Ni(110) EEF & [R5 W Xe B FRU, 4NN AE 0.0V EEANMN B EREA
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{1 {00,

TN YR A FRE L AT R RS B R, BT SR T A TR B B T SR AR E R R
2 G B, BREY - -AREE, X, R L thihasir & R FHT, Xd B A&t
% (transfer-near-contacl) . Wit BHER Y pexp( - Q/FAT)HMIELL, Heb:o BEHMBHE ;0 2
FHEHRBE NS L, RERESER. T REEWNRE. HEL28 P FE ~0.75V M, I
B o108 T=300K, BRI EBEE R 1«7, IHEHSEIEREAANTARES
SIS R S w d R, (R S T o o R T L O e o 25 E R e
BLAE R A,

%% & (field evaporation) 5 4 54 A @A FAMNNABR ER P NERRFES, X f &
AIUBEETHRE I ERE" B LWMEL, NI MEBFHEFEIAFERK. LB
FIMMRRELE SIETHARESHEEALN T AW B Si KM STM 7 W 4 Z 5%
B, XML A S REREN T+ 3V Boh e I, S R A A RE LR R ER
NE,EFABMTEEE., SIMBFREEHAL &N 5% 8 72088 (FIM) 9 B K ¥ 2 RE
152, B0, FIM 4R Ao 1 Si 3 KR 58 B 7E 30 ~ SOV/mm, T STM I {E 4 ~ 10
V/nm. BN STM ISR A B THAELE, XTEFM P ARMES], FERA, XMEFRK 52
AR RS ErRE,

HT RS E PEFE SR WIEH Z B RSB R, Ly S-SR T STM nf &
EWMEFHL, HTREENESSaRTEBLAERRXE, FREBHEKNIRE TEM
BB EHRA R R TS LA 0 R S AR e T B EE R BT LAHE -
HWHIARE D F TS, R THEF R ERN RS E 7T,

4 HEFRFEEAR RN T it fF BRI L

W, W BOR FHORIOA IR T4 1B BB T, BLTE B % S 38 (h R 4 4
SR, ANEZI TR AERNNERRS - E—a TORSBC RERER, 2%
BPRR 5 TR P BUTE O B M) R 0/ A A 26 4 B T (S S B  AR , iE
TS SR K MEEE, S8R /AT 100nm LUF A, BUA % SR AE M T
YBEBCREEA, BEARFONENY . SAYNSFHRI N BTR, ERFETH
TR AR REER,

ERETEOTEEENETALERE (umding), DA THFFLL, SR TN S A
BF R R EAR, mE 4 R, B—MEE T R (quantum size effect) 829 R
R { confinement effect) .

ERTFHEH BT (RO NEHTE THER T ZHAR, HEERERTFI T
W BRI MG TR F AR, A TR T R RSB RS RN E T, B
BT AR . X T U BB S BRI PR A ol % A R A A R AR,

B 52—/ XU 4 53 G MO0 et PR RMR S22 35 T 5552 0 440 R A ()
RHITF, BTEBEDEREYEER, BIENER E, B TOHRER, E, BRTHITHE
S WEEN E, B BEE By, By, MBS 143 f R RE T B 8
M2 0B B T S RIS R R R IBER AN B 5 S B TR b A . WP
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Narrow yap Wide gap Marrow gap Wide gap Narrow gap Wide gap

cB
0. 0Tpm | r\-/
Electron
O /__\ states
CB
VB
>Hole
\/\ states
VB —_—

Tunneling barrier Quantum well

B4 BFRESH.MIHE
LENREBEK, LHEMMER, EREERN, YAMREN, TR EEMN EERY
B, TES A, SNERERTIENESEWRETEM, MRS PBMC, HRBHEXH
HARE SR THEESRATEESFT BEERENATILFRRNILERT LA £
BEMR  REHEFIRHLY HHEEAREPE BRANETER. UHRERSERE
FABAR, h FHR2UR L ETFHE RSN, B MR F LR B, BHRUE
el A E RS B RER S EHPEAEER. WREHPFE T ERELE NRZR
HoHEZMEEEA, RSN PETM M B, XM RS2 LM AR EER
BT, Bl R s RS AR o TR M R T LIBE S
B R,

15

10p-

Current/(A » cm™ %3
Energy/feV

1 ] !
0 0.2 0.4 0.6

Voltage/V fnm
M5 AMMFRBE _REERF LEAMRESFERALN LR
EMARRENR FEH RN AREERELRETH AW T REEH LR, & 1
ERTHPYBTFHHZETEREAR TEFELRHR, SERRNEL TEGCHERE
RAR SN E TARENER, AERFARKEREASH R BB FANSERARE
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F SRR R RN VO RTE, THT LR BT e T A SRR N R o
e, a0 6 Frm -

Mo confinement 1-1Y confinement

Quantum well

—=| }=— 200 angs:roms

Density of states o
Density of states —

Fnergy —e Energy —m

Be6 3-DM2DHFIEMERE

IS EFH AR Em—RE, LiRE v T, XHEEFE y FREFLHE, i
B R AR TR, RAMEARARTR, XNBFHETEESFFNAE
FRACERA M S o, TTREEE B Y 7 IR BB M, DA US4, Ml — e n — N FR
FLANBTE » 0, BAME FERBAIRFA. GRESEENRCFEAR/ N BF=0 hEEHNH
ROEHRREE MAIERFLEE TS, INSEERN ¢ AN FARESHFANBRALK,
HARERLETM AT . BTRNB TSRS ARSEEABOE 7 rr. SHNERERER
FEET A R F 4 BT A M B L AT (TR IR AL M RO R S8R R E.

