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fB#&) TS512MB ONA R) TH D, 1 F v TH7= 0D 32MB. 7325 256Mbit (Ew )
ThHBD, EoTfBRMIC1IF v TN IGE Y MBS, IMT2G/N1 M AEY—
(16 F v THHE) NEHTEXDS, Fig. 111 ZDRAMD IMEy hM54GE Y hETO
WAMLEIMZ R L2 DD TH 249, BETEREEA4Z) EWOBSE - "Wk hL 2R
EMERFT D720 IR/ SHEE R T eV —IVF, RIVERES, E R T EcEh
THH0.7 5. K045 05 RFICLARiTUT A S 2w,

L2 L. FIFFICDRAM Z ARk L T 2 8 AR IR S 12 U TR o
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C = 502#‘1 _ EoEsin4 (1.2)
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Cell area
(x0.4~x0.5/generation)

11 IlllIII

Cell area [FIZ]

SN IE RUETL|

|

Design rule 3
(x0.7/generation) .

=

[

-
lll

Desizn rule [un],

ooy b o 1 1y by
1M 4 W 16 W g4 N 256 1 G 4G
DRAN generation

Fig.1-1 Required design rule and cell area of a DRAM
from 1Mbit to 4Gbit memory size.
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DWFBER, AlTF v /NN Y BEBOMEE, dIF v N FHERIEOEE. ¢, ,13Si0,D
g (~3.9). 1, 13 8i0, MEMIZ (=dg,/e) THD.
gTMMM%%wﬁéﬁaLwﬂﬁfaé:ttﬁéo*DEvbﬁﬁtﬁmT
XF v NI HFIEE U TSIO/SINNEIIHEDNTHED, ZOREIZHISES
EWZEoT, FA/NCHYRRMEC ZHBNTEZ. LML, BENRFFRA d=4 ~ 5nm
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WEBERD, TOfAmEZEFMALEZFLFE, 51D RS2 DRAF LIZHEEEN
EEMEBRT ARy VM THD, Ll FAEY MMERTIE, HEKD Si0/SiN,
RO & ZRTEBMBEDOHAGOE TEHEEE NS <20, IVER & EUE
DORNCKEREE (W05~1.0um) DAL B, £k, UV T T 7 4 TOHERREMRR
MR o720, ETART L (8~10) DAY F T MEKRNLEIZIZ-T20
THREQFEREE SO LA LOMENELDDH D, 51, L FHEILD
BAZIIBEE Tmm BEO&ET AR MMEDO ML > F % SiERITER T 2HLEND S
N, ML FBNNELBBIZDONTRL O FHRANDF v /NS FHHE, Fv /X%
EBEWMOBRKRIE ENREIZRZ>TETHBD, FHEY MERTERINDZF ¥ N FE
BEZERTHIEETERLI B >TETWVS,

ZITIDOMRRKREL TEBEEEZGEICL, Fr NI FMEREE L T, BEH
WHENTNSSIN, (6=7) 2 Ta0, (=20~25) KDIFEER (g) WEWEFBEEM
BEEmL. FLv, Z2EELTC~25FEHERT 2HENRKWIZHRFINTN S,
Fig. 12 IZF v /N Y HEEDHFI? & LT (a) FHBMA Y v 7 & (b) HAEEA S v 7 %
RY . KIZRT LI, BIVEDFY/ XY BEHAET, TNENSF, 3PP ERKEL
720 8FPIGAK LA BIEICE S X THWSNTELITVERLEY FEELT L 1IZBT
LNV A X THD, Table 1113 Fig. 122 DS T, #1212 d=0.2F, H=1.7F &L
FrEED . FHEY MR THRERC=25FE/ LD DF ¥ /N ¥ BBREOREZ R
T ENSNBEDIT, FAEY MHRIZBWT g 13 FHMA S v 7T 1000 LA L.
BIERZ & v 7 T 200 LA LOMEZRTEFEEMENBLERZ ENARNS, 2L T
BIfE, LB ER () OREREFERBEMEORENEME L TRAT AN A
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Cell size
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E = ]ts
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: Capacitor size
< 3F
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\Dielect ic material | -
-Ul v Electrode as)
.’
Contact plug

A-A°

Fig.1-2 Illustration of a DRAM stacked capacitor structure with (a) plane
type and (b) thick film type.

Table 1-1 Expected minimum feature size (F), cell size (Scap), capacitor thickness (d), electrode
height (H), thickness converted into SiO, (teq) and dielectric constant (&) for (a)
plane film and (b) thick film.

teq [nm] €r
Generation F[um] S,,[um’] d[nm] () @)
Hnm] () (b)

36 0.138 1040

1G 0.18 0.0972 306 0.688 210

26 0.072 1440
4G 0.13 0.0507 221 0.359 290
16 G 0.1 0.03 20 0.042 1900

170 0.212 380

LM R EZRELPAFESNTNV S,

122 XOTAHA SEEEY
RO T XSk (perovskite) &1 CaTiO, D73 TRZFFDRARICEH S NDH MO
A Td 5. Fig. 131 CaTiO, D& RHE DB T 2RI 39, T2 5, M AHED8H
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Fig.1-3 Structure of Perovskite type crystal (CaTiO,).

DfFf BYA1H) IZTi* 1A, REDADOHLNZ O 1A, SEHEOHFL (AHA
B IZCa» 1A B L MG 2R L, FICINEFR UG Z & > 2Bk (ABO,)
EROTAHA MBI LM E WS, ROTAHA NEEE{bYZ. BARRIZI3 &%

ICEL. TOZEMBENPMInTH S, LML, ROTAHA MULEH DL <IZZD
HERMMASDLOTAEEEZRL, FIATEMER#EEZRTIETHSNTVS
CdFeO, MG DA LEA I 7 £ 51 b RfeO, A )Y 7 00X A b RerO, 72 EI3RL A
ik Pnma \ZJ@ 9 %, AMATIEIINS ZHRMHRL TROT A A1 MNUEE{EHET 5,

ROTAHA MIRBAEMICB T ZBYA M F AZ6BENMTH D, O 1 A I E
NE\HEEEEEES, LML, ZOENHARBEIZAYA 1A, BYA M
T2 O A F 2 EZENTNDA F 2RO REIRIC K > T/NHERF D 0> 1 F >
PBYA MMALDOMENARLEERD, £L T, Fig. 1 ITRT DT, EHDL
BNSTNEANLE LR EHOE— RTHRTEMMEI > TNEHD ERES
NTWb, T2 &, BAETFRAEBLHENSOT AR, FlZIXESFICERL. X
Moz EklL T <K%,

FriZ, IO X D72 3d BB EBIT. PRV dHUEZEM T ICE T/ RK 10EFEOAENS



(a)Slater mode (b)Last mode  (c)Octahedral formation mode

Fig.1-4 Illustration of 3 type atomic deviation of polar optical mode for
Perovskite type structure (ABO,).

