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Abstract

This thesis summarizes the studies on the next generation optical devices using glass-imprinting
process which the author devoted to the period of doctoral course in Kobe University. The
glass- imprinting process was developed in order to fabricate a sub-wavelength structure on glass at
high temperature, which can be used for the form birefringence wave plate. Followings are brief

summaries of each chapter:

Chapter 1. Introduction

Home information appliances require higher performance with the spread high speed and
large capacity of information and telecommunication networks. Since many optical devices are
built in the home information appliances, it is important to develop advanced optical devices and
advanced optical elements, for the development of highly functional home information appliances.
Recently, optics of resonance and sub-wavelength domain attracts much attention, since computer
simulation has shown that high performance optical elements can be obtained by utilizing periodic
structure with periods of the order of or shorter than wavelength of light. Therefore, optical
elements utilizing the effects in the resonance and sub-wavelength domain have been produced
using semiconductor microfabrication technologies. These elements have scarcely come into
practical use, however, since it is very difficult to massproduce these elements at a moderate price.

I have studied the fabrication of an optical element by a glass-imprinting method, which
is a kind of molding method, in order to construct the basic technology for the massproduction of
the optical elements of the resonance and sub-wavelength domain at a moderate price. Since
glasses are superior to polymers from the view point of wide variety of optical properties, thermal
stability and light resistance, I have attempted to produce the optical elements made of glasses by

the glass-imprinting method.

Chapter 2. Design of one-dimensional sub-wavelength periodic structure
Based on the effective medium theory, I have decided the refractive index of glasses, and

the period, the volume fraction of glass to air and the height of periodic structure, which are



required for a form birefringence wave plate operating in visible wavelength region. It was found
that the structure must have a height of 1000nm, a filling factor of 0.7 and a period of 300 nm, for
the glass with a refractive index of 1.805 (588 nm wavelength), in order for the glass to act as a

quarter wavelength plate in the wavelength region from 400 to 800nm.

Chapter 3. Molding of periodic structure by glass-imprinting process

Since glasses have deformation temperature much higher than polymers, the fabrication
method of molds made of heat-resistant materials was investigated at first. One-dimensional
structures with periods of 500 and 300 nm were fabricated on glassy carbon substrates, which are
known to have heat-resistance and good micro-workability, using electron beam lithography and
dry etching processes.  The one-dimensional periodic structures on the carbon substrates were
transferred to the surfaces of phosphate glasses by the glass-imprinting process.  The structure
with a period of 500 nm and a height of 350 nm and the structure with a period of 300 nm and a
height of 210 nm were successfully transferred on the glass surfaces in the area of 6 mm x 6 mm
and 3 mm x 3 mm, respectively.  These indicate that glass-imprinting is a hopeful method to
produce fine periodic structure on glass in a wide area. = The measurement of retardation by a
rotating analyzer and the rigorous coupled wave analysis showed that the structures with periods of

300 and 500nm generated retardation due to form birefringence.

Chapter 4. Molding of periodic structures using SiC molds

One-dimensional structures with a period of 500 nm were fabricated on SiC molds, which
have heat resistance and high mechanical strength, using electron beam lithography and dry etching
processes. It was found that the inclination of side wall of grooves was controlled by changing the
partial pressure of O, gas in the CHF; etching gas. Imprinting using the SiC molds with different
inclinations of groove side walls showed that the height of structure transferred on the glass
surfaces increased gradually with a decrease in inclination angles of groove side walls of the molds.
This result agreed well with the simulation result using finite element method (FEM) based on
rubber elasticity theory, indicating that the FEM is valid for the optimization of mold shapes.

Further analysis using the simulation suggested that the stagnant region occurs in glass
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during imprinting by the mold which has a periodic structure with a flat top shape, which interferes
the formation of structure with high aspect ratio.  In addition, it was suggested that the aspect
ratio of the transferred structure on glass increased with an increase in sharpness of the top shape of
the mold groove structure, and with an increase in mold groove width. According to these
knowledge, the SiC mold with the structure of parabolic shaped top was fabricated using an
optimized etching condition. The imprint experiments showed that the structure height transferred
on glass was greater for the mold of parabolic shaped top than for the mold of flat top, and that the
height was greater for the mold of wider grooves than for the mold of narrower grooves. These
empirical results agreed well with the results of simulation. Based on these results, the structure
with a period of 500nm, an inclination of 84 degree of side wall of grooves and parabolic shaped
top was fabricated on the SiC surface. =~ We attained the periodic structure with a height of 540nm

on the glass using this method.