2-D conlinement 3-D confinement

Quantum wire Guantum dot

s Tl i il

'200 Angstroms 200 angstroms | P

Density of atates —a
Density of states —w

Knergy —= Energy —e

A7 BTER . EFSEEMDR2LDETENEEE
B, MERE R R AR BEE - RATEREE IR, H B8 W H UL RF
PR AR AROL, RE . ZTEMERBIIRRL HARBIHLBRERTER
ZURMEER b B ERNIETUREREBNEE. A—FAEERETL.ET A1
REARE SR 10nm K E/D, X ERE W AN B BENEOCSE LTSRN TES.
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FHFARHXEHEARRNE, H—MELEH UEFHSGCETL A HRBE
xR, B4R T R B e A I R R A3, L ERB IR R B AU R L P BB . T L
MR, BT EEIHRHAT AR BE AR,

AR WATEHANRDRTHAETFILARTREK O, &R THEE VL8
HTENHORER. MIELAKEIGE “EHKR, AMMNESSHRESE L EHET
AWE—RLA L eI, A T2 R 28 BEEAH TR B2 %2
MR- e E SR K USSR O ik, G A Ak 2 Dk A BUR AN 45 W A F—1
STHAENEGER AHEARISE DR ENH L%,

BRI Rl TR R A% T, HRTREB BIR R FASM AR R0 L AT I IR E 8/ 2
RS MRSIS, FE EMART BB A AR T E Y AR ke, T R B
LEREEEENHTEINC R SARBRAANE L. REXIH TR AR EES E R
T HRERRRBESEATERHE K. AdEW IBM fREE Amstong HTHE U 8 ;
CREENHEMAR AR ST~ HLEER AL, TR SEHT 70 HRURHBOKR
EWNE-F AT R EGEREREE X,

5 REYFE—AAIGAREGEMTIF R

ARESHZC A ERNTRENENERNE BN EEZ#., EFyT4Y
FEANEEREM AN LAEREY KA FREN IRRASHEHLHELE. BA
RMMGEREEY KD FHRERN, VI AERMR R XM KL FHENBE, B i iy
BEGTEPFERRNES. BEABABRS THEWRT - MR 10nm LT, B A2
PRMEAREEURE S THERMES. AN RENES2FEATR REER
T BB X-STRAE EAE R E R, AT BB (SPM) , 3% STM. AFM(F
T AR RMEILLR NSOMGE S H 0% B M8 SRl h 2 FAARNFREUTERA
B F B BN B AN K SERERGT R, AN S ERRUUR, 3RS, W R
HHEMNYE R =EXTEL . 1989 FEFR 3B —3k DNA XURSES T HRE &, 2 STM
@R, TR AKER GAYFRES LI E YRR GRS A B BRI,

R HAUREDAR, i LIS MR S A W 2 7 A A 1 T RO # 1 5l R FT LUK 18 40 M P o
FREE ENEEGGFENEREN, FadBreRER A WEANALMEMNEY
RN A AR AR T AT 8. B R SPM AT 18 B 40 R 40 RS ROE R A 15
BLLRESRARRMATHEL. A5, MR LR HER /N9 BE, MR EHRA T
PAFETHEROIEREATR, XEEMERRFE AR S NAERFL, BRI iaE R
Rma i mATAW, DY e OB R BAL S W AT (R KGR . MEBFHER & 4T
BEORIE BIRUEREETEXEME S,

FIEPEmERT AR,

AMKIZEIM R FHEN SARENG T, RAELHERNNE, XHERETAEY
HRE L HF MM ER BRG] A BERE KR T AURRMEE, 2HFAK
P MR ER ERRENSANEY 2N, #RAH— K, Sl SRR — B 53 7
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B, MR A CFEBRAELME, SX BELKNEAMAMIZ T HRENEME
SRZEETE T —XE., FAEEYFRTH - BB B2 ia T R
o MR IEER S

B AW TANRE N ST R 2 BB Y T ERAE RS KB F R
THEEEREERE., IFEADERBERHBRAIAE, XA TEMEAR, 4 BEE K
S, MR T LIRS E QAR TR E R, Al b 2 A A T B E
ERERTHETHESR. AR TETLDARGELRAMES N E U RRENRAEF,
YA - EA Y THR RAE AL ER AN AN FRERAM, %
F B 2% 1F AL 2% o

KE Bath REMHAFAEEMNCHAEAREREELBET, MIIEFEITEL
SR (ferritin) YRR 52, X R AR RNEMEFESTFEZANEL R, EH X 8om KWE T4
HOMRB RS RBERG 1. SRIMNEAN S hRBIES SRS FH, X BT ERL
BEWARZE, SR FRLEYREBXAEEN. IR TEIHRAXAEARNEH
FIRF PR, — HA BT 2 30, A0 70 e R X R0 B A B AR O B L 7785 X IAE A R BUR R T I A4
W MATRRER T SN, XHEQTEEER ML e Y, aE R AR LE. T~
PRUEEUEEARARHNERGS BEERERMESALGY. MIeBIETHS
TERHRT A& RMEC RAA XA, AR E, 5 88 & 5 RO TS A TR A
RERTLS R, TSR T RAFAENE RNE BN EEEN THERER
FREIPHE AR BT E R B AR TN %, EAEE XY AU AT LURSZ PR
HEARAGSE, AU ERAERBHRGITER.