< Electric field
o* Ti** Ti**

N7 N

/////D\\\d/l/ﬁ Io N>

/0\ /

6T1 i
7 -bond _’5 - 0 -bond

,/0 0‘ \\

Fig.1-5 Appearance mechanism of ferroelectricity according to the mo-
lecular orbital method.

FDIZ, A YA FNOBFRI—OCRENDKRELS 2D GRETHBER) ¥ TOH
B.AREBHEZWROBRNTHL/ENRFEINZEHEBRIT, LHEMSESHRICERE
TRIZBWT, 77— 5 HERNCRAEDEREDORICLBI TN I LRT
IV IINMEREING, £z, D FEHEEDOLEN S, Fig. 151RT L DI, 4486
BERHTHLTTIAAWREAEL, ZORE. Ti— 01 A CHOD o ke (Tide, : dx’y-
Op) L& 5IT#ie (Tidt,, : dxy-Op) ABEGT B I & TTi — OREREAEM L. K
ERARSEERBT 9,



— I, MEE, ThbbERBEOLEREIL. PEREDIRE (Curie sl 1 T) TH
U. ZOREBEHATAERSE (P) NECTERFERVRRT 5. FEERD
FMEEBICBE L TIIB MR 45 (Landau B3 ; 587 B K D3 & 135RF 1T Devonshire 2
i) ERET MR (Slater BGR. Soft mode ¥af) TaiiZNI T2,

BSTENBRGRIT. MRS TRENRBRNFNE (HRMM) ”RENS O HF
BOREN Curie FUEBETHHL ., BFEEUNA A2 OOTNRERIIE>TEL D
(B BEEFEN) CWOHBDTH S,

—, BT HFENIRD | DTH B Slater i Tl LFOELSIZHHAINS. HlZ
THRHFRRT > v )V 2fDOROT A0 A B OF & » 8N D L (BaTio,)
HENT, BRTREIREOZDICRT > 2 v VEORE RIS OFRITE D S5
NEDHBHIZE>TAF N RESH IS ELTORFENIDEBE BT 2D,
FTOEDIZHEFNHEZIIL <R, HERIINE<EEH, BIERTIIREFNENE
PIT<BEIIRELBRDENVNDIDHDTH S,

e, BFHFERNERETIE, LTOXDICHAENS, FIZERICROTZAHA
NUBEMOTF & A SO F UL (SITIO) DEDIT, Fa U —iREULETIE-
BA A OBEBHOELN—H L TWBEDICHEFEEERTH, HEBIGED < ICHE
NTHBNITB T S EDREE— FOBEFRBGENWMD TS, £ L TEBRTEIC
BEA RSN O LR > T A T 2EAHANRLIRD, BAOHER L TERD
BELNTHTHEEMBTNELIEBTE— A FE/FDLITRD, BREAELT
SEWNECEENDIHDTH S,

T>T Tl gid (T—T) ICREFIL THEMT % (Curie-Weiss Hll) . Fig. 1-6 IZ BaTiO,
DHEDIREZRICH T HREFEEEOBLELFBROEBEZRT M, . eldZFN
TNHMETO o, cBIAMOLFEELETH S,

ROTANA SR DR RIsHEOMZRICK D, 1942405 1944 FITHNT,
REITEWILABE (£=1000 ~ 2000) % HD5EFAEA BaTio, WAL - T AU - H
VETHIIZRER I N0, 3 51T 1986 FIZITBEE 2R TEFREN 3K FIETH
LAY EIRBEERDOS ENT LT 2y 2NU D LR (La, Ba CuO,)
MIBM F 22— V) EBFFERTD J. G. Bednorz & K. A. Miiller IZ & » TRAIND, B35
MORRICIHEEICKERT V-V AN —2F|ERIT L ER ST
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L/ ",
1% - Ve Ve
2 ¥

rhombohedral orthorhombic tetragonal cubic

10000

< >l <

thombohedral 1% orthorhombic tetragonal N cubic

£ o 1/(T-T,)

Curie-Weiss law

Relative dielectric constant

-80 5 120

Temperature[°C)

Fig.1-6 Relative dielectric constant of BaTiO, as a function of the temperature

with phase transition.

ERETRARZROTAHA MBS DS B, BaTiO,, F¥ BV Mk
(Pb(Zr,Ti)O,) . F& VIV IS > % 8 ((Pb,La)(Zr,T)O,) . SITiO,. F5 N
D LA RO F T L (Ba,SHTIO,) 72 EITHERRICL RS, KitRoFHEY b
DRAM #119, FLEREFAERVABLEAEREME AT — (FeRAM) #17, ¥ 7 O
/Uy JEEE (MMICs) M9 ELTRWIKEHENTWS, LML, PRTHS
Pb(Zr,Ti)O, % (Pb,La)(Z5,Ti)O, {ZPb LR D FF D WEFEM: LiEED 720 . MR D HAEH A
LWEEIns,

—7. Pb & & /2 BaTiO,. ® SrTi0,. (Ba,SnTIO, IZMRDHHNL 5 <. TES
FIUrINREDARETHD EMEINTNDED, ZNHDHT, KT SITIO, X LFEE
B g~ 3000 DEFAEER (BTFHFEME) THFa U —HAV108K? LIEFITES, £
oY 7V — g eBx NG, EAREGEH THEBNEZ ST, KitRo
DRAM #1, MMICs D% 1 &l & L THIfF SN o,