Chapter 5. Development of high refractive index glass and production of a form birefringence
wavelength plate.

Methods to obtain high retardation were sought, in order to produce a quarter wavelength
plate.  High refractive index glasses were developed, first of all. A glass with a refractive
index of 1.82 (588 nm wavelength), a deformation temperature of 468°C and an internal
transmittance of 85% was developed from the study on glass formation and optical and thermal
properties in Bi,0;-Ge0,-B,0; system.  Although the imprint experiment was carried out for this
glass using the SiC mold mentioned-above, the height of the structure obtained in this glass was
150 nm, which was half as much as the desired value (370 nm).  Then, I attempted to form the
structures on both side of glass by glass-imprinting method to overcome this problem. It was
worried that fracture happened in the glass owing to the mismatch of thermal expansion coefficient
between the glass and mold, since the lower mold was removed from the glass after cooling.
Nevertheless, the glass was removed from the mold without fracture during cooling.  The
structures with heights of 170 and 150 nm were formed on both sides of the glass.  This glass

showed a retardation of 0.23 at 400nm wavelength, which was near the target value (0.25).
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Chapter 6. Future Problems (New mold materials and demolding thin films)

The micro-workability was investigated for the heart-resistance materials such as tungsten
carbide, diamond and platinum substrates, in order to utilize the materials other than glassy carbon
and SiC as mold materials.  In addition, the transferability of structure to glass surfaces was also
investigated using the molds made of these materials. = One-dimensional periodic structure was
successfully fabricated on the tungsten carbide and diamond molds by dry etching method and on
the platinum mold by focused ion beam method, the periodic structure on the molds was
successfully transferred to the glass surfaces by the glass-imprinting process. = However, the
roughness of mold, the fabrication time of mold and the cost of materials, however, remained as
problems.

The apparatus to evaluate quantitatively the demolding characteristics was developed.
The repeatability of the measurement was attained by improving the shape of probes. It was
found that the mold coated with the diamond-like carbon as a demolding film had a higher
endurance than that coated with amorphous carbon film, although the former required a higher
force for demolding than the latter. It was expected that this measurement was applicable to explore

the demolding film for various multi-component glasses.

In summary, it was shown that one-dimensional periodic structure with periods of several hundreds
nanometer and heights of several hundreds nanometer could be formed on glass surfaces by
glass-imprinting method.  The shape of structure of mold which was suitable to form the
structure with high aspect ratio on glass was clarified from the comparison of experiments and
simulation.  The method to fabricate the desired shaped structure on SiC molds, which have
thermal resistance and high mechanical strength, was developed.  In addition, it was shown that
it was possible to form structures on the both sides of a glass plate by using bifacial imprinting.
From these knowledge, we successfully produced a wavelength plate which showed a form

birefringence with a retardation of 0.23 at 400 nm wavelength.
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FEE 0.1um LATIS, LB BRE N O KEICEE TEHINNRoT2, [14-15]

1-4 IZHFAE— A REOHERKZ R T, FTAE—/ARNEX, RESERHEINZ LF
BIOTERE-AROMICHTAZEBEL THE CIIMBALIZE, TV AT HIEIIEVT T A%
FEEREH DV T B B ERICERE T2 HIETHD,

TRE—JLF—>
HSZ —>f

FEE-IF—

fngk TLRA %A i3

1-4 HSAE—/ILRiE

L), HIAEFICR W SNE— VR ENE Y T —H—HR U (GO)ThD, 2T,
WE BIEOTERBREK TER LA T AKDOH —R T, 2000°C L EOTHEMEL T RED
VRS D 5D, LL2ns | BEEREL O3 < BME TOERESFET OFHX
TIHMERTERN0, B LT T ADRIGE AT IR DD o7, ZD% ., FECTOR
FARE THH 72 AE (B, BEZRL) 2F L. BRI THEICEN M B ORR BT,
EEDOET—/LREHIIE, EIZRIETARGSIOLRILZ T AT (WOBRHWHLRTND, SiC
IZ CVD #:(Chemical Vapar Diposition: {bLFHIKUEE) [16] TRESHIMEDOEVEITH
%, —77 . WC |3 EcEE N, =y /L(NDRR/ 1 A(Cr)72E OBREE OB M bh
T3, ZHHOMEBIOI T, HTAL  XDBE LRRICHEIEB L OB EES AV b
TW5,