Hitr SR 2 Ay TAREESOHA. BNSEFARAEY S TR
(9 S MR ) 1 W I AR R A RA . U YT IS o b Y B SR R S 4R
B e A B b 7 LB BE AT R AL Al iDCRRRT A SE R BB A RN R &
MAFRIARENEERRGES . EH Wayne M 37 K22 B R BE 4 & BB 7T 4 A — #6
Fk A 48 B AR 5 40 B (bacteriorhododopsin) KDL B M B R B, XA A0 FRECET AR S
T TR ERA MR ETES. LR BRI THRTBEFSI R KT ENE
SEAFILEFRER K, T EXARE 4 REE DA BRI, I, MREE—F
WRT o PR ESHEERRREGEMm®E D, HER—EKT 2 THREEANSA
BT A K, IR RS Rl L AN S e M R, R Bl O KB
U e PR N R B TRl 6

SRR EARREAHREREQ RN R SRR EY S THX, FHEBELERE
FORBATLE R fE A . Bl EFEAR N — AP RIEREFIES —FAEES
B, EXOLHmE R R R R T B A AR, XSRS LR BT e E
RN, R AEmIREMSEE, INERRECERAT LTS FEBGEMANER
FREEGSREER., EAXMLE A FE BT RS _FESA B MU X WA
L&, XHEAREBTEOCE TRBPRILENRREE LA, IUBENFEEE, A
WAV 2 AL FIERH A E SRR BOR BAME/NRT, A AS T UUBE D R K E
AR ER? MRAFEEBR -RATURE —FFEEER S FRuAERER N A CHEEERE
ko MO FEWRETIFEEIESFATE T B0 B 45 (self-assemble) . fB7EMH B BRK 14
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Py A LA, AT IEEC) TR S SR 4T 3 4 b 0 Mol SR T, sl od 18 A2 R O T,
PR EREMTHANSEERR. BIEE—UREEY Y T8 Tz AREERT,
A LI TS E

& Syracuse KUFHH AR T R EY o FROTEI DO B R S8 0w 3.
pob Sigugt kil iz diokk RV N ok I B R G2 T LR SN e ik A= b
HRR T & AR S DA, B B G R, PR Rl R 2ok it VLA BE RS . 4
AL REHERE DR, SHREARHANBOERRAEN AT AER LEES Y
Ao BEHMENAS REAH T - N ERREETRETH. FAFVLRRAHERS
e BRAYEF AT E A, I 2RSS KO R 1108574,

PR B L ERBEEAKRA BRTW ST B glb 4k £ on R R A 09 TH HE.
{FLfE Wayne M 32 ACE BT it BB R B MER AR KNER S TIHHNEE R EREH
TARIER. SRy FREANNEOEHES, (AAEA R ERSE FIRH R ML
BB AR, R BN BIM AR NN B THER, A2 "HEsTiHEN"
ME -, BN TBREWE AR R DA (compuier-in-a-jar) , 8 T § 18 5] &
B——ix BB KR A . SRR R —FoR P A BOE B B o B E
REPHEOREAE. Flm - CRERRE, KITHL EENEERR—HEEMEDRE,
M S BLA AR RIS B AR 5 — 4, X Sl RSB — 410 B 2508 0 M i
Bl BT HRIIXMEREH — R FROER, [EEEY AW EENEAET,
5~ LA ) T 8 FESRAE O SRR 54 o TR UL 75 P 2 Lo R RA A TR T - — S —
R EN R KRR, SAMIIALREDC AR T —&FE, HETX R ER R
AR & MIT R UL AL

AsrFONELE AR RS -F I AL B H AR R — AL E R [T B AR R B
PN ZHAONEATERNEE, ZEALHRRNE—BRET =T FF 10
() M EE B (microtubule ) BYBH Y, X R—FRAI K B R M E LR A 7, B FTE K4k
AR, A& FANBRET, R0 BRI LMK A%, ATTEREE
K. &EREM. 3 BBz St £ 48 40 89 B B, 8 B — PR 55 %38 40 M A 1
BN, AL RE MERE AR EE, € RN RAT R R MR T
LRy ik R AR EN, RA TR E G A0 S R A R AR
ARG RAEEN NN R, AERENRRECEETENL LG ME
P4 7 B AR, SRR A R AT, R A — B STk 6 STM, H o —#H R R R 3
W& fih, 53 -HRBENET WAL E. —BERE T ARRESER, B2 KET8 f N
AR O USRI ER R A R A S R TR A R B MR TR

RGN AR R AR, B Ub AP EYEHEMAT —F 25mm WS THE,E
E A 2 (B IR BE 2R 1T B HEEAF 0 8 ), B S B L AE 18000r/min, 3X B ik Al HESHF- 2 K W
30pm B, AT I LR FAME R, (D SEIEEE S35 b R B E K 400 B
B R B, AT S M — R T AR R S s — R R L BRI A R
FiEH. EAERE—CREEE T R T MR RGN FH,

HTHDTFDREBRKAIEN A T IT R RS LR F 1T A B, (R A
KEXENEYR RO MEAE LR, T ARG DNA TR LA E. F DNA Zi o
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FHTAN DI FRMNEEH, BT FHfe@FiiEsT DN M Ed
B RPTRAL T W LME G R E SRR, TS0 TR SELs FEIA
2 DNA F3F , KRB A d TR BE A 43 T4 5 DNA Wi LRl i,