ZZ T AR TIIRBET 248 E LT, BaTio, LML, RO T XA 1 R
PORETH S SITiO, A L7z, SITIO, i3/l R AN 2200K TE.. YL A VITH LT
BOTRETHD, BEBHTLIVERERERELTHLWLNTNS, 2, &
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IRALIEIC K > THRA ICEEFEZ K> TREA LD, HEMZH L TIKEL T OMKR T
BIREAER2b0bHD., —FH, BFEBETHDENIHOH D, #aRITEFE,
FEmRL. BITRIL2409, E—ABEIELS~6. TL T, 5.13DHEZ/RT. STiO,
i3, F 2 — AY108K &KW 72 8 IR ZE R M AR BE D T4 Us W\ O THEE MR E
THO, EEATHS (Ba,Sr) TiO, DK D75, Flix ORMEARGE - &53% B Rb LD FLE
MEIEL THRWIER SN TN DMEITH H S, BITE, SITIO, 13X & L THEM KL
Y—IAFIREDFERELTHWSNTNS,

& 512, SITIiO, (3R EIA TH % BaTiO, LiE> TR THAEMRITE L. Curie 7L L
T. Fig.1-71ZR 9 & D IC TiO, IE/\ A DE G AN DFEHREIE— R &> THD,
Curie IR EEITIE D < LHRIE ¢ & ML E IR D 72 DEIC S HV5 < 72 0 #RE) D 5L
WHIP B RIMNEMTIZTO (BREEE) 7+ / > DT i (K=0) DE— REAFEEN WA (V)
7 M) §2B2, DD, MIKIRFR TIZLFAER ¢ 1352000012 B3E L, BaTio,
DFF DMK 2R S 73 < 725 EEY B2 00 & BIEH ICHRIRIRWYE TH 5,

ZOEDIT, ROTAANA MUEEALY). R SITiO, ISR S/ REMEZ LD TH D,
INSZ2EDQLIBTOEAZHNTHEEL, WHACEME THRICG > IR t%E

N e PN 0
\O/\O/\
\ 202N\

(b)
oTi** O Sr2* O

Fig.1-7 Rotational vibrations of SrTiO, lattice as transverse optical (TO) phonon mode (a)

and projection of one layer of titanium and oxygen atoms on a (001) plane (b).
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TIXTDOFEAR, HIRORT v IVEBMIVEZIERLEI>T, 1F20°5T0h
NOESREREEZFIALARBE O AICESANENIMMNEHADRSNDELDI
2o TETWS,

FITRAEZ, AF TP NINDOIIBEREZ S SIIRELS, REIZHEKT
ZLEME - BEE TSI TOERERATEIEICE> T, 20K D nEER
kL DKBTERTELOTIIARNWNEEZE Rz, ThbE, KOGRTOEAZDD
DOEBELICEBL, BWRETEREEREOGMEZBRAE. TL T, BEREHE
ECR7I A< &0, KVKAAE, B TREET I AINESICTHRTES &M
HEINBIT—HALRADRECR VI ATICEH L. KENUTIE, A 2SITIO, DRIR
TORBICFHALEZI S—HUADRECR 7T AR ANy FY 2 FITDNTHENS,

123 II—HURADBECR 7T XA\ & 1) 2 TiEDOKRTH
M E BT 2FHED 1D TS X ERWEANRY YU L T ERS D, TIX
TERBETAAA L EETICERL. AHICERT 5 FAOHEMTIEEL TES
BN 7> TV BB OREE NS, —H, /Sy &) 27 L3S Nz EA
F I =y FMBHCERELEBRICREZ DY —4y MMOEHLUERR, 9730
B, IEE N R TS EAREICEHE L &, R OHIC & > TEEE RS
ZETFNEMAREENEHE® 20N, ZOHEEAVS &, BREHEOHED
HHRLESTH S,

75 X RED T HEICIIERER (DC). MAK (RP) BRERVESTO—K
B, XX NOURE, XA OKRKEREND S, iR, LR THRREXROTAH
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Fig.2-5 Tllustration of a electron revolved around the magnetic line.
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Fig.2-6 Illustration of (a) the typical V-I curve obtained by single probe
and (b) the probe circuit.
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BEFLTICEDEMETHBE T —R (electron sheath) 2B E 4. IEBEDEM
&&Bta%%ﬁm%kﬁéo:@ﬁﬁéﬁﬁ?é&‘fm~7é%@&LtM%ﬁ
AU BRARBICEARL T O—TAREEEIEBNNH 5O TEEZET D,

FATR R XD ICEBT ORI F =535 % Maxwell i SARET DD T, RILYT
T (Boltzmann factor) ZfWNT, > — AU TOBRME LWV IE. KX TRINDY,

vV
Lv)=1, CXP[‘ ° ] (2.9)

kT,

e

L,: 7O—TJOBMAV IZHB L EDOETEIN,
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kBRI ER (1.381 X 102J/K)
BEBTIRE,
V:7D—7®$U
QY ROMNTHRMEZ LD, IBITVTHHTHE, KAMKRE S,

dlnIe(V)=_ e 0
av KT, (2.10)

Tiabt, QIO)X D V—IFENSHBOENAETFERLIE. EEVICHLTHETOY
N EBEERL, ZOBEEHSBETRE Teﬁ\ﬂ?iégt%ﬂ?b'cbséobﬁ\b‘
TO-TICEFER U) 2RLTES L, KEICL > TTO—TRBEI N EANMN
»5, £lz. EROBPIFETHSNZDIEL LA &R (1) oOREfMTHZ Tu—7
ER U) THD, £oT. IHSLERD DD, AP TIRLITHERES W TIHE
MIEZITV, SRV V-1HR» BN S IETOL 21, L LT,

e - AEWICBITSETHEEN V) D, Bolzmann W T2 HNWTRATEREINS,

€

N,V,)=N, eXPL- k;‘)] , 2.11)
N : T3 XATREOETFEE .
AF VBB FICHRTHEEICENOT. M VREFEFREICHNXNTIESITNE L,
BRTZL2HDETNE, > —AWICBITBA A ORI F I3 Q28)DV,DH Tk
F0, KTRTELIIZ, P—AWMTOAF > DFEEIIAFOHERLEFRED

