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BRI 20D RERBEL 72> TS, A TIE, 77 Ay F o7 7ot
BIFDHH A=V A I = X LOF O, AFEECMEICRE FRRT v
NEBICR B E M5y I ab—ya 2V T X< L Ek) )
S & OFAAEH O %217 - 7=,

AW TIE, KAILT
(D) Rz a3 5 Si Eti~oEm=x ¥ —HA 4 Ko rF—0 Jif
FIRFAST S R 2 b— 3 v,
(2) Si R A~DE =RV F—HA F A I ab—Ta L,
() SIEMR~D Qe WAV F AL —E—L AR I 2L — 3,

D 3FIHAD D FE)F I ab—arwfTolc, LFICENENOME LIRS,

(1) Si o= v F > 7ZiE HBr, HCl 2D 7T X< NI AL TEY, Zhbo
7T XA hbREA LI HY, Brt | ClY, HBrt, HCI*& W o 7oA AU A% SiHdk
Ko & WER) - ALTFIICRIGER T 2 Ty F U TRISDEITT S, L
LINGDT T RASIZL DT — by F o7 7 at R0B 0T St HERER D%
BESST VER)MT AL AFFEDIX L DX OARRZF| S E T 72O L 72
S TW5, Si VEREZS — by F o7 7ot ARFCRENEE RN L=
— MBUIEA D =y h 7o ZADBRIZRESNDTCORAETLBRT, A4
B AEEEE AW ERD S E TR —0 HiA A4 & AR & o Si
BB S L7235612 ST O EER (LA 2 » REFBLEESENT 5 &0 9 #
ABMESNTWD, £2ZC, RFRTIESFENFY I 2 b—3a VB FET
52 & TR e 2O E R LM BE L, I —va v
fEI A VERR L 72 B SRR LIRAT & o Si AR IR = 1L F —(0.05eV)D O 7 2
S BT L F—(100~1500eV) D H A A 2 % [[45(5.0 X 1016 /em?2) Tl AH L
TR, A A B — LNEREERIZ O JEF-2% S HARNHES 3~4nm £ TRAT S
HEB BRI AE LT, £ LT, AN Uz HY A 2 OFEREIBRE D) & Wy B iE 22
IZE > T HA AU D O i ~OEE Eifgs L 2 0 HdR b 2 R S5 5
FERMEPD DN, o, O RFORMAT v T HOMBET — 2 Z it L,



IR L7 1 A DFEN R RERE e AR 5 F CHE R L 7 v = R I XEMIL
B X2l asl s o dHE2mR LT,

(2) 3 WIThiE % FF >R T A A Th 2 finFET 13Ek D7 L—F—A FET X
D HEEEE EIFAZ ENARETH D881 7 ¢ VABER NN EET v 1L LR
S TWB I DRIBEI M FLE 224 D A AN KD REF A —UNT A ZADIEHH
PEIZR B % T T AREMEDR H %, fiInFET O = v F U 71280 TiE, v — A NN#
L7eA A3 An i U CHATISE WA B TS 2 23 Bredd X 9 7 o R &
AT OB EITRATA A AN LD F A —VIFBREAS LV A/ S <
2%, LML, HA A OHREITE, RARNTH > THEEAFHIITWE R
A—=VREPERIND &\ ) ERERNRE SN TN D, £ 2T, RIFETIE
BIAI HAA F AT R DREH A=V ETERRA T = X LITHONTEDFE LS
RD 7O AN 0,30,60,80° D HYA A % 104shot (dose £ 9.4 X 1016 /cm?)
S EBICAFT 5 2 b—a U EET L, TOREAECITWAEE
THA F U BAH ENTHEITB N THRED B 10nm OEEIT Y A — I
EOTENT 7 ZET DFEPHER SN, HERDTZOIZIT o 72 Art A A 2 B
FER T Art A A T EANGEE T Snm FREDOFIRICH A — V& 525 DHTh -
T2, A= RV X—500eV O HYA A v DFAEITIFA A DOF v 3 U v TR
IC &0 AFAEICED S PRRES 50nm BREE TA AU MRAT D Z &V
L7z,

(3) WtilZ, WRDT T AT BERALY XX A — TR T. 7 2t ADE
BOTD TR F AL —E—AILL D St EERIKE 7 22 AD MD ¥
alb—varEiiol, HAZ TZAZ 3TN OIRT « 531087 7
TNT—= VAR VEELTEERD T T, HAZ T AL =I5 b A
TRIVKR—INT T AL —ORERRRLFICHTL SN D T2 « By A4 v
— A TIEEHTERWVERZ RV —DAFTNAGEE 2D E WS TRERH 5,
AHFFETIE, Si EARIZ 7 T A X — = RV F—RERITEOBIKT RV F—D O
A T AL =% NJT 5 2 & T SiEMR—EDHDIEAGAATHE T & L & FREE
Lice RyIalb—varOfiR, AV 7AX—O@EEBERRZRICELD 1
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AR REE(100ps LA L)TET 272 JRATBNC RS PED W RN A Ue 2 &R
FIKELTEZOND, FEARBILT o AD Y T AL —2 X )LX—(KIFMH %
PRI AKX —% BIF TN &7 T AZ =1 3REIAHFE TR
EDOERICEI VUM T A Enginotc, 7 I7AZ—DH A XL TIE, 7
T AH —DH A X% 10000molecules/cluster UL EF TRE< LT & Si-0
FEA O EITIEZ 2 DD 17 T AZ =472 TO Si-OfEH DAL TR Y
AL ONRITE S D Z EBHEND BTz, I DFERD B EZHED BUME L R
—VRMUWE 7 0B ADDIT#EY R T AZ—2x VT —L 7 T AZ—
A REIRET HMEND D Z L VHI LT,
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1.1 FEOEE