BAER S ZP R GBS AEY TR, BMEERE S A AP EE TN E B — AN
MER G HARAATER, X ME Yo L AR B MR R ARRE KR
B,

6 4T Hl—HHALE 21 thagigd 3 B R0

MCETEBEEF LUE M, JOR RE MR RIS M S AP AR WM AS
B 11~ (top down) O /MBI KB H T i b (bottom up). B E LW F.HEADH WM T
TORRYEERE EABOE &S FEARENNT  AGCRRR B PHOKBEREA AR E.
BT ERTENZE 2N, REAESMERNFEFRSTFHE B— -0 FTEAREN
FEH ., BEZEERE AR MESUOHNE T ERBRFEMTI NS, AX—FHE{
B Feynman R FRX —-FWEHREEZ —, Kb surT FIHEE #32 Hippel, 275 1959 &
TR FRESSFIR)—F,192 A )R ERET MRS FRIT ST 5
- -2 lEE,

80 EUFHILIRERZER WIS ANFH 7 MIT KB TR ARSI L2 m
Deeler ffH T E KW S, MM fbAX FHANEEMUAEIIETHR AP LAES.
Drexler FA— M HAWBERBERF BN~ TELZ MM EEtH RE R, B d®
LR B TEARRERNIETU - -T2 THEHITETEABZTARMBNATR
TR AR B, T A SO AE b 2 A RSN B B 4. 1991 SEM17E 36 % N #6478 MIT
V20, FEX LART, b A0 55 — 3B & PE (B 2 AL BPHE 3 0 B9 20 B AR B 18 ( Engins of Creation) H
WET 1986 £, Bhfhig e TEAFMET R Tl BN ES T U XN REE
MZRASRRFERE KR, 7E Drexler MATBIF O 0 PAER GRS FIL, THER
MNEH M B ERA R E N KNS A NN T EREEEEE PR 0B M
SEPHR A, FHBREFDERENMNIDE RN #EE REmED. SEE. XS
TEHIR T{RREE AR AL — B LABNESBE T -5 PEEANRE, X6
AR PR TR BCRIT IR, TR C IR R AR 7, i, BRI R A BN
BEREME B, 8k, A+ FET eI E R K KAeERKF., RMUnE, g EiTE
BARRICURBESFFRM LT, EREFEFAERIDAE, AFSERLURITHE
BME EEEEME SR, BMiEARPER T A REL " NKRE.

FULR &, Drexler t2 8 # 7 AW, K2 EHAMNBER., AVEANEEGBR%L
BLOANMEBRRE REGM 4, R ELKMEIE, BE RO 2EE, 37 AR
W T . BEARNBZEEE(ER)BIHE AN Drexler B A 7E H AL 69 B 47 # 8 2] 590 5
WA, B i T L5 R s B0 T b T B A4 (R ML T B TR

405U Drexter RIPHA 45 F B R — B S AR, T 1992 S HERRICH B 5 4 791, #l
EIFEME F500 ZHaRFEFRAEE PREMATE ST NEREM B, REAEART
WA R KR, R BEE TAMEGRMA —EBRE, EMBES PR, X Eb 15
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FERBIT T FABEARMES, B AEER L REFE S (AAP) TN 1992 F & AL Wit EHLR
ZEE, MM K0 9 B Z B Goddard 1EH 13, Drexler XA B &L T 70 F M
BARGE ., RANINARFAFERME B F R T 00053 F A58 (b 8 5 F 517
RARPHEARNGERE, W YHEEFM TEMB R T 04112 W R % 098 FE SR 4
FHKF. REBTERMBES TEATE VRS H BT Minsky FIES R 838 LIATHR E b
TN BEIR Y BEEMTENEAETEH, RINTMMERERILETLIXHEN? (R
) -BWET .S HFRE EERER.
PR LR TATHEN. XAHRTHETRE
R o
(HRGE)2HERDA=ZFS , E—HIEY
BEE E-HIRTHERNRE, BE=ZHoRL |

Planet bearing

_—Planet gear

HGARH . 455 LTI 00 P S 00 47 s g
R O AR, BT
~Ring gear

TEERARL, B8 RrX—RENIE, F R
TR B Y K PR oA R IR B B S BB AT B
iR, MR MBS ERE ER, —BREA
R 5 I 58 SR AT B B A AR AT DL g [
E, AARARKEMTA TR E 3, B9 RE—KTERMTERRKIEFET, HH 3557

ar
>,
B
: " Planet carrier

He fTEHRMILE

 Planet bearing arrrem—
Inm
POTS BHaaand
s o Yoeoseoy
- + i - :
. ! +444 gy R
tf_j" . -_-u-m-,.;,-;—.;—; 444 Jt Jt JL-JL-JHL 4444
4 +M+u+-n-+ -4 -
* ¢ 4 trr e ‘#‘?L st
Ve B b
*‘. Jq_;:-:-‘_;4c- 1.: ! : A B8 a o
b gl ety 888222222228
st peddiiigg
tt 2ottt ee Sun gear
Planet carrier [ lanet gear
(c) Ring gear 3557 atoms

B9 TRERMETEN
(a) tAA; (b) WHE; (o) #FE
272



PTRAME. BMHOANTEHARE B TRENE/NMUEERMRE DL, X—i#it
25 Xerox BF5 H 0 # Merkle &1F 52 BLA , b F B 315 12 Polygraf - FE B K1,