Ti%éméc 1 1
L[ 2V V(KT P
: m, m |, (2.12)

m, . 1+ DBEE,
v T DEE.
—F., TO—TWHATEH 1A >E i PLFDOXEHITERENS,

I, =eN,(V,)v,S i (2.13)
S: —AEMWFE.
Lo T, (28, (211). (2.12). QIHDSETFEEN, X,
M=——i—7-
> (2.14)
O.6e[kT” JZS
m,
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FORDBZIENTES,

AR TIE. TIRAINTGA—F R TN TOa—TE2HWTHEMNSEH L 2.
TO—TJOMBEELTIE, I T—HHEOTLE=0cm& L. T ADFHAMZIE
ELTHAMICEMSED I ENTE S, FHUDEE, RF / A XK HHEIERZE Z KK
T B572DITO0—/NA T 4 )7 — (Butterworth &, £=50kHz) Z AW/,

2.3.2 FEHPIEIERO

BFFICBNT, ERINEZT I AIHORERZRET 572 DIZFig2-11ZR7 &
S1Z. FEHDFtiE (Optical emission spectroscopy ; OES) ZH Wiz, 77 X HTldHh
R, 14>, BEFOH R THRAAMEBENEL S, ZOLDIIHEINLERT
EE. B Fa N 10 BETEAEDOREZFDAZ MR LaNS XD FOHERIC
EBT 2, AR TIIT IO THEAN SEAFICBNT, ORI ERNNSA]
BIZHT T, ARBOHXT 71 /)N—%@EL TCzerny-Turner AT HEE (focal
length=350mm, f74.6, McPherson 2035) T/JtL. AETHEEEZAVWTERESICE
BLTXYLIO—F—ICidik Lz, TOEERIBENL. UTOLDICERINS.

I=phvA TR, (2.15)
n: BRRCX->THREDER,
hy . BRIEHEER vOXTFITFRILF—,
A JIEND S (TS BT BT A 2 a s O BRBIHRLK,
R : NGO BT, BRI B 72 D O4REL .
FAMERPEEREBRFNOETERME TER I NSEHE, BAKTE, B
B0 DERBERIZ, KRXDODEBOTHS,
R=xNN, (2.16)
x: EEEELR,
N: ERREFRFEE.

Ko T\ 2DDEMEDEBHE 1, 2 OFEREDHIL (2.15) (2.16) L. XKKXD&
BOTH5,

R, (2.17)



DT &N I/LIT &K > THERBROL, HlAIE, Acf TN S5 DAY BV (A
PAC A F NS DARY MR (ArD) DLLEFARD ZE T, Ar 13 > DERED
Ba, bbb At HADBHOEEZERMNITRT I ENTER I LEEKT,

AT, BOSNEHLARY MIVZBWT, MORFOFENKICE DEE BT
72D Ar PERTN S DANRT FL#E (ArD 13451.1nm, Ar 13 M EDANR
7 RVER (AD 14476.5nm DZFNZEANTZEO®REL (Arll/ArD) THHME L 7=,

24 AN HZUTEY—=5y hORIVINA T AEFEDHEIE D

AT AN & U 2T &=y MIRFNT —ZHNU 72 BRI 54 D E TR
FOABE (RIVINATAEFE) £, GETT—7T (Tektronix P6015A) % i\ TH
E L7z,

231 TRULALDIZ, IPIXARFOEBRICETEEZHMT S L, ZOERIZTO—T
BEEFEILCEDICH5ZX5N%, Fig28@@) 27/ 0— 7 OREEMEIHICRFER 25
Al Z2DTO—TRMHERY, 70— TREOEREEOD, BAAEROFE
HIZHIVADBEFERN, AHOFEBICEIVADAF CEBRLODKREL/ZD, ¥

/ / / l

# I-V curve I-V curve

excess-electron current
circuit current=zero

\/ >t — M >t

_ . DC shift
v
\A RF signal doc RF signal
‘—
vi J >V bt | vV
(@) (b)

Fig.2-8 V- curves when the RF perturbation is given to the initial probe poten-

tial (a) and after excess-electron current self-adjusts to vanish (b).
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F— ROEIREBRIEINENS, L. ZOEEIIBNTIO—JEEIMNMCI ST
CH—REREEINTWTEHRBHENRNZVWESIZTS L, Fig28b) DLDiZ, 7
O—7%70—54 TR T I3 )V U TEIL TAIRRS KD ICHCEHETY %,
ZNBENTINA T ABIETH 5. BAEDA/NyF Y 2T =5y MZRENT —%
Fimd 2L INERUBKNE DI &S, TRDE,. ZORELEZAETREC
o TTSAYHFDEAF 25 ERB, VIIv I ADK D By —o v KT
HANY I D TBREBZRITIENTE S,

2.5 FEIROEHE

ABE T A MO T 5 X< FHRANC SITiO, & T 5 HM R F—%&t v hL
7z BRIET BEME L T, 20mm X 20mm D p B Si(100) Hifs & (B X =500um. HEPI*
=0.2~0.5Q/cm) & Pt (100nm) /Ti (50nm)/SiO,/Si % JEIRFAR Z2 AV /=, SITiO, DT
ERIL3.905A TH BN, SiEROBTFERITS431ATH D, RESTNTWS (R
BE). —H. PLOBTERIL3.923A2 TH D, SITIO, DB TERITEHDTAW, &
KBTI, INASITIO, DFERMEIC KT THE BN, ZEEER T D Sio, Fid 2
BALIE T, SiEFNBILBTH20ZMIETHEENH D 0, RREPFIZBWTESRF
(SH-203D. Motoyama Co.) & il \\"T. FiRB X URIREE & 2 £ 5K/min T 1273K
ELT, SHFEMRFFTSi MR LI ES B, TIBXUVPBIIAF > E—LANRY S
D TEERWTERLUE. TiEZPUELE Sio, BOEEEZ M LT 5 %ENH B W,
AT, RIERE O % 2.7 X 102Pallf/FF L7z, BEA A, 7IVd2H 50
E7INT - BREA (Av0,=1) FHRTHER - ¥— v MEER ) 28I E3
ZEIZE - THEP ORI (SyT) 2287z, ECR7IXAERADTA U O
NT— (P) 1£200W. ANy &Y TRORENT— (P) 13 100WICEEL. ER
MELIZIFTHZRNT, 60min DR TEREZITH> /2,