F1E R

B2, EEREINOBERE THD, SICR°WCH GC LRIRRIZIRENEM S OMEICTHDIT=D,
ER CE L T AL BT DR EmMBB LS, L XOREHNLET—NVRNETTAL
DOREESIZEZT, LD > T, BE— /A NREAIL, VTRLIBNEHE, BIA05RE ICENT-BE
BEA TS DUENDHD, BERIEOMEIE L TUIHE &P, AUT T A, L= L(Re)72E D
BEE&B. HDVIEEE7aL(Cr,0,), BT AI=TAAIN), ZLF7HEBN), ZBlLFZ=0 L
(TiN), FAVELRTAZ T — R (DLOYREDHOLNTED | MEIORBIRIZIT Tl EDIEHE
IR T B B AN EETHD, [17-22] £, FREERED 2 EREIZR->TWDHELD
%, ZAUT, SIC RWC LRI OB E MR M ESEHZEN BT, FRBICIII—RRCr
REEFMUIZ &SRB, TiN, AIN ZEBHNLNTND,

1-1-3-2 F /A4 7Y ME

T4 TV MEIX, 1995 FEIZKT VAR RFED Chou HEROLBH|ELZHEFTTHY
[23-25], EFE—LUYTTT4—,RFAZyF L TIZE0F I A — NI TEah - i &L
BT HVaENLRHE—NARECBEBICIRLIT, EARHLTEE AV THEEYEET
BHFETHD, [26-29] B 1-512F /A TV NEOER K ZRT, T /4 TV MEZ, 74h
VI TTT 40— XKV T TT7 40— IR TEEIBERERB T, TR EORZ—UERBHIC
BRTEDD | AT v/ A= TRRSN DR TR S — AER OB R E L2 2 e E IR
ROHIRRAEZ TRV E RO,

Ro-REa LR REF-mH i3
B 4F )i

1-5 F ATV MNEDOHEE

T, BRMIBWNTH /AT MR OEEENRBEEDLD LD S>oOHAWRRIZEB N
T, FTIAVTVNEBRLES B, E— AR, BERMREDTF /A TV N ~DEED



B1E

EHHEKRE, EREOAEFICERL TV, [30] 20SHZELLT, (DLCD, PDP ©O77
I RSRVTF A AT LA HEIEARI31], RS L #RESR F[8-10], =70l L XT L A[32],
Y DRFET SAA(2DVD, BER T A AT 1L D38 — R AT 4T [33], QYRELER T /A A
[34] 7e&nzFons,

1-1-3-3 HIAA TV NE

HEADLETIE ER DI, HFAT—AREICIVEBE T o R e T 580
W& olz, TN /A TV NEERABRDEDENRTENIR, WIAREIIHEEESE
LAmMD DR BITER TEDINRDLOLHFHIND, HECOSBR THIAREIZT /L
N OSSR E IR T A A TA TV MENZB W TEEREREMIL, ME)-o
EUOESRIEE R T AT — AR EIRE A~DT L~V O T, 25 N E CORE
B TOHFARE~DT /L~ OEEEEDET1ETHOND, LLehb, BEDT /1
FULUMIAWSNAE— L RIIBIED SRS AR V2 HHWIREE THY[35-37), T
2FEFG B DOTHEE — VR 72 S NI B3 HRF R 5113072\, [38-39]

1-2 WHEREDORE

AR T, EEE mm ¢ DL EOHTAREIZ, EREBENTEERTD 1| KTAYEEE
W2 2B ELL, SEEERITIL, V7 EEA —F —DAPEEICIVERT D,
[40-42] BEIEEOTHIRERKELTHZLTHEBIICH L TUEVWRRFH CHUHEELRES
FBIENTE, flziE, BEFEDLN TODKEREOFEM TIIERATRER, 7V —L AT A
IRFAT TlEDNTVAEE 405nm, DVD O & 633nm, CD DK 780nm DUV F FUIH RIS
TEDHEREIBEERPEOND A REMENSH D, [43-46] LUTFIZ, ARFETROMT ZLIILZER
BERT,
1) F TR