R AR T B R G R ARG B 848 2F 2 i BT AR A, B SC B RI{R 0. 1ns, B 1]
HENER <Ky FFRRTHERNETEEIRRE/ME n(2)KT. BEFRHETSH
WEBRERNEEFER—STHRRABB AR, WM FER—FAHRMOE R EH 1.2ns, &
— M B8 A LR RISC HLIO R 20 3 B 7T 3% 1GHz, $HFT 385 S % 3K 1000MIPS. .& 10F B T
G B BX B (interlock ) B9 CPU R 48 578 RUB 2 400nm BY 377 B, X B 9, oh 32 42 5 1028 # &
T B FI487, & F IGHz 8 CPU 4, KX R 1nW, B RS HETHIES KT 109, B
O0FE I ERXHEHEZEITEE, HI02EE, EE-SAFMUBE TS 4
RSB TAREES AT, SITOTERBRTE 1L, EPREY B AR ERS
A G5 T %

Input 12
0

Input 2 ==t ¥

& 10 =R ERE

—— Cutput (AND}

A SrigfERE

E RS FHERER, FATHNFAT 2 FHRE., SHTREAIE, WEHTR
BSER, B RERA-PEDXNOOTHERE, ERTLARTEWSR, FELREXRE
f, WAEERANSTHERERHSRD, MAREESE, B 13 R ABRPRY
AFRIHE, RRENENpRLABDF L, AHERTEZROANERE, B 4 F5
WRBMIIE RS R, SMERSETEE, LS ARKEEMT RN,
BHTEAEES, TEEENG. ERANERBHTHATRANZOTEZERT R
B, M# SRS A MR —EAE. ERARKAMBERKEN 100m, HEEH 30um,
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WA BEIL 3 Snm, FEUEREERN, RATE 410 MEFHE, B 15 2EHRESE

. Sorting rotor
- {rimm structure)

——— Malecule in binding =ite

External reservoir 4 7

B 12 o R BRI e A8

Uressurized molecular fluid
Capping surface

s , X
i Reaction site

8
‘Covalently bound moiety

Binding rotor
(om:tting site-modulation mechanisms)

Molecule in binding site

B3 £EFAHNEE8NEaEY

R PR FRERBMED, ol LR GE SRR, T R R KA e R BRI
W, EAEH /DG F AR A 1h MR 1k, R T8 0.2m B9 k. Meifo it iy 558
OF FOR AR E RHER LA M B B RS

1993 “F 11 H Rice KFE S ~TW YR LG, A B EEE KNGO R E@RE
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A delz)
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e H BETIEMRTAES:
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4n WY
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B 4 The outline of taper fiber to be fabricated B 5 Optical power propagating in the
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1.2 TRERSHHR Wavelength/um

B 6 Spectral loss of LPp, mode
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1 2 3 S K, EHEE P L7 P RS ES TR ER., Kk
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ne_f | E, IZJ.U cos deng(x)dx (6)

A e AMTBEEE o APKKEHFNRAFIZLEA) . EIHEA(6), BANEAEARE
MBS BB BT AR, RE 100 AFRILUES.: (DA BN, RRIVRED, K
ZIH; QB SEA&ZME RN RRIIRE R OMEARAN, FE MRIERK
BEE; (O SRR EER/ DT ITAERKH, A2 BREL T (S)WRBEFFRTEE
BEECT MR, TLAA R AR, EMEE D HREMR R i d. XEHRT TAEK
B il ok U KRB ROV E M &5 1 E.
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3 THOHLOC A R A

S 3 A AR R BRI R A BT 0 ERFE S, BB RRENTNE
RODIAH JEREW TS, TR ES M AR T R RS, R
PASRCRR /o o BB A S5 0 0 FT DR AR M B R W VBRSBTS
(DMD) —Fh BB R RN MM E e, XPMANBELGERE LERL
B eARR BENEAIRARFEESSEAT BRI,

EF ATAT RAR SR ERERIFH THH MARS Mechanical Anti-Reflection Switch) 385777,
ERARZ R ARG FITL) P aobi el 8F . R B AR RS PONS( Passive Optical
Network System) 1, FUE 28R GBS, HEEMNZE R m A P& Ee, RSO X 5
WOLIR B RH , 2 S 514 22 B R B PSR, A R B AR R % R AR A R 6 R
WEE B ZRE . - BALGH—MEEHEEENEE, EAERBE T, LHEM
RS S HE /L Mb/s. R FH MARS #1288 07 LARE{R FITL A0 & f , ME X MBHERE
TR R A AAFENG . B E A A R AN EUR A

B 5 5 MARS W LR RHE . FER I BEMNEERTIARARER L 89174, M8
HAREERN mAA K om AREN , X—-SHWENERARES. SERSLWBT mER
B T AA m B nBEOE BB ERBIRE. 28EE m=1, BUBIM 14 B
AL,

Reflection state Anti-reflection state
Signal A/4 Membrane
/ Electrode Wire bond
£ N\ i
J y_al I. l_ Y
md/4 air gap(m odd)
a4 oir gop A

(m—134/4 air gap

B5 MARS T {EjEH

MARS WL RIS MMA 6 Brn . MIBEARQSPREEATHE, HERREPRF
WLEEORE, SFTURAARAMBER SELIZHMENTFR. HllPE -fi
BEFREd A BORRYER fF FE A PECVD B E—

B SN, RS, AR RS BB g Serror bees Opticel window
(lift-of ) {7, SIN, F SF # CCl F #47 RIE 29,
EEHEAN AIBNMEREZTER, EEAERK
i

HHERH WA FRAE LS B E T
100ns, B E7 5 2 50V, M — 50 ~ 90°C 75 B P9 26 58 3 R
HRE K T 10dB, ZE S00kH:z 47 2 M A WA AT Bectrode
BEIBIL., ZRTEFN 107 °6], ZERHFAT LITE 1.5Mb/s