26 RARTZ—U2T

—RIZ, HLAAERDE W SITIO, #2155 7201, AR IZ 900K LA _E D HAR AN
AZfTo70, RERICHLE (RA 7 Z—U 7)) ZRLEZDT ZEICK>TH
LS BDLENH S D, UL, #EEEROFEICER S 115 BILHE R DR
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B, SN AR A S O A BRI D Z HEFIC AN B EITIE, KA Y Z—
27BN THTELLETHERITEWVIRE TRMES T2 T ENHEI L WL, A
RTIIUATOESIBR2EHEORA MY Z—1) > JHEERA LT,

26.1 BRI ICKABRA T Z—U 2T

TEINT 7 A E RS EEOESEICIZEY, BERFEHWERA Y Z—U 27
NANLNTND, AFFETHRELZEE (as-depo) DHEZESI (SH-203D,
Motoyama Co.) ZHWTAKGKHPTRARN Y Z—U T 2L 7. TOKE, i - BEiE
HEIZZNZN 20K/min TH O, 1EEFEIX60min & Lz, 7 Z—U > 7iREOHIE
I3 K B ELEE o 2 R 1 B S THIE U 7z

262 BEIEICLXAARA N T Z—U 2T

Y53 v ADKD IEFRRICHVEEBESE DM 2 E &, BN ELC S, I
Fig29 07T &S IC3fEH 0. BENE THEMET BAARBTE— A > MHE
ARG 5 2 &Ik > THEU RN E . SMBERADN-& T, EA
F LB A IMNENCHHFICEM L TEL B A AL, BEICK D ETEN
EFRICH L THOEMC TN Z EICk> THEL ZBTHMEND 5. MBSO
BREAEL LTWL &, X4 2 ORESTIEA 4 > ST/ T B 02k

O%O% e % & Electron
%% © -0 &
Er o0 e

Permanent Electric

Dipole Moment
Electric Electric Ele.ctric
Field Field Field
(a) (b) (c)

Fig.2-9 Three kinds of polarization under electric field. (a) oriental polar-
ization, (b) ionic polarization and (c) electron polarization.
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BRETE S, BEMAMBITEM TERV., TOHR. COBNDEDIZEII VIR
EAENEAL., WHYSFEEINEL (dielectric heating) 24U %19, ZOHEEFMAL
T, RETIIERE CHEIONAFHETE S, BEEN245GHz OREREBETL >
WIEL —RFEETEKRL TNV,

EE, BREZRAWEZHEERPRNCER SN, <1 7 08> 2k
BRaBETIHRHINTVS, fIZIXEII v I ADBEIBTFICHENT, ELWVWEEZ
L Tna e, RREOERFFRETIE. ETEZFNED 5N, TORBEIROFE
N5 QIRHFHBICKDEABRANSRLICHIRIZZ> TN 7OEATH S, L.
ERFICE DML, <1 7 0l E2RINT 2WEE2 RIS OREB2ENREN S5 —
FRICESEMEL S N, RN EBIR TREL T2 EBMEINTNSE D, 20k, &
Ref] TEHE R BEHAMEIR THE SN TN S, 51T, X1 7 OidmEIZ K > TRIX
RINR2 D=0, BIRMABARETHSW, ZOZEZIGALT. 7IVIF 9, £
TAHERD, BOERICEAT IV 20 LD OEKIRFERERCEHREREDOGR 2 biThih
TWw3,

FFETIE, FEOEBIEEDEZDDORA N Y Z—YU JICIHAETFL P2
WA 7 OB OERK (245GHz, EREEERE T 560W) & XV ¥ OB/
(28GHz; FGS-10-28, Fuji Denpa Kogyo) D f & idH 7z, Fig.2-10 ICAHK TH W

Wave guide
Sheathed

thermocouple

Mode converter —] Gas inlet

Viewi?g port Viewing port

3| = Sample - K-type
sl (SrTiOy/Si) ) Sheathed thermocouple
/| Stage ‘ \‘; |
l Dense Al,O; (p47mm x8mm)
éi;i"_] Al O, fiber boad (66mm x58mm x11mm)
. 0 i
(a) (b)

Fig.2-10 Schematic illustration of post-annealing using the electromagnetic wave

radiation (a) and the arrangement of samples for post-annealing (b).
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28GHz v 10 hO I UFEMBAKEDY 7 r—5 LHBEBEMZRT .

27 WERED T
2.7.1 X #rEHTE

AREFFE TII IO FIE 2N 57201, JEMkEE T R A B4 R 03I ¢
&5 X#EPriE (Xray diffraction; XRD) ZA Wz, AFXBOKEE (1) 13BEA (Cu-
Ka## (1.54056A)) 72D T. XHOHE A 07> 5 Bragg DFEMAH.

A=2dsin@ (2.18)
ERAVWTHEOEER (0 2RD2IENTES, TSI, BHIRE—T OEZE (P
N5 Scherrer DT

t=2/(fcos 6) (2.19)
ZRAVWTHBETFYAIX () bKOBIENTES,

BEHEEBEE S/ A— FIVOREBEIZK U Tid Brag-Brentano £ (30kV, 15mA;
MiniFlex, Rigaku Co.) ZRW/z, —H. B1+F / A— VORI L T, Lido
WHWD D a207ETIAEIPEEMNFE< 20, HFRNCEELUAN DOEROBF RN A E L
PO TCLEDW, TDD, XHOHBHIMT 2 ANAZ 1EIZEE L THEENS O[E
Prighz RE< T 5 0RIEE (40kV, 40mA; M03X5250, MAC Science Co., Ltd.) % f U
TiHME L7z FRALEXBREETE/ JOA—FZRHWTHEESEEL T3,

272 EBE T MBI

HEOXREB LVEE N EDL D72 (morphology) ZFf> TWAINEHMD Z &
BAEEETH D, FARTIELRETHRERHCRF U ABICHEET 5 2RETR
2RELVTHBALTESEEETFEMSE SEM) 2ZHWTHOBEEZBR Lz, XHE
BRIZIZY > T X572 (W) 74 5 A2 FBISEM (Superprobe JXA-8600, JEOL Co.) %
AV, BrEESRICITERBHIE SEM (field emission-SEM; FE-SEM. S-4500, HITACHI
Co.) ZRW/, 74 A2 MIETHIC BRBMEHETFHENSIILELLE
BOAESN, TRIIVF—REAVNE L, 70— TRSM/NRIZDITE 2 fERE THM