AN E B 15 Effective Medium Theory : EMT) [47-48] (ko THFEI 2l —Yar %k
79, AR E# CHEEEEEITICE o TR ZERRBEL, 1> DA FA( LTI METIE
BURTREARARE IR EHT D,
2) H5 ARG AT — LR B~ OMARIMN TR L O 7 AT

BECU EOTHEWEE | R+ ELE T2V AR AT — /LR ZB 3L,
HEZABKI T HEECOER T THIAKEBIET T 5, AFETIE KT AAIFTAT
HEw 7 o7 RERCEETIHHEEREZBEL T BENIIEEEEZ 3mm AU EET D,



BT fEim

3) T AR B D fEHT

A IREFE(Finite Element Method : FEMIZE W T AR 2l — L al LD
E1T0[49-51], B— IV RREAOKAB B EORRE, SHEICE > CTFHEN - R B O
ZRAOMNIL, ATV NETDOHFARBAZE L 2T — VR TAREERET T2,
A) BT AR E N =5 F DOFFHE

HIARFE LT R F R EEE F M (Scanning Electron Microscope : SEM), JRFH 7
B #E(Atomic Force Microscope : AFMY2ENZLVBIE T 5, —F | ElEMR I FiE[52-53] 12
KO ZED FERIFE R L, B G AT #8575 (Rigorous Coupled Wave Analysis : RCWA)
[54] (Z&kBHFE T2l —Lal EOMBEEZHELMITT S,

1-3 AFW DAL

BRI T OIS N2,

2 ECIL, BEEEERICIARF L IaL — e  BHES A, TRROBEESEIZRBNT
1/4 WERELL THREL B EEG =0.25) BB T AR DR EHI OV TIR~3,

FEIETIL, BEFREEELN Ay F L 271280, GC E— A RRE~OBMMN T2 #E
L. AHEELERLIZERICOVWTIR RS, FELNTET—AREANWTHIARE~DE
BB DR AR TORREMEITO EEHIT, HEBEOFMEIT T ERIC OV THR
D

4 BT ARERECIARE L Ial — L al il TE— A RO EEL 21T L3t
(2 A TARIEROH T AR P BAIEE L O IDCTEEINDDE FRIL IR RIZONT
BB, Fiz, MAMEIZENTZ SIC 2B — NV RERREIZ, RIEY 2L —a TTFRILIRE
PRI DRI BT ARG ENE L T A oy F 2 712 8o TR 500nm O 1 R e HIHEEE TR
HIARTE LT RER L . BIARD SR MORE ROV TR S,

85 B TIL, & 405nm THLAZES’ =0.25 DEBIZ AT T, FEH 300nm @ SiC E—/LRDOE
B FHBEETESTAMEORR, BLOERROIEREFFEIZ OV TR,

B 6 ETIL, 5% WTAA TV NP BEL TIT L TEEREEEOR S
FT—ARMEIOBREL T A REATREOBERIME DO EBIFHEH E L TRILIZERE
LB,

BTETE, AFRICBNTHELNRERERIEEL . Fime 35,



F2E FTEE | RTASEEDORFRIRRE

F2E VTEER 1 RuESEEDR FRIREE

2-1 ¥&5

ARETIHHITAA TV NELEDERFORBEZBELC, BEMEERETICIORERT
AN EEZE R ERRICESWTHELEER IOV TR RS,

V7 HRAEEIL. LRI L TEYNRBITERFDEITR) 2B HELRALT
ZEPRTE IRTAPBEDORZE - FORICFEITRF M EEE LR THDIEFT RN
BRRLBEMERBITHRET D, B FORICE R KD N AT TE(Transverse Electric)
RIEL, B FORBIZE R L7 HEEZ2TM(Transverse Magnetic)fR Jt DG E E 1IN
AU, BB ABENREER 72570, BRIKREL THIET D, [43-46] X2-1IC1KRTE
HEEXN AL EEEERBITERROFERZR T,

1RTEAREE

(VR ()

2-1 1 RTEAMEEEF AL EEEEEITERIROFE

V7RRBELZRADERNEROEE CEEMZHE X HI13H 2 i E B 3 (Effective
Medium Theory : EMT)&EREITND, [47-48] ZOERmEH T, BEMEBEREFICEI-TH
By A HER)LEE N TA—FOBBRIZOVTEHELE, KIZ, T —LATF4RIRFA
7 THEHLN TS E405nm, DVDO I K 633nm, CDDIE £ 780nmD VAT BV TH AL
FEZES’ =0.25(1/4 RR) EL THRE T 2720 DR TR Z e & L7,