HABART NA ZAFBIEE T 1974 FZ R. H. Dennard ZE23MES L 7= ELilfE /N
(Scaling Rules) IZH| W b3 HED LN TE 72, Zhudk, ERIE T UR %
(MOSFET : metal-oxide-semiconductor field-effect transistor) 15Kk O#E{EE T
A SEDH T LTT A ZAOBEIERH] - HHEES) - EREDLZUEE ST A R
OYEREM L& a A M T U EBNLTED L) HOTH L1, FHE G Ao — Fv
7% E% (International Technology Roadmap for Semiconductors : ITRS) 23 F1T
LTW% 2013 FRERNC L B &, PERFESRETO—>ThHh5 DRAM (Dynamic
Random Access Memory) O/ —7 ¥ FOfElE 2015 412 24nm. 2025 4E1Z 10nm
([CET D TETH D2l BHEOHMM TIZEINRY V7T 7 1 #Hifia FHnwTL A b
FIZERBHRZERGE L ZDR T T A FIA =y F o THITTLY A NS %
BPIZERET 5 L0 ) FIETITOIL TV D BT 3 ZAOMMLS nm 4 — % —F T
AT LY — MEZIEED 1nm BEICE THBEL SR, &1 P RxAghRer
9= MNP Y RVBRICHES D U — 7 EHROFEAE & W o T RHEIMEIC AR 2 BN
BAET DL DI T2(3-5], £DI=d, BT bRV RMBEICS LT HE %ok
FEROEVHEEZHWLETY —7EREMEI L, >3 — b F v RVRREEI
LCIEfAnFET 2 EO~NVF 57— MEED N7 VA =BT 52 LT — 7 &
ZEHT DL Vol RAEEOND LI IR oTWD, o, F— by F U7
BWTIIEE Inm BEO T — MR ZHI O3 THIZ G X A =V &) 52w
DR ANEREND L ESTMEIC, TT XD SND A AU R0EIR, T9H
V7R BV K 2B DR D HE nm~% 10nm DFIRAD X A — VRT3 A 2D

1



REXCHR E D ICEBENICET 2 X512 >TE TV SI[6-8],

RIA T F U ITEDT T AT R RACL S TT NS RAEL DX A—TLT
Y=V T HEA=Y WS A =D RE S A=V D 3 DICKBITE D, Fr—
VT HEA=VIIE T UV AZ DS — MBS E R R0 b R VET AR
NDZEIZLSTELDH A =TT, F— MERIEOESH LA I S 2 372D
BIKRTASA ZAOES, BEEVBRBIZERD, FY—V U7X A—VORKE L
Tk, DT T X=PAORE M, Q) 7T b (F— MEmIC R L7ZBir L
(ZBIV D HEAE 7 — MRS 2K & WIS A ICERR AN B 2 LR S T
TIHNR QBT =—T 4 VIR L > TA A VB L BTEBROEEARAND
TR DEEROHNMENET HND9], MBI A —VIE, 7T AT AR
EICIER SN D > — A L > T A eV ITIE SN A AU B3 EET 5 Z LIk D
THNAZNDEA—=T T D, MWARNT RNV —ZFFo 7oA T UNET A ZDNER
FTRAL, BEBREREDHE nm OFIROFMMEELZELT Z LMo Tnd, Wit
B A= DEREIZ OV T G. S. Oehrlein %52 L - TR HE S LTV, 7
INA A DIHMEDEASR T SA ZADFFEIMTHIEED nm 4 — X —IZA->T=8UE, T
HEHZED TS, £7c HA T OYHE A —VICEALTL, 77 A=k >TH
LT HA AU D EE eV O AR =RV X —CRmICILIEZ § D St ZEHRIC A &
NS E HA A3 10nm L EORS ETRAT L Z LAdmE I Tnalio, 11,
ABFFETIZZ OMBES A —DIAE B LIEMREEZAT > 7o, R F A =213 7 7 X<
K0 FAT D EIEINRIEEINRIC L DT A A~DH A= Th 5H[12],

R T AN AR D BERITE T ET SRR, HH L L TW Do), BEDTZ
AT BEATIIRES A= TH Y 2D HBRRA, SRR L T ot R, 2EBHD
TNA ZDESHIFFEZ MR TED LD RFEBROOLNDL L ITR>TWD, £/,
ZIUE- T T AL T 0 2B HRREEE 7T X~ 0 bI3AT HIEME
T & DH OWEL, AL 722 SOSEFE 2 A B RSB U7 b Chali 2 FiE 2 IR 5
HEMEDEH L TETVD,



DRAM % Pitch
=DRAM Metal Pitch /2

Metal Pitch

30
| ‘E 25 A
L,
e 20 7
(&}
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B 10 -
=
L
e O - T T T T T
2015 2017 2019 2021 2023 2025
Year
Typical DRAM Metal Bit Line
Fig. 1.1 Schematic illustration Fig. 1.2 ITRS Roadmap for DRAM
of DRAM half Pitch from ITRS 1/2 Pitch based on ITRS 2013
2011 Edition, Excutive Edition, Executive Summary, Table
Summary, Fig.1 ORTC1

FRROEFOH IR TIEL, SiN—AD T L—F—BI FET 7 /314 A% 3 Kot
B FET 7 3A ZAEORE T 0t 2 2B W THERFEZER & 72> T\ D7)/ KifiE
BIZBIT D2 H A=V A D =X LIZER L, AFRECHME IR T-HART v v L
W R ZMZ 72478 /1% (Molecular Dynamics : MD) & 3 = L —3 3 U1 L BT
BiToTm, AFFEETHWEZRT Vv VET VT ST ROV 2 b— g AL A
VBTV S Stillinger-Weber 787 v ¥ L &2 X—Z & L2 D Th H NS, R
(CBWTHEHERRFTh D HE A, e/ x— MEFEN A/ ICHE
T 5 E % (bond order) & EKHLT HHTLEKE DG T 2 RGO HBM:A 1]
EExETN5S,