B 6 MARS BIZ5#Hy
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5 ] Fabry-Perot 1 B9 678 5153, HL (3B Incident light

SEMIINE 7 BRI, B R R R R T AL Argap | [T

WHERER, 2B THEAAEEER, FHEE  Refieced ight tight

7S ER DRGSR EAREE -
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fy 2 G 36 P 5 1 200 1 LT, U
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e ERE, WX~ SRR R W (b
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FEAH A TT P SR e B M e (R A B + 10°(FF )R - 10°(26) , AT T A S BILRTE A6 R
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LB LB M R Ry b XS ERIGEREHREH S LR AT BT R
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Thin Film Technologies for Micro-Opto-
Electro-Mechanical System Applications

1 Introduction

Micro-optics and integrated optics has many interesting applications in optical fiber communication,
optical signal processing, optical storage and optical sensors. However, fabrication of micro-optic devices
and circuits in existence involved individual assembly with the aocociated reliability problems and overall
large sizes. Marriage of integrated optics with microelectronics so called OEIC has resulted in many 1m-
portant features such as immunity to electromagnetic inference, ultra-high frequency response, parallel
processing and increased simplicity. The potential combination of micro-optics and integrated optics with |
microelectronics and nticromechanics to create a broader class of micro devices and system( MOEMS) fur-
ther as shown in Fig.lm and lead to the demonstration

of commercial devices such as the digital micromirror

device{ DMD) for projection displays, optical bench on

. . . . . Microoptics
chip, microrohotic, scanning probes, optical shutters

choppers, tunable optical filters, optical switches.
three dimensional integrated optics, compact optical

processors and system packaging. The constituent tech-

nologies in MOEMS also allow for batch processing and
productional low coat. This so called 3M combination
well result in high performance devices and system that

Micromechanics

Microelectronics

are lighter, more reliable more efficient, easier 1o as-
semble and package, and less expensive than conven- Fig.1 MOEM syster-3M combination
tional products .

In this paper, this elementary structure of system, various thin films and related technologies such
as the bulk and surface micromachining and LIGA processing for the devices and systems of micro-opto-

electro-mechanics will be reviewed and discussed .

2 Elementary Structure of Moems

MEOMS is a functional system which is constructed by the elements of microoptics, microelectronics
and micromechanics combining together interactively. According to function of the component parts, usu-
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ally a complete MOEMS consists of microsensors, microactuators and microprocessors which are physical
formed by microoptics, microelectronics or micromechanics devices as shown Fig.Z[z'] . Microsensors re-
ceive the information from outside (such as force, light, voice, gas'**)and transform them into certain
forms of signal{optical, electrical or mechanical---). Then the signals transmit into microprocessors. Fi-
nally, the processed results from the microprocessors input to the microactuators and are converted into
actions or other information, However, the functions and the complexity of the systems are different, the
architecture and the components of the MOEMS are also different, or it is only the sub-system of
MOEMS, for example microsensor system or microactuator system etc. It is no room here to discuss all the
elements and components in MOEMS mentioned above. However, in the following of this section, some

mteresting recent progresses are reviewed.

Microaptics s optical » waveguide, |
Force - &hotonic devices j — Displacement
Light — Rotation
Voice ) — Deformation

- Micre- Miero-
(as —:} SBNSOTS PrOoCessors
N
J nic
Other

electro
A prerequisite for the development of many MOEMS is a mature microactuator fechnelngy. Toward

Miero- j)__ Display
actuactor

— Other
Fig.2 Principle diagram for MEOM microsysters

this goal , research on design, fabrication, and eharacterization of new microactuators has increased sig-
nificantly in the last few years. A kind of the main microactuactors is micromotor which can provide much
larger motion comparing with the deformable microstructures. Unfortunately, for the most electrostatic mi-
cromotors, their drive moment is small{10nm), operating voltage is high(100V), and motating energy is
difficult to output. In Shanghai Jiao Tong University, a new design for electromagnetic drived micromtor
was developed'*! . By using DC brushless motor structure, this new design can take the advantage of sim-
ple structure as AC motor, easy to produce without spark due to changing electrodes, high operating effi-
ciency and tunable rotative velocity. In order 10 increasing the moment, a stator is constructed by three
phase multilayer planar windings on substrate and a rotor consisting of permanent magnetic film poles with
alternative polarization float above the stator to provide large interactive area as shown in Fig.3. The film
magnetoresisiance positioning sensors which ensure the control accuracy of current direction converting are
pre-fabricated on the stator substrate before making the windings. As the preliminary measurement, the
drive moment is about 1.5pN m, when operating current is 120mA, the tunable range of rotative velocity
is 100 ~ 500r/min,

In MEOMS, the micro opiics and waveguide optics elements are such as movable mieromirrors, mi-
crolenses and array, hinary optics and holograms elements, optical waveguide devices, integrated lighted
light suurces and phote detectors, etc, For the microelectronics elements, there are various drive circuits,

eontrol circuits, detector and amplification eircuits, resistance, capacitance and inductance sensing-ele-
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Fig.3 (a)cross-sectional schematic drawing, and (b)electromagretic interaction between

rator and stator of electromagnetic micromotor

ments, and the sensors for gas, chemicals and biologics besides the conventional integrated ecircuits
(ICs). The micromechanical elements generally include deformable membranes, movable plates, can-
tilevers, rods and sliders, gears, miero hinges, micro-joints, totatable and displaceable stages.