2-2 V7R EEBEEICR T A EEEE RO R
BAOEEERIC I, K22 17T X O RASEEDES . EHBITRITERKRSH
JEEIEE & 1T TE Rt E|BEZ TM BXEIZ L ¢, RA-DBLOU-2)08Iz /25, =



28 FUHE | KTEPEEDE TR
I n BLXOn 3K 4 OFEORBITR, AIXEH. fI13EES5E R(lling facton) <7,
TM{E S

TER A
| fA

2-2 FRHEEERICBITDEAEE

nTE =J(l-f)'n12+ f'n22 ...................... (1_1)
1
M =
/\/ (l-f) + = Yo te ooy oc ot atctatetap T o= Totors (1-2)
2 2
n; n,

R(I-DBLORA-2DITIZAHMACE T2 RIZESASTELT, HE (W) IZHTA
B+ /hENEE (AM/10) DAREFE I THD, ADBLIVLRKRENVGEEEZEETDHE, EHE
#r R npy PO ERIT. UTFTORA-3)BLR(1-4)TREND,

21 o_ 2 2 2 2 2 (Illz-nzz)2
N = g e S 1+ (n"3) (A/2) *f -~ (1-£)" ¢ ———k ... (1-3)

2

By =,\/nTM2.{1+(n2/3).<A/1)2- £ (-0 (0 gt ()’ } B
n--n

728 [rad]i, R(1-5) DIHIZTRSND,



F2E YTEE 1 RTAPEEO R FR IR

§ =(2n/A)- h - (nTEm - P ) ...................... (1-5)

ZIT hIIEEDOES THD, BRBEA TRETIHE T, ALHEES 1, R(1-6)DIIIIRS
N,

_ 2] 2]
8" = (h/Ax) - (nTE - Dy ) ..................... (1-6)

LA EDZED D, MEMERBITICEY BRET O AELZ RBHSE L0 B 2-3 1IT7T
A1 h n, ZHIET DL EDRHDTENDDD,

N, (air) FEHEE/NNTA—S

BEH L : Grating pitch

W5 AW L : Line width

BEFESHE 1 filling factor (f=L/ A)
BiE;EES h : Grating height
BHSREBHE n, : Refractive index of glass

2-3 MEEMEBITICIVRBRTHMMEEICH T DEAMEE T AT —

2-3 HBENTA—FDKE
MFAEE LG T H/3TA—F—ThHDA, f, h, n, DIEFEHIZ OV T, FRHEEERICE <K
(1-6)& AW THEEITo7, FHEICHAWZn, 2K 2-11I5R T, [65] ADVISWRRIEV VR HI5
THARZENFEAT I, RE TR 2 AHEEOER FOBS EHD, ZZTIEA=300nm &L
77
K 2-1 HIADZRERIZBITIDEITER

Refractive index

Glass name
A =405 nm A =588 nm A=633nm A=780nm
U-SK55M 1.605 1.589 1.587 1.583
U-Lak64M 1.672 1.651 1.649 1.643
U-SF6M 1.864 1.805 1.799 1.787

(= HINEFTIENTERL = HFX)

-10 -



F2E VTEER 1 RTEAREEOR TRIRERE

2-4 ¥, n,=1.589 (£ 588nm) . A=300nm, h=500nm LL723ZE DK 405nm, 633nm,
780nm 1233115 £ &8’ DR THD, FHERITBITHS 1, £ 53 0.4 DERZF K EAeo7, Fio, f
20.7 OFEK TS OEREFEE /NS DBEMPB ROz, £Z T, 0.7, n,~1.589 (K &
588nm) , A=300nm, LL725A D h &8 LOBEREFEL, FREK 2-5 1T, WThORK
BIZHVTHS 1T h OBEINIHEVRERY, LHEZES’ =0.25 2EHTLH0ITT BES
(h)=1600~1800nm L ETHHIEN DA oT=,