FICARMZE TIHUESL A=V VAR L ot AL LTHEAZED TWDHH R
TAFL—E—AIEDERMTL Y I 2 b —va B T L, (kO T I A~7nk
AT, TTRASPORELTIAF 0T U H eV o T R TN B IZ L - T
IR SN TANCEZET D 2 &L T2y F U I RNEITT B8, HAT T AX—E— L4
TREATIIERT - BT LW T BB DO T AR A« HAGFNT 7 T VT — LA



TEHELEZEXRRE T2 ANTZ L Coy FUIRMEEZITY, 20X 5 B RRLT
ERNT 7o AOHRE L TE, () HAT TAZ—2KIZE 2 b AFf =3
NR—INT T AR =TT DEBDIRS - 3 FICENENDE I ND T2 155124
72D DG =RV F —73 1eV/molecule LA T & o 7o iR T R L F— D AN 73 A RET
b5, QAF SN2V T AZ =BG LHmET LR, G & 7 T A2 — D5t
IR IR A BENEmWZERPTER SN D T2, @mWMEFRISERRE BN D, (3)
A T A2 — NG X o THI B a7 EARE 13K ISR A Ty & R if & i
CT 27T ITNAN XY TOMBANSLHT-ORMmMY A —TEMEITEDH Lo
727 AL =T a ARH ORKDRNRZET D,

HA7ZTAH—1F 1950 I A. Kantrowitz 7353 1 B — A OHFFEHIZFHE A L
1970 #1121 O. F. Hagena AR L7277 /83— ) XV & W=7 T A X — 1B &1T
o7z, F£72, LYamada IC XV A AL L7c s T A — ' — AT K 2 EESERE OB
WED BT, £DH%, 7T AL — L EREIE & OHBEAFERICET 20780 RIA < AT
b, BIE IR AT A ZR0WEFT A, Z2DBE T 1t 2~ N ER SN T
W5[13-19], /-, ITFEOa L Ea—F—OFREN DM I X0 KR53 5 L
EDORITH L THHBINAES IO FEINF Y T2 b—2a UPMTH T ERATREICZR
SDTERTD, AT TAZ =Ly F o7y Ialb—rarREblEINT
WD, ARWFFETIX, FA—TV LV ARPEERINT T m v ZADOER L AEE LTr 7 AH
—DAF RN X —=NERLLTFTOWE TRV —FMETOHT AT T AZ—AGF
2 b—varE{To7,

T ZOMNLY A XN nm A —F —IZE#ET D & PN T EHIE %« DJRF-, Z0F
DIFEEBZ R OVEFAL LT 2N TE R 2o TL b, 2O L5 iz n
TIZBWTIE, NI B ofEL, AROKRE I ZFFORFOELEED L LTHRZD
ZEBHEMTH D, DFENFHEIISRT ORI EE 2 = 2 — b OEE) R
EBREEN TV ETEHF L TV 2 & THEBIROREN T M 21T Z &N T
&5, EREBUEOFERMTICER SN DEEITR A LT > TN D T7eH, 7'r
T ADEHMEDO I I 2 b—ra URRIETEREDRELS Lo TETW D, BITKRE
S OEARRE T 7 AT, BREICBIT a2 XA FHRBEE o TV D7D, RERRY
IRINT A—=Z DR 53T T TR A D= AL LTI ETORFENRT et
AREHDBUA L IR > TETND,



1.2 AFESCDERR

ARECIE, FT. IREERE L TT IR TR ERCESTAELLX A=V EEN
(AR 2 2 A —VRIBEICOWTHRAT Lo, 72, WRIEROPERT A 2 L LTHE
H STV DB ELEA T S A 22O WT B TR T 5, Z0%., ABFED
ERORS 7 I SUa R

W2ETIE, HTEAYEY I 2L —a v OHGBEY, FOEERBEHETHLHIFT
BIRT v VCOWTCHAT 5, IED a2 > B a— 2 —OFREFE O LISy
TEAFEY I 2 b—a UMD 2 ENTE DRI & FHR R IR E L
e, BIROMSEFEZ > I 2 bL— M AIEREHNR S 5720, ¥ Ial—ra
VI OBRERIER COHE O TRBPMBETH D, £z, DFEFETIE, &
SR DOEFIRBIZEEE T, AR T > ¥ hE > TR OB Z R E L
TWABTeH, RT3 VEBO EMEN IR T 0 AL BEICHBELTE 2052 Eh
THZ LT D,

H3ETIE, B 2EORLETEZHAVT, Si REOBIBHE(S V& A)DRAE A
1 = R LR Z T -/ R A 7T, StV ERIZHBr R ED 5 X~v7 & 2z Si
77— MERACEE DO BEE 2SI 2 BERAE AR £ 72 > TWD Z ERMBNTEY | &
TRNVF—D HAF o2 AT 2 EEEER MU &0 D EDA A E— A
FERPOREIN TS, RIETEIDFEN I ab—va V2V TAHT L
F— KRS Si HARDOIEFR{a DB 2T ~% Z & T ut ADO W25 5EMEH %2
A& L7=[20],

FARETIE, FE3ETIHAT LD FEHNFY I 2 b—r 3 VB L LT HUNREH
G OR T FEFE T — & AT LR L T 0t 2D A B = X L DOBEEIT5, £12. A
FUE—AERERE VI 2L —a v EDER, Bk R L HERL T e
AL DHEEHAT I,