One of the most important optical element in
MOEMS is diffractive and binary optics. Their typical
profites shown in Fig.3 can be classified to refractive
profiles, diffractive profiles, zeroth order profiles and
combined profiles according to their main optical ef-
fect!*) . Diffractive profiles in this classifications are pe-
riodic or non periodic pattemn like gratings and holo-
grams. Binary, multilevel and continuous profiles are
possible. The feature size of the periods a in the range
of about 1 ~ 104 order, For the zeroth order profiles,
by decreasing the feature size of diffraction profiles down
to the A or sub-wavelength region birefringency, polar-
ization and resonance properties become dominant.
Combined profiles can fil the request for miniaturization
and improvement of the optical functionality. Passible

A
[
Ll 1L
b
"'L' M
T I U I Wy oy P
A [ 7
A =3 -

Jllmllﬂﬂllﬂﬂﬂﬂﬂle

/"’M‘\//N\

Fig.4 Typical diffractive and binary optical profiles:
refractive structures(1 ~ 3)
diffractive structures(4 ~ 7)
zeroth onder structures(8,9)
combined structures(10,11)

examples are refractive lens and diffractive lens, or diffractive grating and sub-wavelength polarizing grat-

ing, etc.

A new micromechanical element for MOEMS is microjoints. The basic concept of microjoints is the

use microfabrication to produce scaled down versions of well known macro joints such as: dovetails joints,

dado joints, end joints and pin joints, etc. two examples of the fundamental micro-opto-mechanical com-

ponenis are xyz positioning microstages and 1 x n fiber optic switch®) . The xyz microstage is predicated

on the use of self constrained dovetail joints as iflustrated in Fig.5. The construction of the dovetail slide

is based on the anisotropic etching geometries of single erystal{ 100) silicon, in principle, the technique
could be equally applied to virtually any anisotropic etched crystalline material. GaAs,InP, Quartz, etc.
A 1 x n fibers optic switch may also be realized by using the dovetail microjoint fabrication process as
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Fig. 6. An input optical fiber is mounted on a micromachined linear translational stage with n correspond-
ing output fibers mounted 6pposite the input fiber to receive the optical energy. A thin film of ferromag-
netic material was deposited on the input fiber stage and a magnetic field was applied to either side to ac-
tuate the input fiber. For the preliminary tests, the measured msertion loss between fibers was approxi-
mately-1dB and the cross talk was less than — 60dB. The calculations indicate insertion losses can be re-
duced to about 0.4dB, the versaulity of this technique allows for the assembly of complete optical mi-

crosystems composed of a diversily of oplical components on a single micromachined “optical bench” .

\

Bi-directional

Input fiber switching
z I
/I“}
¥
[~ d \
Optical bench Cutput fibers
Fig.5 Diagram of an xyz positional stage with Fig.6 Diagram of 1 x 4 fiber optic switch. The
dovetail slides input fiber is magnetical actuated between the out-

put fibers with mechanical detenles to align the in-
put to output fibers

3 Microfabrication and Micromachining

Silicon microfabrication technology, and more specifically silicon micromaching, and microfabrica-
tion or micromaching technologies expanded to various materials such as glass, quartz, ceramics and
Gads, etc. , has been a key factor for raped progress of microsensors, microactuators, MEMS and now
MOEMS. Silicon nﬁcmmachinhg, which refers to forming microscopic mechanical parts on a silicon sub-
strate or out of a silicon subtract, has emerged as an extension of IC fabrication technology. Micromachin-
ing is used to fabrication a variety of mechanical microstructures of great diversity including beams, di-
aphragms, grooves, arifices, cavities, pyramids, needles, springs, suspensions, hinges, gears, linkages
and micromotors. Bulk and surface micromachining, as well as bonding of substract and electroforming in
conjunction with high-aspect-ratio lithography, a integral compenents of siticon micromachining and other
micromachining,

Buck micromachining uses wet and dry etching techniques in conjunction with etch masks and etch
stops to form micromechanical elements and devices from the substrate. There are two key capabilities
that make bulk micromachining a feasible and diversified technology. First, anisotropic etching, laking

silicon as a sample, anisotropic etchants of silicon such as ethylene-diamine and pyrocatecol { EDP},
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potassium hydroxide{KOH), and hydrazine are available which preferentially etch single crystal silicon
along given crystal planes. Second, etch masks and etch-stop techniques are available which can be used
in conjunction with silicon anitropic etchants to selectively prevent regions of silicon from being etched.
As a result, it is possible to fabricate microstructures in a silicon subtract by appropriated combining etch
masks and etch-stop patterns with anisotropic etchants. The basic fabrieation process for bulk microma-

chining of a dovetail microjoint is outlined in Fig.7.

{d?
\WAWAWS

(o) FESTITTTTCOTYTStTTTTTTTONY \WWAN
\WAWAWAW

Fig.7 Process flow for the fabrication of dovetadl micrjoint{iypical bulk micromachining processes)
{a) an LPCVD silicon nitride etch mask is deposited on (100) silicon wafers; (h) nitride pattemed on one side;
{ ¢ ywafer anisotropically etched to the desired depth; {d) nitride stripped, and wafer bonded to a second wader; (&)
u second layer of silicon nitride is deposited on the honded wafers, selectively removed on one side; (f) exposed
silicon thined in KOH to define the dovetails; (g) wafer diced and assembled