0.500
—0—A=405 nm
--0O--A=633 nm
0.375 —A -A=780 nm

w 0.250

0.000

0.125 O/O/;/;\;\;P
leg | | M
06 08 1

00 02 0.4 .0

2-4 FARNHEFERIZL o TRD &8 DR
n,=1.589 (& & 588nm) . A=300nm, h=500nm DHE

0.500
—0—A=405 nm
0375 |1 --O- -A=633 nm
—& -A=780 nm gin]
w0 0250 A

5

o = >
/H/’//‘z//’
0.125 @;/://E/

0 400 800 1200 1600 2000 2400
h(nm)

0.000

2-5 HPEUEERICE o TR®Z h &8 ORER
n,=1.589 (& £ 588nm) . A=300nm, =0.7 DIFE

-11 -



2% VTR | KT AMBEOR IR

2-6 %, n,=1.589, n,=1.651, 1.805 (T iE & 588nm) D 3 FEOREITEDOHTAIZD
VT, A=300nm, f=0.7, h=500nm & L7=3HBE D n, &8 EDBFRTHS, WTHLERIZEB VO Thn,
BEWF DS BRELLRDIER DD,

0.250
—O——A=405 nm
0200 +— --0O--A=633nm
—A -A=780 nm
0150 |—
_('O ==
0.100 T
r - A
0.050
0.000 .
15 16 17 18 19
Nz

2-6 HRNERERIZEL o TRD - n, &8 D%
n,=1.589. n,=1.651. 1.805 (\ b I 588nm) . A=300nm. =0.7. h=500nm DL

P EOHERRIVUTO 3 >OESHIELNTZ,
(1) FERIZBITHAEZE (81T 0.4 THRARIEELLD,
(2) fIzBL T, & 405nm, 633nm. 780nm DW>THOW EIZRVTHS DI EARFHEN/MEL
725 £1359 0.7~0.9 O&EHE THD,
() BHEDBITE n, 3@V F B EDBREL 2D,

FREO~Q)DFEREESEL, HE 405nm.  633nm, 780nm OV IV THALIEZES =0.25 #E
T D0 EREER ST, K 2-1 O CTHRLEFTENIEV 1.805(% K 588nm) DA TA
(U-SFeM)Z W CEHELERAZR 2-7 1273, 22T, A=300nm, =0.7 &L7z, KGO0
728912, 1/4 FHEREL THEET 5729 121X, h=1000nm BULETHHI LM DN T,

-12-



B2E V7EE 1 RTAEEORFIARERE

0.500

—0— A=405 nm
0.375 --0-- -A=633 nm

— A —A=780 nm

o 0.250 —J
’: -
- -
0.125 e A
> T
0.000 : * J !
0 200 400 600 800 1000 1200

h(nm)

2-7 h &8 DEAfR
n,=1.805 (& & 588nm) . A=300nm. £=0.7 DHEE

2-4 #EE
EOETCII. A E RS IEICIANRFE I —a il A UL TFORKSHE BT,

LEERHA) . BESEEG . BEBI(h). TTRAOBITE (n,) 23, BEFBITIZLD
RETHMEE S NCEZLIEBIZHONWTHN, TLOW~B)DiR2ET-,
(1) n,=1.589 (& & 588nm) . A=300nm. h=500nm L L7=3H4 . F 405nm. 633nm, 780nm {23
T58° 1% =0.4 DR KERDDS, 8 DIRFRARTFEN/NSK22D £1349 0.7~0.9 DHEFH TH-
72
(2) n,=1.589 (£ 588nm) , A=300nm, £=0.7 LL7=3HE . 8’ IZ h OEIIHENKRELIRD | KR
405nm. 633nm. 780nm DWVF AT 1/4 K (8°=0.25) LLTHRET 72D,
h=1600nm K ETH2,
(3) ny WREVH D, BUWMIHZEDRBIZEFTHD,

2.1,=1.805 (J% & 588nm) D H T A% T, I £405nm, 633nm, 780nmD N T NDPE &K IZ

BWTHNMFEES =0.25%2FH 57O 121L, A=300nm. £=0.7, h=1000nm A F 1@ Th >
pioR

-13 -



3B HIA TV MNEIZEDE G AR

HIE IR TV MNEICI DB HIEER R

3-1 #E

HIAA TV NER, HECORBIK CEREA —F —OWMMEEZ T 7 AREIRE I
T BHIETHD, L v AOBEZA NS TWD AT AT —/VRIERRES FERIFERE B
HEERROATTARFERFTIETHD, £ BIED I —= T IRV TS T /A
TV MEDEE . Bl EE — LRI )arHAVNIRESAVLNTEY, HIETOMA
HERRDONDHFARFGIRNDZERTERY,