% 5 CIE, 3KIT inFET T34 A0 T.7 0w 22 ME L, vV 3 U HERICKt
TEHArA Ay HHA AU RAF VI 2 b—va U ETSTEERICOVWTIRR S, it
RKOTa v ATIIRARA T ANTLDEMmMF A —DIIRERMBE L SN TWRD
728 AnFET 5834 21X b T P AZ D fin MIBEL EETF v RV E 725> TWHTD,
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L= ZNE &N T fin ICHTZET 5 A A A S K BRI A —VNT A ADPEREIC
WL RIETENND D, AETIL, 7 0¥ 2 %OERE 126 L CEIER A Bk
(Radial Distribution Function : RDF)Z:K$ 2% = & TRRZ A —T O &l i 217
SRR bRT,

F 6 ECTIHMEARNTRNLFX—TOHRAY TAZ—E— LT mEATLDFKEK
JEBFRIZOW TR REZ IR ND, AETIE, ETHRFHEAT ¥ v VRO
Si FEARIZ O HA Y T AL =% AJIT 5D Z LT T AL —Fif ORI N RO % e
Wlle, £, 79 A =P A XL AT Z VT —2B{hs v Iab—va %
FATT 52 & TRERIN LM AN, BTy T A7 —%HT % 02 70 F DI
BRODHZ LTI ITAF =TV AD A= XL EIT- T,

Z L THREIC T ECARHAEORIEZITWASZDOEREL TRT,
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2.1 DFEHFEVIa2L—V a3V

oy 1B )51 Molecular Dynamics : MD) & i3, WE %= % ki % & L CETMEL,
1 2 DR ORI 22 TEB) & B L TV < 2 & TROFHIPHES L A F I X ADFE
iz17T 2 FIETH D,

Oy 1B J15R 1 1950 RIS 7 v 2 —(B.d. Alder) & 7 =1 > Z A K(T.E. Wainwri-
-ght) 3 BAZE L7 AT FIETH Y | 1957 F1iE, MIFERR O BRI AR O AR 2 B
T OMGER RN FER S NI, D%, 3 FEVIFEIRE OBIGHITHZ T TVnE |
1991 FF £ TICE R, WHAR, WdGR, MR, 7T 0 B0 ) =BV FR~DYLE
BTz, E£72, 1980 FFRUSEESRM, ERJMOEAMTONTZ, S 5IZ, 1985
FITE—FE TR FIEIC L o TRERRLE B ORT 2 v VR DOET VL
INFIRE & 720 | AHWE A ROR A~ DI b i E - 72 (1],

oy F B ) FE D BARI 22 B E 2 DL T ISR,

O 2TOFRTOYIHELE, PEEEZIEET 5.

@ JRFHIART v X VB D AR BICE < 12 RD 2,

@ == — k> OEE SRR A FAEAAT AR X | P NRFR % O AR F X ONERBE %

K5,

@ Wl ZED %,

® B ONEZEHT D,

©® O~@%#V KT,

29 LTHE LN Rl O S O 36 L ONEE OfF 2 St ic i+ 5 2 &
T, WEORMEZFM T2 LN TE D,



S ENTFREITERHA ) L XIS, 7 e BN~ 7 a R E AT
HETHY., ZOHEICE T, ZRTHICEBIEZE > 7288 —, PR E D76
TR, 7T AL — EEMELE Wo T R IR REICRB W TS, £
@%ﬁﬁ%ﬂﬁ#é:&ﬁf%émﬂoit\%ﬁ%ﬁ5ﬁﬁm\%®ﬁ%ﬁN\ﬁ
ET, KV, =XV F—E, JENHPREDELE, —EILHROFFERT ¥ 7 )
VI al—ralrOMRIIGCUTREL, ZNENDT 4 T ML Ul EE) G
RRZ MR LEN D D,

2.2 BEEDE

AU 2 — = TERA R AR R RN D FEN)F Y I 2 by g SITBWY
T R FOMESCHEZRDDERC, = a2 — M OEB AL LT L 2mEn
— AN HW BN D,

MR TR DOBEE . MEORSFIRBNEZ FHELC & 2 RERHIZI A (fs FRED) Tk 1%
BE#HEELAT v 72 M0 IEL TN,

ZOWEMA A At LT D L X Bt At TOMBE (t+ A2 T —F — BT &,

dr () Atd%@) .
dt 2 dr’ (2.1)

F(t+At) = F(t) + At

%, @) EEB R, HEOXNHD

A? F(1)
2

F(t+ A) = F(t) + AtV (1) + +0((AD)Y) (2.2)

DRED, FRRICFE-A) ZRDOK(Q.2DEHENSEDLZ LICED ., A t+ At 2B
HNLERT RV

F(t+ Ar) = 27(0) — F(t — A + A2 £ D 1 oan® 2.3)
m
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NELND, Q2.3 EMEL DX LY, ZOXUZHHIE ri(0), ri(At)E 525
ZET, RTONMNEEZYI 2L — FTEDH, K TIEZ O FECEIVLIE)EZ RO
HWELNEZFRICAT Yy 7 TiIHMETE D2 L )ICHB LEEE~LV LEZHON TS

JAT 1 OAEE rilt+ At) & vit+ At 2T — T — B L==— b OE#H HER(2.2)
EEET DL,
v0+Aﬂ—v(0+At Land oQoﬁ (2.4)
m, 2ml. dt

E72%, RQDIZBWT 3R EOIHITEMA L, X(2-4)D 1 RSy & a2 55 TUE,
THE UTOXNRELND,

T+ A1) = 3, (1) + A (1) + (A1) ;) o)) (2.5)

1

EU+§0+EO)+wa)

i

V,(t+ A1) =v, (1) + At (2.6)

R~ LIEOFEBRE I E ., HELIZAB O — X — |2 h, A Ial—T 3
VT, B RNV —RIEOT UV TN EEH L TV A 72 2 L X — R AEHI DR
NN TWANTZyF U T Ial—aOREZHM T 5,