HHEEIARICHE L T\ 5,
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213 BFHRA 07 FI5314Y

LEOW T4 T A MISEMIZBIFA2REHEZOEE, TxRIVF—28% (energy
dispercive spectrometer; EDS) 7328 & Al W= ETHR < 7/ 07 F 5 1 ¥ (electron probe
microanalyzer; EPMA) % F W THEEH OEREH X D534 17 > 7z EPMA IE100ppm O
SHRA® 25> TH0, BIEHZTODTHETH S, 2L, XEITHABREN 5
BumBEEXTEAT I 20, FIATIHERICGERZET S,

2.7.4 Y7 +— REHHELE

RO TIE T Y T + — RS #EE (Rutherford backscattering spectrometry;
RBS) Zf /2, RBSIZ. MeVEEDI X ) F—% b1 F 22 BHTREH U 2
AU ZHERELIC L D TR F—BENSEEM. ThabBILRREZITV.
BHEBILIC L2 TRV F—HBENSESFROEREHFD ZENTEDD, IS5
FOTO—7EL T, EFICHENTEENREVAFT ZANTNS D, ZTOHRS
BNOEIERNFOHFENTED ZENTED, TRPAMEOENEERDE
WK TRBITHZ EMTESD,

AWFFE T 2.281MeV IZIIE & #1172 He' 1 4 > & fi WLy CRBS (RBS400, Charles Evans
& Associates (CEA)) Z17\y, BAHMELAFIZ 160 EOBELAE (2) TRHELZ. A
BRI TE (Q) LBFELEEHE (o(0) MO T, AaD@h SR N TFONE
(v) i, kX TERZ4,

=0(G)QONA (2.20)

Q20 NH5ETE (N) Z2RDBIENTES,

B 5N/ RBS AR MVIZHYPRA O— R T L 72,

2.7.5 [T RS R AR

PRAR U 7z SITIO, #IR Y, RIEARDAEY —ME L L THEHA SN ZDIZIEI /0l
LAV TR REIRENEREND, > T, AARTEIREH S 2T 5720
IR FRI78EMMEE (atomic force microscopy; ARM) B HiTo /2, LEET 5200
EREIZIX 7 7 > 577 7 —)V A J1 (van der Waals force) RHERNZENHNTHB D,
AFM TRZ D (F) Z2Rihd 570 T#iEE (k) Mo U a2 (S &#er (O
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>FUN—) RBRTHABOREITED T, o FULN—DOHMNEM (A7) ZHIE
L. 7y 7 DOikAl

F=K Az (2.21)
FORDDZEMTES, SHITNDEEN—EITIRDEDIITT A —RENw 7 LR
SCRBIRHEZEETAILETZRLHEHBEZED I ENTES?, AL AFM
(Nanoscope III, Digital Instruments Co.) Ti&. I >4 7 bE— R T/K¥EFME Sum, HEE
7314 100nm O A F v > HiH TEEZfT > /2.

2.7.6 X BRICE TR ICIR

AHFFE T SITIO, IR DAL EHE G IR Z AR D 7D ITXBEE T 61 (Xray pho-
toelectron spectroscopy; XPS) # Wz, XPSIZT I F—BEHIO X (ho) ZEHT
AL, TNCL> TEHS N BETOEH TR F— (E,) &g, OHEHERKED
DN THIEL., KK

hw= Ef(OYE, ¢ (2.22)

MNHBEBTORMIRIVF— (Ef(k) ZH52HETHS D,

W TIIAR » hH 1 X250 X 1000um? D AlKa R (1486.6eV) % ALY, 50eV D
INA LT3 )VF—T XPS (Surface Science Instruments) Z17V>, 2 TDFEHI Ar 14 >

ZHAUVWT0.08nm/s DA/Ny ¥ BEET20im DIRSEFTLyF UL,

2.8 SRR

GIRUZSTIO#EN ED KD BEBEIFEZH L THRLENFNRDE  LIIEEICEE
Thb., TLUT, @EOBZREEENS-0ICI3#E FEICEEZERTZ2LEND
%, AWFTIZ0.00094cm? DNREH LA )N T v R—T A7 &AW, LEBEERME
REFICHAWEAFT D E—LANYZ U 2T 2AWT 100nm O Pt EZEER L 72,

HE X2 TEIR TV, WFSAHFM S X7 L (RADIANT TECHNOLOGY Inc.) T
BB IOFEROBFKEEZFE L. LCR A—% (HIOKD) TEXAEELS
BROBMBEBUKEEFHAIL 2, Xz, BEREA/NT A—5 T F 51 (HP4156B)
TU— 2 EROFHHZIT> 7,
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3 IT—HUCADMECRT I ATA/Nw Y Y 7 I2BiT
575 Xk

3.1 EANE
TIXRICKBPVD 7O R 2 ANTHMEDEEE SR T 5 ER. MRS
EZm LI ENABETHD, BRCERICHWNINSG TIN50
VEREZ, BUICHEHTELONEIMNEEELR S TS, TOEDHIZITTITIXT
HDOAF LTI AEINYIRFDOT Ty 7 AEWILICHBETED Z ENEEL
U,

ECR 7SI ARANYZ ) 2T TET Iy I AD & D Mgk i % Rigd 5 & &,
—fRIZAN &) 2T 5 =5y MZIIRFAT—0ENME 15, ZOHE, EimE iz
RF LRI F =0, I AT oNDOFEELEZ DAHENH S, LML, T0D
CEEZHONIUEHRISHTEE TOEZAE S ELITHNTE ST, EFITENWE
B (~10fcm?®) DT I XRICBEINTNEANYZ Y 757 —4y hTidia, BE
DIRNT I XRITBEINTWBERICRENNT —ZENL 723 ED T 5 A HEADE
EDPMRINTNBEITTHSB,

AETIE, BADTIN—TNHFE LI T—BUADRECR T I A ANy &) >~
TERBIZBWT, TIRAINTA—FEHENITZLEEDIT,. BEET S XHIC
BRENTZANYZ U2 TH =5y MTHMENERF/INT —INT I XIINTA—FITE
DD ITHETEINERARIHERITONTERS,