— I HFTAL P RDRETATIZRACEESE (SiC) RR(LZ T AT (WC) D3MED LD, LT2A
S>T, BIRTHIAREMBEIEZEE T 57201013 ZORIBIEM B~ ORAIIN LA
ELRD, AFZETIE, ZORIBEEL T, RIATyF L 7 TCOMINLEBRIBRZ 127 T —N
—ARAGC) [56] &RV HH#EEE— /L FOIEREZRAAT,

3-2 PSS Ty — I —RA(GO)E—/VROER
3-2-1 EFHEBWEIEIZLD GC ERRE DL VAT — U FERL

-1 RIS, REDSEEMRBEIN/ZKES 25mm X 25mm, E A 2mm O GC FAR (i
F1—Ry GS208S) 1T, AZN~<AZZELT WSi ZARwHRIEL | £ORMEIZAL v a—kLIZL Y
AMZEFREBE N TRF— B LT

BEFHRLOAR
WSiAZ LT R i
/ (R4E) l l 1 l

@

0

GCE AR

3-1 GC ER~DL I AIEZ— R T 2R
(A N~ AT RIS 15
DC AR T RRIESER (7544 73v 27 DCG-100) 1280, WSi #— o (=HE&E L

TR W:Si=1:1) # W TRRIEL -, FBES41E DC 73U —150W, Ar H AL & 10scem, F ¥
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H3E HIRMTUMEICZL DA R E TR

N—NES] 0.5Pa, AIERER 1 43, EARIBE 350°CTHhD, ZOLHTHLND WS DIEEIX
30nm Th-o7z,
(b) EB LY ANE i ik

GC ERBEIIIEL 1= AN~ AV EDREZEBL VAN HAEA ZEP520A) % [Elés$K
4000rpm. [EIEEEER] 60 P CRE L a—RL72, LY AMEREITH 500nm ThoT-, BHil-Eik %
180°C. 3 R~ —F /LT,
(c)EB ##HE /5 £

GC R EIZAE a— L2V AMREIC 1 RO A S E (B #1 500nm 38X 300nm) &
HE L7, #EICIT BB HEEE (VA =22 ELS-5700)% A\ 7=, #\ES&Mix, /& — EiE
0.6 X 0.9mm*, HEEE 50kV, EWE 500pA, #IEHE 50mm/sec, BFHON— &
100uC/cm? ThoT-, /37— EREDOMEFRFRIE, & 4 0.6 X0.9mm®> DFEITE 10 4. 3X
3mm® DFEITH 2 BERET. 6 X 6mm° DEAITH 7 R ThH 7=,
(DG S -

o—F UL (FaXMiZE) (2L 20°C. 1 SRR EL. VR (B AL A ZMB-B) IZTHE#L
7

3-2-2 GC HEARFmEDOHHEIN T

VURAME — 0w A7 LT BERER T TR RISHEAA o F o 73 E (b
RIE-200iP) # IV TR A =y F L 7 2T 0T, K 3-2 IR A=y F 7 T akr%dmnd, & 1Tk
DEMIZLLT OB THS,

BEFHLO R
T W51V RAY
(IJ?"/O) 0,5 % (7z7|ﬁﬁ)
EEE—ILF

GCE R
3-2 GC BERDRIFA =y F L7 7at R
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3B HIAAL TV MNEICX DA EER K

(QWSi AZ N~ AT DT yF T HE

LA — 0w AT EL T, SFy H A% FIWT WSi AZ IV RIBD Ty F 7 5{Tolz, =
oF LT EME, ICP /XU —110W, /347 & 100W, SFs H At & 30sccm, Ar A& 20scem,
F 2/ —HNES 0.6Pa, BARIRE 25CTHD, ZOFMETHOTYF L7 EEIL 230m/ 5 Th-
o
(b)GC DTy F L7 Hik

WSi AZ <RI %N LT O, TAZ FAWT GC BREREBD =T L I EITol2, ToF T &M
i%, ICP /XU —150W, /A7 R 130W, O, At & 10sccm, F ¥ 7S—WNES 1.1Pa, EMRIEE
25°CTHb, ZOFEETOTYF 7 HEIL 250nm/ 53 Th-oT2,
(OWSi v A7 BRREF &