Micromachining, bonding techniques are used to assemble individually macromachined parts to form
a complete system, Usually entire wafers or individual dies are bonded together. When used in conjunc-
tion of three dimensional structures which are thicker than a single wafer. This is important for microp-
umps and microvalves where more than one cavity is needed in senes in the thickness direction. Several
processes have been developed for honding a pair of silicon wafer together directly face to face. Anodic
bondimg is used silicon to glass., As a sample, in the process for fabrication of a dovetail microjoint Fig.
7(d), an anisotropically etched water is bonded to second wafer by using silicon fusion bonding tech-
nique,

Surface micromachining demonstrated initially by Nathanson, et al*®) in building a free standing met-
al-gate field-effect transistor, relies on encasing the structural parts of the device in layers of a sacrificial
material during the fabrication process. In other words, there are two primary components in a surface mi-
cromachining process, One is structural layers, of which the final microstructures are made, and another

is sacrificiat layer, which separate the structural layers and are dissolved in the final stage of device fabri-
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cation. Fig.8 illustrates a typical surface microma-

chining process for a cantilever structure’”). The

merits of suface micromachining are first itself in

contrast to buck micromachining and bonding, the
bulk of the silicon wafer itself is not etched.

Therefore, wafers undergoing a surface microma-

Anchor area  Cantilever

chining process may utilize an IC fabrication facil-
ity in “nermal” condition, without disturbing ex- r—m

isting IC fabrication processes. Second, more im-

portant, the layered fabrication nature of surface

TR

micromachining provides for significant flexibility ki

in design of micromechanical devices. For exam-
Anchor area  Released cantilever

ple, the fabrication of a rotor on a center bearing,
Anchor

micromachining and would be much more compli- ,(f) l

cated by bonding. Extension of the basic process- Fig.8  Schematics demonstrating surface

es described above to incorporate additional struc- micromachining for a cantilever
(a}sacrificial layer deposited, (b} structure layer de-

posited, { ¢ Jtop plan view after pattering of the struc-

or in general mechanisms, is not possible in buck

ture and sacrificial layers will provide even more

{lexibility in the dest f mi hanical sys- )
Tty © cesign o micomechan A tural layer, (d)cross section A4" of{c),{e)top play

tem. However, surf: i hining b in-
em. However, surface micromachining has an in view after relesse, and {I)cross section 44" of{e)

herent limitation. H is, indeed, a planar fabrica-

tion process, and is limiting for mechanical design. For many microactuactor and micropackaging applica-
tions, thick, high-aspect-ratio( HAR ) devices offer the possibility of production high torque or force be-
cause of larger interaction areas. HAR processes generally consist of two steps, plating molds fabricating
and plating or electroforming. Currently, three major methods being investigated for making HAR plating
molds.

LIGA!® is probably the best-known technique of fabricating HAR structures. LIGA is an acronym
derived from the German werd Lithografie, Galvanik, Abformung, which means lithography, electroform-
ing, and injection molding. In this process, high-intensity, low-divergence, hard X-rays are used as the
exposure soutce for the lithography. PMMA ( polymethylmethacrylate) is used as the X-ray resist. LIGA
processes shown in Fig.9. Thicknesses of several hundreds of microns and aspect-ratio of more than 100
have been achieved. However, a synchrotron is necessary for LIGA, and since only a few exist in the
world, use of this process is limited.

Photolithography using near-UV light sources and commercially available positive photoresists'®! or
photosensitive polyimides'®” are also can fabricate HAR plating molds. Although in comparison to LICA ,
this technique, so-called LIGA-like process, is limited in terms of thickness and aspect ratio, but it can
provide a simple means of fabrication HAR plating molds with conventional photolithography equipment
and reasonably cost effective. Generally HAR can be obtained, for example, a HAR comb finger pattem
(20pm thick resist, and 2pm gaps and 4pm fingers} was fabricated using conventional photo lithogra-
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phy[g] » and the maximum aspect ratio of 81 1{for about 10pm wide lines) can be achieved in the photo-
sensitive polyimides process.

The third method to make a HAR mold by
dry etching of polyimides has been reported. In ~ Mask __ RN

these processes, some modifications of tradi-  Resist ~—_ VT QLT Irradistion
] . Substrate -—-—
tional RIE systems are necessary to achieve

) Resist . :
HAR. For example, magnetically-controlled  structure ngfﬂ/ -1 - Development
dry etching of fluorinated polyimides "> with a Metal s "

structure

FElectro.
forming

Ti mask was used for deep eiching with excel-
lent mask selectivity and smooth sidewalls. Cir- Mold insert .
Mold filling

; o : Mold
cular cylinder 15pm in diameter and 100pm in material
height have been obtained using these meth- ,
od Electrically Compo‘sue
5 conducting formation
A critical part of the HAR processes is  plastic
plating to form the metallic micromechanical
parts in the mold. In plating, metal is deposit-  Electrically Demolding
L . . Insulati
ed from ions in a solution following the shape of prll;;?ctmg
the plating mold. This process has many attrac- Electro-
Metal forming

tive feamres: (1)it is additive process; (2)the
thickness of the plated metal can be large since ggfxfg%ure f—r‘m Finishing
the plating rate is high; (3} a variety of metals
can deposited or co-deposited, such as Ni,
Cu, Au or alloys like Ni-Co, Ni-Fe, and(4)

this process can achieve smooth reflective metal surfaces for optical application. Some new potential ap-

Fig.9 Process steps of LIGA technique

plications, such as using Ni-Fe for magnetic actuators, conductive materials micro coils(such as for elec-
tromagnelic micromotor mentioned above), and Ni-Si for sofar cells, as well as electrostatic actuators or

mechanical and parts, can be produced by plating.
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