3.2 ECR 7' 5 X~ Ofefk:

Fig.3-11Z z=12cm T 100W O A 7 OE/NT— (P) TAITIAVERHEL L E
DT T X DIFHEN (V). ETRE (1), BLOT I XIHEE N) OHAREHN (p)
RFHEERT EHOERICELST, V. TBLUNOWTHHABDILTNEZ L
M3 %. T LT, 231 TNz LV ORGANS, CHEENDOBEAE & HITZE
&M, TROETIXTHEGDRT v IV bBDTHIEEZERL TS,

Fig.3-2 12 Ar[E/17%8 1.3 X 10°Pa D & EOFHEAL (V). ZMEM (V). EFEE

(T). 75 XXEE (N) OMARAAERT, AN F D TF—5y NOAE (~
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Fig.3-1 Variation of (a) floating potential, (b) electron temperature and (c) plasma
density as a function of pressure for P =100W P_=0W measured at z=12cm.
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Fig.3-2 Axial distribution of (a) floating and space potentials, (b) electron tempera-
ture and (c) plasma density for P =0W and P =100W at p =1 .3 X 107?Pa.

Scm). ECRAZE (12cm) BRICRT EBD TH S, V,idz=0cm. T720E I T
FOTEDERKME (33V) ZRL, z=8cmfHETO. LTI HIIT I A TRIIT
IO TIEDBMITEL TWB I ENN D, —H, V IIEARICEL TEEAL
B LIBNWZ ENG, 2 T—HFFOLHIICBTE T I AIHDEA T > (Arf F2)
WFRICTF I THEI NS ZERDN D, Tiabb, ERIET S X< FifihLE
Dz=10~ 12cm KRB THREIND DT, LA A IFERBIOBICH L TH
30eV THREIND Z LE2EKRT 5,

—%. BTREZI S—BEHP LD =0cm TRAE (25¢V) Z2RL., TIXVEE
IZBA L Tid. ECRIZEMLEE (z=12cm) T KD 12X 10Mem* DEZ /R L 7z, /=, Fig3-
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o PTEIE BRI U R I I L i
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Fig.3-3 Axial distribution of the plasma pressure for P_=0W and P = 100W.
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Fig.4-1 Variation of the film deposition rate as a function of (a) microwave power for
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Fig.4-5 Typical RBS spectra of Sr-Ti-O film deposited on Si substrate (a) and varia-

tion of film composition ratio of Sr/Ti at various distances, z between the

target and substrate (b) for P =200W, P = 100W and Ar/O,
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Fig.4-6 AFM 3D images of SrTiO, films deposited on Si substrates at z=10 cm for
Pﬂ=200W and P i 100W. (a)Ar only and (b)Ar/O,=1. (Image size is 5x5 pm?)
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Fig.4-7 AFM 3D images of SrTiO, films deposited on Si substrates at z=10 cm for
various microwave power (P rf=100W). (Image size is 5x5 pm?)
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Fig.4-8 Variation of the RMS roughness of SrTiO, films on Si substrates as a
function of microwave power at z=10cm for P _= 100W and Ar/O=1.
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(b) z=10cm (¢) z=12cm

(d) z=14cm (e) z=16cm

Fig.4-9 AFM 3D images of Sr-Ti-O films deposited on Si substrates at various dis-
tances, z between the target and substrate. (a) z=80 mm, (b) z=100 mm, (c)
z=120 mm, (d) z=140 mm and (e) z=160 mm at Pﬂ=200W, P rf=100W and
Ar/O,=1. (Image size is 5x5 um?)

(a) (b)