2.3 AR

2.1 i Tk L DI, T EIAETIE= =2 — b O R A RIS
RN TV FTE &~ DJRT-OBh & 258> TV A, HERATR OB S 0 T8 5y
a2 b= a UCIEBEOMEN ST ~BOTE DR 2B Y H L EHE RO I
BT 2, LU, TOEETIERADOHENRKELS RV ARPIF D & LTz L
JIREEIT R DBDOERSTLE D, TDOTD, AT AN IS Gtk % )i L
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A2 —H—IZ LD REBIERNLRRICEDT S, Fig2.l Dk oIz, KHEL 2255
HAEIOB D 2TV T Y B EERVIR LR ET NV EEZ D, U7V B D EHHEEK
ERIURF 2D, 2O 0NFREANOR 1 & &< R UE#)Z LT\ 5 ERET
% & BER AL OROM LIEFHRERN O R F132 4 & FIRFSRHAIO LY 1 /s
SR T, [ LD TR T D, ZHaBMBERSEE LT, 22k
T, MRRIA S O IO FHEZ R OB DR OB ) BFT TX 5, RO
a2 b—va Tk, BUFICET S 2 DO K - TAEBBERA S EZRE L T 5,

\=

\

Fig. 2.1 Periodic boundary condition

(DRI, BEREARNEZT TR VLTI BICEENDRTF L HEEHRT 5,

()R FNERE LS T-5E .

(Ax<0 DL &, x % x Ly CEXMHZ D,
b)x>Ly D& x| x & x+ly TEEXHZ D,
Ey<0 DLt &, yEyL, TEEHZ 5,
Dy>LydE X, y& y+Ly TEEHZ D,
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kj—éo ::VC“\ X&i)ﬁ%wxgg\ y!iﬁ%o) y@ﬁ%\ LX\ Lyki:/\::l]/‘_‘f/a:/
RNy 7 ADx FH, y FAIDRKREITH 5D,

24 By b FT

NTENFEVI 2 —va TR HOERT Uy VGO T, EERE T EMOJET
& DFEFMMAAERZIEREE LT <, AR TR, TEERT v VDB % 4R
V12D, BHDHFT DO —EEHELL EREN TR0 5 O S O F HIFIEF TN S e B,
ZZ T, 2 TCORTRLOMEERZHEESTIC, & DIEHNICEET DR & O
AEROHB AT HHFICT D, ZOWBEZ D Y PA 7RSS, 22T ROHK
FH&E N, By A THHNICHET 2 P50 84 M &3 2 EHAEEROFRER
I NN-D/2 [F26, NMENCEAT 5, 20X 512, BEURLy M7 2RET
HZECEVDTFINEY I 2= a DORBEE TIF5 2 & HEEZ RN
WD SELZENTE D, AFETIE, BAARELVBIORLV T Y 2SI HIT/hE 0tk
MR L ERRFOFEET 2808 ZORADEDITHEET D 8 B/VWITFE
TLHRA L DB DR ZFTRE L, 2SN O B ZEEN DT & OMHALFEMIZ
mHETLsb0L LT,

2.5 EEHRIE

ARFFROTy F o7y alb—ya U TCIEROFRTEN, BV, =%/L¥—E
—ETHD NEV 7T U H T NAEHEA L THDN, EEIIIERE O IR E KT %2 T
REENZ, ZDOTD, 53T IHEICB O CROMEE Z T 5 FEMER ST
W5, RBFETIE, TOPTHERY FODEE CEHEN R TETHIEHEAr— I v
7 % O BRI T % % Berendsen-Thermostat 2 f L 7=,

Berendsen-Thermostat (38 O & 5% E R E 23 ¥ 72 555 2 F R 7 OE & —E D
HETE LS. ROBEARTIREIIST2FIETHY | ROREILETD T L
¥ — & Boltzmann D HRANSRO D, APFFEOL I 2L —a U TlE, =R LF—
PRAFHARID D o 7218, BRI AT » TS T v 1 — 8 % B < FEMORL - DR E % A fi5 L,
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HE A LT,
Z 2T AFPRI T2 B R OIEE 2 T(t) (AL K), B AT~ 7% At (AL s),
HEREE To(BNALK), MEDEENWEFRESTLIRERE cr&TD L.

1={L+éf(%—DTQ (2.7)
r T(1) .

YL EYIN S AIRVAN
2.6 YEEOTF LTV IalL—Vay

DT ENFREE RGBS ROy F U SR a2 b=y a T VI alb— g
VRIS WAL E S TR OIEEN A8 5 721 TR < IR~ ORI O A, FK i X
T THEEE (R 2 U > ) Uik f Ok & Vwo e TEMNEME NS [4], &
WD Ty F o7y Ialb—a TR BT~ L Vo ERIRF 2 x5 L Lz
i A2 BT RILL B Y 3K L 1015~1017ions/em?2 D ZEERIZUT A A > K— X EDF
BETWHRERO T F U TG EBE LT, Fl-oy F o 7 7 A OLE O
FIC U DR ONLE, REDOT — 2 0 BRI 21T o T2, = v T2 TR
BRI A SN DR OEB = RV F— 13T~ T eV EBWIdDT vy F T
B D2 < A3 EHZR AREZE CRIACTE TS TR FETOREOm WY I 2 L
—a UPTO T ENHEETH D,

Ty F TV ab—y g U TEEERREE O BRI @& 0L — R A A
T 5 L ETHIDD 1ps FLLEE DWREH] D IR+ D BiBEHE & OfFERE - Ffs & & Vo 7B
BMRE Y EBRED EANEZ 5, ZOWMIGE Y I 2 b— M2 dzyF
7 ab—yary TR lps BEOM. 2 X VX —E 2 —EIC LT 7T
DFHBEEAT D, T F 2 FROGIZ & 0 B & & TRIE S 7R -0 1 CTO AT
L0 HERFEH DD —EHEELL EBEN R IXIE e A CHEEAEET S 2 e —F
FHUZTRRA TIT EFHRICB W TR A E 7o T 7o O RISIZE G LR < I o e A CTRR
S DI RS . AV R 2 b—va R L7z nm A — 4 — O Ak 1L 7
R INBIAET DR O ANFHEE L 1B f-/ps~ms FEE TH U Z ORI EEBIEE X
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REICTENDHNEEIZR D, L LEFDO LD RERBZET HEMmEEZ I 2 b
— T2 DOIXF AR LR - O 2 RV X —RAFRHE & — ERRIT - 721413 2.5
B EI—F o % W CIfill 2 Fe b 2 FI IR IR Lz,