RBEE/nLbzyTF 7R (AR 21 DERESE. RIED WSi v 27BEEREL,

VL Eo7av 2852 AV, BA#I500nm, /37— EFE0.6 X 0.9mm®, 1&EIEI750nm T, fH
TENEA3150nm. 220nm. 290nm. 330nmD4FEIHD IR TT/AHIEES I DOGCER TR E IZBEREL
Tﬂ‘éﬁjzl./f:o 3—3‘:/(7(—:/“%%—g_o

3-3 GC REICHEL TRRLI-HERIESR2RD 4 BEO | KTAHEE -V

BoN-HaEE OB REIE L, EEMEFBRME (SEM; B NA727/0Y—X
$4800) Z A\ -, BERICEL TH—RUEE HnmZEE L, IEEE2KV THELT, [K3-4(a)~
(DIF. GCEMR LICEREN 1R TAHEEDSEMB THDH, WD F—rbmy Vs
EED TR BB ENWITIILTETEY, BRIBEL RO TH T,
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BEIE IR T U MEICKDEEIEIER K

tum N _ »

3-4(a)~(d) 14D GC REIIER LA 500nm. /¥ —EFE 0.6X0.9mm’, EIEX
750nm C. HETENESY 150nm., 220nm. 290nm. 330nm D 4 FEHD 1 RTtEE

3-3 UTARFGIRE DT

HAIARIE T OB RAZBWTEER/NTA—F—3, RERE., R, FINESTHD, —H
W2 ATRE—=NVRIEIZEDL U RO, TTADREED 107~10° [Pa-s]DFER TITHON T
WD, [67-58] £Z T, AFZA(U-SKE5M: 5 2 B % 2-1 ZR)ORGEEL RELLOIZ. £
DRSEZRE LT, LB DT, —RAVR BT T AZAVBIL TS Na,0-CaO-Si0, K (V—
EIALTTA a—=7 T10a)DBIEBIT o7, FMERIEIIT, REFE R E R EEB 7 M
% WRVM-313)& AV o, ZOEBEEZ AR, 10°~10° [Pa-s]OEEFHOREL B AL, F
1THEAREE, BIERED 3 RO RRLFEEZ AWV TRICER CERMICHIE T2ZENFRETH
Do B 3-5 12, RS R EREE BT ORMERIE 7 e A% R T, Fo, ZHHDHEIE R
ZLLTIZR <5, [59]

FEH g AREo (rad/s)
= (rad/s
J, FIEM (k S
“n—7 AT (ka) <@

\
AEBHA TR
$8r (OB —

=&d (m)

ety #r(m RO 421, (m)
(a) BAE (b) FATFHE (c) ElER%
3-5 LEFARERIEREE IZRBITORMERIE S ot R
3-3-1 KEERIEDRE

(a) BAE
3-5()DIDNT, Fetm S NREDHDNTH VR E2F 57 n—7 ZRIEREHIEA
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3B WAL TV NEICE DB HIHEER K

THE, FORBROEIUIREIOREIKTET D, FE DO EKEEZHEMUIZE > TREHIE
AT DR kBN (Pas o) L B ARS m)D I RG-D DRI T 5,

(9/32)Mgt
n S e (3..1)

Jr 1972

ZITUSIIBANICELZER, ¢ IXEAMEE 9.807(m/s") ThHhD, REG-DIVE NEE
di/dt EnDERIE, RG-DERYM, r DEEMTHILE B ARSI ORBRBLBETOILICL
STHEELRDDLILNTED,

(9/32)(2/3)Mg

‘n -_—
N2r 172(dl/dt)
(b) FITEMIE
3-5(b)D LA, B4R r(m), B E him) D AR B2 1T R THe A, TE MkgZMZ T
ERXEE, 2O, REHIEEEHEO =2 — N HRETHY N OBFRER THICHERERE
REELCOBEAS . A EBIOEE FHOERE S F,N)., FMNIEREG-3)BLUEG-4)TRIN
éo

............................. (3_2)

3nV2(-dH/dt)

F1 = 27-CH5 ............................. (3-3)

3nV(-dH/dt)

2= H2 ............................. (3-4)

ZIT VIR E OB THY . FEEREDORENOERLALED, WE MkgDESIZ
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