Fig.4-10 FE-SEM images of the hillocks on the surface of Sr-Ti-O film deposited
on Si substrate at z=16cm for Pu=200W, P rf=100W and Ar/O,=1.
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Fig.4-11 AFM images and surface profiles of Sr-Ti-O films deposited on Si substrates
at various distances, z between the target and substrate. (a) z=80 mm, (b) z=100
mm, (¢) z=120 mm, (d) z=140 mm and (e) z=160 mm at Pﬂ=200W, P rf=100W
and Ar/O,=1. (Image size is 5x5 um?)
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Fig.4-12 Variation of the RMS roughness as a function of the distance between
the target and the substrate at Pﬂ=2OOW, P =100W and Ar/O,=1.
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Fig.4-13 AFM images and surface profiles of SrTiO, films deposited on Si substrates
at z=10cm, P =200W, P _=100W and Ar/O,=1 for various deposition times.
(a) =20 min, (b) t=40min, and (c) =60min. (Image size is 5x5 um?)
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Fig.4-14 Variation of the RMS roughness of SrTiO, films deposited on Si substrates as a
function of deposition times at z=10cm for P =200W, P _=100W and Ar/O,=1.
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Fig.4-15 AFM 3D images of SrTiO, films deposited on Pt/Ti/SiO,/Si substrates at z=10
cm and z=16¢cm for Pﬂ=2OOW, P = 100W and Ar/O,=1. (Image size is 5x5 um?)
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Fig.4-16 FE-SEM image of SrTiO, films deposited on the Pt/Ti/Si0,/Si substrates at
z=10cm for P =200W, P =100W. (a) Ar plasma deposition for 60min and
(b) Ar/O, mixed plasma deposition for 120min.
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Fig.4-17 XRD patterns of SrTiO, films prepared (a) by Ar plasma on Si substrate, (b) by Ar/
O, mixed plasma on Si substrate, (¢) by Ar plasma on Pt/Ti/SiO,/Si substrate and
(d) by Ar/O, mixed plasma on Pt/Ti/Si0,/Si substrate at z=10cm for Pﬂ=200W and
P =100W.
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Fig.4-18 XRD patterns of SrTiO, films prepared on Pt/Ti/SiO /St substrates by
various oxygen partial pressures at z=10cm for P =200W and P =100W.
(a) 0%, (b) 10%, (c) 25%, (d) 50% and (e) 100%
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Fig.4-19 XRD (110) patterns of Sr-Ti-O films prepared on Pt/Ti/SiO,/Si sub-
strates at various Sr/Ti ratios for Pﬂ=200W and Prf= 100W.
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Fig.4-20 Ti 2p spectra of Sr-Ti-O films with various Sr/Ti composition ratios.
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Fig.4-21 XRD patterns of SrTiO, films prepared on Pt/Ti/SiO,/Si substrates applied
various substrate bias voltages at z=10cm for P =200W and P = 100W.
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Fig.4-22 AFM images of SrTiO, films deposited on the Pt/Ti/SiO,/Si substrates prepared
by various substrate bias voltages at z=10cm for P =200W and P ~100W.
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Fig.4-23 RMS roughness of SrTiO, films deposited on the Pt/Ti/SiO,/Si substrates pre-
pared by various substrate bias voltages at z=10cm for Pﬂ=200W and P =100W.
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Fig.4-24 Variation of substrate temperatures of substrate holder prepared by various
substrate bias voltages during the deposition at z=10cm for P =200W and
P _=100W.
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Fig.5-1 XRD patterns of SrTiO, films on Si substrates with various post-annealing
temperature by electric furnace at z=10cm, Pﬂ=2OOW and P _=200W.
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Fig.5-2 XRD patterns of SiO,/Si prepared by thermal oxidation in (a) the wet air
and (b) the dry air by electric furnace (823K, 60min).
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Fig.5-3 SEM micrographs of the surface of SrTiO, films on Si substrates with various post-
annealing temperatures at z=10cm for P =200W, 300W and 400W. (P rf=200W)
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Fig.5-4 Variation of the Ar intensity in the StTiO, films on Si substrates by EPMA
as a function of post-annealing temperature at z=10cm for P rf=200W.
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Fig.5-5 XRD patterns of SrTiO, films (Pﬂ=200W, P~ 100W, Ar/O,=1) deposited on
Pt/Ti/Si0,/Si substrates and post-annealed by microwave oven without AlLO,
insulator (a) wide scan, (b) narrow scan and (c) 2 8 angle of peak intensity.
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Fig.5-7 XRD patterns of SrTiO, films (Pﬂ=200W, P rf=100W, Ar/O,=1) deposited on
Pt/Ti/Si0,/Si substrates and post-annealed by microwave oven with ALO,
insulator (a) wide scan, (b) narrow scan and (c) 2 @ angle of peak intensity.
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Fig.5-9 XRD patterns of StTiO, films for 1 and 2 hours at 523K by millimeter-wave
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Fig.5-10 XRD pattern of Si substrate annealed by millimeter-wave radiation
(823K, 60min).
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Fig.5-11 XRD patterns of SrTiO, films on Pt/Ti/SiO,/Si substrate with various

post-annealing temperatures by millimeter-wave radiation (60min).

Fig.5-12 FE-SEM image of SrTiO, films annealed by various temperatures
with millimeter-wave radiation. z=10cm for Pﬂ=200W, Prf= 100W.
(a) as-depo, (b) 523K, (c) 573K, (d) 623K and (e) 673K .
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Fig.5-13 XRD patterns of SrTiO, films on Pt/Ti/SiO,/Si substrate with various

post-annealing times by millimeter-wave radiation (573K).

Fig.5-14 FE-SEM image of SrTiO, films annealed by various times with millimeter-
wave radiation at 573 K. z=10cm for Pﬂ=200W, P = 100W. (a) as-depo, (b)
10min, (c¢) 20min, (d) 30min and (e) 60min .

91

Crystallite size [nm]



LEBOEN 7O —C2<ERAEosni0n, Thbb, IUKRBHICKSRA
Yo—US TR BOEN T+ 0P —ICEEAEREE AN ENGN5,

ULEDEERNS, IUEEZAWEZRA N Z—U 27 NERE 702 ZOEED
RETHBDTHDHZENHLNERS T,

55 OB

KIT, Sl @ Pt 2 FERREAR b StTio, iRz, Pt LEREMZ DIF TH v /N & —#E
WL TCEBRER O ZEIT> . Figs-151328GHz I VKIC Kk BHLADHRA MY =—
) > 7 &M TOSTIOMED P-EL A5V 2 Afh# (/L A8 50ms. =AK) 2R,
Z Z°T. Istannealing. 2nd annealing &/R L T2 DIXZNEN, Pt LEREMZ IO ]
FBMBICRA R Y Z—) 2L EE2EKL TNWS, 2 TORICBNWTHE
RIIBEHERLTNWDLEZENS, JBONLBEIIEFERTHLIENND, 5
IZ. st annealing L 7= D73 FEHE D1Z S 732nd annealing U 7z RO /383 £ D HEREFITK

1-5 ¥ l | l I I ,7 I l 1 _l_
1st annealing (573K)
1.0 |- — 1st annealing (473K)
s 2nd annealing (573K)
o 2nd ling 473
5 o5 {2n annealing (473K)
3 as-depo
5 0.0
=
L
N
- 0.5 | .
©
Q.
_'I -“ | — —
-1.5 ] 2 ) L | I T N T
-8 -4 -2 0 2 4 6

Electric field [MY/m]

Fig.5-15 Film polarization as a function of the applied electric field strength at the single

triangle wave of 50ms pulse width for various post-annealing conditions.
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Fig.5-16 Variation of the dielectric constant, capacitance and dielectric loss of Pt/SrTiO,/
Pt/Ti/S10,/Si capacitor with electric field strength at the single triangle wave of
50ms pulse width and frequency for as-deposited and 1st-annealed (573K) films.
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Fig.5-17 Leakage current as a function of the applied electric field strength

for various post-annealing conditions.
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Fig.5-18 Schematic energy band diagram of the Pt/SrTiO./Pt capacitor (a) before and (b)
after the contact is made.(E : conduction band, E : donor level, E: Fermi level,
E : valence band, Eg: band gap (=3.3eV), @ : work function (5.5¢V) and x:
electron affinity (=1.75¢V)
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Fig.5-19 Schematic energy band diagram of the Pt/SrTiO,/Pt capacitor. (a) reducing
Schottky-Emission barrier and (b) Leakage current could be generated by ther-
mal activation, trapping into trap site (I), detrapping from trap site (I, ) and
Schottky-Emission (I_) because the oxygen vacancy acts as a electron trap site
with trap level (E_ ).

trap
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