2.7 TN

DT NFHECL DTy F U T Ialb—a BV ER ESND AR SN
TR DS EE B2 2 & L AFPRL 723 b DB = R L = K > TEROE LA T
HIANZBE L CTLE S, ZHaB<Tdll, i FE DR 2 MO 70 b 052
BT RWEERB(T =@ E TS, T T U — @I O R T
HICEHE SN TV D RFICRESND,

=)

Anchor

Anchor

> X

Fig. 2.2 Anchor substrate

Ty F 7 ab—a CRICHERICE £ R EROE ST HAR O FelX
K520 > 725/ ICIE Fig2.2 D X Y ICZNETO T > b —J8OE E & itk L=
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T =@k @O TITIEINT 5, 2 OBIZEE 2 MEkR U725 RE3 0 & O 5k
ELCEMREICMA D Ko icLEicicBmanic@orsr v I—ge 45, L%
DIEI DR T NG 2 L0 B3, B ASHT & o TR P O FEMGRE DGR E S - i
KR (1200K) & #8 2 72 5812 b RIRROBAEZAT VN B O 5 A B0 L7282 1 ThL
T A ERLV BT,

ROV I 2L —va T AR LR BT v —BERERT 58I LA
BROBAEZATV, KV IROVEMRZ AR LT RIS AN 21T o TWTZ D ARMFFE ORI T A
FRAETIIAS LA D EAR DR LS £ THEAT D72 Z O FFFTITEMRbBLFE s
272 %, & T TAMETIIRL AT o — 2 R E R T TG AT ER A X2 EHE
TUHORTFDOHREY I 2 b— g VEENBBRETH LI L,

2.8 BEFBERT V¥V

DFENFECBNT, FFOo#BEZ2BEICTI a2 b— M 5722id KR
AR Z @O RO D BEN O D, RT3 ¥ VIR O AR 2 £3
LTEY R TFRIOEFREBIZESSHEOK T2 EBRICERIAL TWDL 2 LR L
ND, JRFEHEERIE - ROCSTRT ooy b, XTHBERRT vy, 7
AB—RT X, I TAZ =R T XY VO T 5 LM TE 5,
ZITRTRT X I D DIRF DALEJERE D IR ARLET DR T v VB
T, T e, TN ) HESEE. I EOA I URE =T L ER(LE
YVOMABEAERIT L THWLN D, NTIRBEER T & o v 3~ 7 B L ~7 LB
DODHEMNGRY TS VAR, TN THEER, EBEREREOEEEST
LHHEBBEASOMAFEHERL TS, 7 TAF—RT oy UE, X7 L =
{E D7 DAL & EFE D BT & % AR D72 BB O R DN E FEEAZ OB T &
LN OFHOTNG R | ARG 2AKS FOMEENEERT, 77 A% —
PBAEAR T v v ME, FEDRE AR, fiaADE D TORES) L KRB TE e
N, Y T AL PR T vy VTR O BEC TG & W o T LERIR b KRBT
XD, Fle—xB7R 3 FEV)FETHO O D BB R F/RIAT v v VTl &1
PRI E SV TR T U oYy VERER T, AT v v Va2 ERIES, EikEL
BRLTEHE R L —BT 2 LR ET D, 2T TRT Vv /WIS ATRE 7R
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RIERE % & T B2 BIEUY THUE L RERBUTFERIELCH — R B E 2 D IE S
N5, KFETIEY 7 AX—KRT oy VTIN5 Stillinger-Weber(A 7 1 U
VY — Uz —N—) R T Y x L [5-8] & B T. Takizawa EENFE LI2AT vy
NETNERAWNWTY I 2 b—y 3 U &1{T7-57209,101, RFFEORT > ¥ LET LT
IR ISR AR R D58 Z DR A TRIE (bond order) % 5 [~ 5 MM RHE
Lo TND,

TN ICAFEDORT o ¥ VET VRIS D0 KD RT 2 v VBT VDR
WRIZHOW T KA KO LD Chapter2, Chapters #&%&12 L7=[11],

2.8.1 EAWEORT ¥ IVETIV

AWML CTHWD AT v v )LET VIE, Stillinger-Weber 87 L o v )LE T /L% B
L L TR, EAOLIZE > TIRESNT SYO/ICIF ZORT > v X VET VT,
BRAHBMORT oy VBN LEET L THL[5-11, L FTZORT ¥ v LE
TIVORBIT 2T D,

— KT, BRI GICH A FE 4 RO C R 250846, Stillinger-Weber £
TNEPRLIZZTTE VI ab—ya VICRAREDT — 2 R EE L W o - [
WD, C ZC AR THWEART oy VBTV TILZ OREZ SRk 5 7291
KESUSNZBWTEERRK T TH DA, e L — ME )5 LAH
AOMIERBTDHEIHIC LT, ZORT Uy /BT VT, SR EIER %
B ZAKRT v v VIR IERE. MA T X — lEFEOFREICE DL, =K
TV VTR REE O A ERAFDOFRED RN D, AFFETIIZDET IV
ZHWCT B —RHHRIC K THRONTZT = DONRTGRA=2T 4 T (T E2ITU,
T Y VAR LT, AFREORT o v LR X —d 13, RAD X 9
R T vy VR —=TVo, ZRRT VY VR F— VDM TRD I
Do

O = V@) + D Vili k) (2.14)

i<j i<j<k
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LIFTC, ZOZMKKRT v Vo, ZRKRT v v L VlZOW TR 25 %,
28.1.1 ZHRT Ty
THRART T o)k, IROKXTERIND,

Vo(r)) = (A= S (1) +S; Ve (i) +V (1)) (2.15)

2T vy IEFEIBERE A SR L. VRO AR IR G SR S T 56 2R [H
28 < FRATE, VR@OIZIABEE DRI N2 WEE O RN, VAOIZEAERA
ST A OB NEEBL L T\ 5, Sijl3EUE T L OfEAREEZ KRBT H /37 XA —
ZTiRT & jIRTRNERICEAEREZER L T AHEICIE 1, ARG TE2
WEEAITIZ0 £ D K97 0~1 DEEFFD,

AMETIE O, C JRFEEFLREZHRD 2 &b, RQRISHTERINDRT ¥y b
DEITTHITEBNT, o OFELZRET LOIMNER DD, £ T NHETHD Va@)
EHRICRATERT D,

Vi) = TyVs + (=T () (2.16)
V() (N, =0)

BN (AR AT 0<N, <1)

N QN W) (N, D) (1SN, <2) @.17)
Vo) (N, =2)

Z 2T, Vs, Vo). ViIZZThENHKEG, “HiEG., —EEEOH NHEZERL
TWD, VNOIZAREIZ n fEG DR SN D552 o G OIREEE 1~3 ERESITS
L ColWHIZETEEZH > T s, HFIZEND Nij 13 x5 OE IR Z R E
THETF-. Tij 13 FJRF2 i1 5 2 5 8+ ©-effect) DIEIER T THh 5, AW
TRT Uy VEFRET IR, 2O XK, 511% KB ORSE ORFIZE
TR T oy VR THENMTON D, ZORKRNHE, 5| NEITRATERT D,
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VR(”@;):A’Q‘;]) €Xp

(2.18)

V,(ry)=Bry" exp

(2.19)

ZZT, A, B, C, D, p. q reldZNnNTA=FThHD, FIOHE VrR(DIX Va(r) D __FET
PEINDEREL, ZDE X C=2D, p=2q TH D, T/, rldh v bAT7HHEE R
LTW5, BLF@~ (e, ZEWRT o v VORI 72 F BEAERICEE T 5 K Sij. Njj.
Ti (IZOW TR 23 5,

(a) FEEERERTF S

BRT U NIRRT, ARKEART UV VR RAX —DOGEE LTEHE S
N, LN LUEARTEORT X VORMEZ & 57210 Tk, 1 DOFFORE D
(2 DJFA OMELLL EOFADTFEE L T DEAIT, AROFEAH L ik L TG %
WRENZEFEA L CLE 9, Stillinger-Weber 87 > v v L TIXZARKKRT oy vz 0D
Z LT, ZOMERHEOREEFHE L, ZHUSKH L TARIFEEDORT v X VBTV
TlE, SRR T v Y LS ERRL - ORI K o TRHEABRIREITV, A OBEIFEN %
BIET 5, ZOEBEERFRS; THY, TOEIFLUTOL I ICRESND,

F9. EAET i OB FICIFET DIRT & OREGIHRE £ 2 KX D X5 ITEFRT D,

_ ' 1 (ry < I"( m )
S )= () Vs <) (2.20)
VZ(min) m

174j(Tij)=Te- o (Te-Tij) (2.21)

Vo ldij R IR A DTER SN TV BEHAE O AR T v 2 % LT Vamin Tamin)
IFENZEN Vo Of/MEFEA =RV F—)E Vomink & D KRR CH D, ZZ Ta
=0.1 Th 5,

i, jIRTFEIOREEIRE fij &, 1R & EPFICFET 5 j R LS & OFEGIRE fik &
b % B nij XA TET, ZOBKICE - T, i BEORKA LY bHEHEAT S
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H -k AR E L5,

Z 2T, hx,)FIRATERSND,

b (x<)
h(x,y)=3=(0—-cos—(x—y)) (y<x<y+A)
12 A +A<x) (2.23)

WIS, 1T L IR DSES TRk & F O E R THEA T 2,
n_ij(n) =N — 1

a0{§n4 —%(a1 +a, +ay)n’

1
= +§(a1a2 +a,a, +aa)n’ —(a, +a, +a,)n—a, | (0<n<a) (2.24)

0 (a, <n)

Ninax [ZJRF 1 OAECT, C. SiNma=d)DE . 20=0.023266335, ai=4.4 a=-2.62343,

a3=-2.6127, a=4.0 TH D, i JRFDOFEEFRERFE A TFIL i & ZOMD i [ZHWEEE
BRE A GO ik ICHELEN D, TD I B i RO SN A REAEIIR I L - T
RIS,

fyg(fij’f;j)
> fugfusfy) (2.25)

n; =n,(n;)

ZZTexIFRKNTERINLIBEHTH 5,
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0
(x<y—-A)

gx.) =15 (1 cos T (v ) (—A<x<y+A) (2.26)

0 (y+A<x)

PLEDOFHENLELIZEZ W T Sij BNIRESND,

S, ={1+(n_y'f +(ﬂ}” (2.27)

ZIT, b=20 ThDH, ZOHEICEST, 1L ny. nu® O HORMEN i FFOR
BELLTEASND, i BT R MICEZe2REENEREND5GE Sijidl &2
%o WHZ TR MICHER O AREMED R WEEIIL S 1T 0 & 70D, 70, i LARA
WZiE, VRTE RS E LG S DD, Sij IIEFE D ZODJRFDOFEEED /)N
SVWHLDEEIRT HZ L TERHAE EZREZRBLL TV 5,

(b) & FEEREE F Nij
Yial—varRIZ C ORFBEENDEGA. C-C, C-O, 0-0 D> 5%
TR EEBETANERN DD, AERT v MIBWT IO n fESIC L DB L&
ET2RFBNG THD, £7, i ZR< i 71 L ABORT & OEGHRA O %K
X TEHEAET S,

Y = if,«k (2.28)

k(#])

ZOyij EANT, i jETFOEBO C, OFTF O bfEdFafo TV b 00K
RN BRD D,

Yoy = 2 SVt D Fantog () (2.29)

k(#j)eC,0 k(#i)eC,0
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Z 2T, npj 3R TREIN D,

1 (yij = 2)
npy(yy) = %(l+cos7z(x—2)) (2<y;<3) (forC)
0 G=yy)
(2.30)
1 (yij =0)
= %(1+cos7zx) (0<y; <1) (for0O)
0 1=y,

ZOREDG A JRFDTERR i i T D DIZ 7ol E F 2 F > T D & X npj
X1, WS FERRNGEE0 &7 D,

Nij (X2 D yij, yji. i 25RO LI, (1 RFDOEEF/MAERFE S DBEHORFE)
TRHIiS N %, Nij OBISEERTHICHEY . 2 TIEMY TRERRT v v v LK
% FEHT 572012 Table2.1 IR TEAE WD, 2 Z TNij Ik EE£LTEBY .,
0. 1. 2 FENENHMES, ZHEG., ZEHAIOHINT 2, £, #HFBEEKE LT
WKARD gx) & N5,

g(x)z%{l—com'(x—a)} (a=x=a+l) (2.31)

ZHIC K o T=Woe D AERE 27— N(ar, a2, a3) 05l S 4, N(xi, x2, x3) 28R AT
RITE D,
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Table 3.1 Nij parameter

bond | ;i vi | ypi | Ng | bond | yi | vi | yoij | Ny
C-C 3 - - 0 C-O0 3 - - 0
3 0 1 0
2 2 0 1 2 0 0 1
1 1/2 1 1/2
2 1/3 2 1/3
3 1/3 1 0 - 1
4 1/3 0 0 2
1 0 1 0-0 1 0
1 1/2 1 0
2 1/3 0 0 - 1
3 1/3
0 0 1
1 1/2
2 1/3
1 1 0 2
1 1
2 1
0 1
0 0 1
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N(x, x5, %) = (1= g(x)A - g(x,))1 — g(x3))N(ay,ay,a3)
+g(x)(A—g(x)1 - g(x3))N(a; +1,a,,a3)
+(1-g(x))g(x,) (1 - g(x3))N(ay,a, +1,a;)
+(1-g(x)1—g(x,))g(x;)N(ay,a,,a; +1)
e

(2.32)

I, ZOED 1 OUEE TR A & D K OB IIN) THREEZTT S,
J@:KNyﬂ+munm{§§N—§JU—A<N<HA) (2.33)

ZOXEICLTEHEAELENGIZL ST, ZEMOEERENDRE S, RT ¥y v
TRNAFX I fEaN G EENMEEIND,

(o)+1n B REERF Ti

FIRFIZIE, B ZR L TS CIRF LG T2HBICZD it 2550 5 %)
ERD D, INE+H R EFES, Table3.2 2+ n IR N H 256 L I WIEAEDRES
TANF—%R:T, BIZIEL CFa D C=C fiaTx/VF—2Ro L, “HEGOMEGT
RNF—=OHGRE LD BEGORBET R LX—ITEWNWZ ER300 5, LR
> T KT C=C, C=C. C=0 fFEEMELND2HEEITIE, ZOROEELZET
HZVENRDDH, T 1T DR BEL2ERE L TRT Vv VEEIETHRF T, RATH
b,

1

]b::a(}i(j%)a4-zz(fﬁ)a]a (2.34)

keF keF

ZZTalIC-CIZHLT09.C-OIZKLTO05THY.ZDMDFEAITK L CTIE Tij=0
Thbd, FLEZORF TijIEafEEDEKIIND Nij>0 DEEIZOARENTH D,
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Table 3.2 +1 & -effect

bond energy(eV) bond length(A)
bond
+1 7t —effect off +1 7 —effect on +1 7t —effect on
3.10(C2F4) 1.33
Cc=C 6.34 2.44(C2F3(s=2)) 1.44
3.40(C=CF2(S-3)) 1.41
C=C 8.56 4.82(C2F9) 1.19
C=0 8.20 6.80(CF20) 1.18

2812 =IKRT ¥ L

AT DORT % VBT IV TIE =R T v v v I ko THFRES O FERGF
EREEIND, ZKET7T vyl Ve TR TR NS,

V3jik = hjik(”ij: Tiks ejik)
ik (2.35)
8ii8ik

= kjik‘cosejik - ®jik

2T 05 IR T b & e 2 BAEL LD AE ki, Oik. yiik (F/3T A —F ThH B,
Flogyldfy & SyxHWWTKRATEREIND,

2= S (2.36)
ZD gi IZE S THILFET 1 OFAERMTObNDST-H, KR T vy LiZBiT 5

A ERAFOWFIEHR AL < 2 &N TE D, hjin IF=AOHFOET 1 OWRIEIZIE C TR
KD XD IZHET 5,
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S‘pl(l]’ ik > jlk) (Mzzl)
(2 M, )hspl( lj’rlk’ jik)
+ (M, =Dhy,, (774,04 1<M,<2)
jlk( i lk’ jik) = (237)
(3 M )hva( ij? zk’ /ik)
+(M 2)hsp3( ij? lk’ jik) (2 éMz < 3)
sp3( ij° zk’ /ik) (Mz :3)

M3 T 22 Y VB DT A =2 28I X DD OBBT Mid 1-3 Dz L D
2L TERHMOR TR A NSNS, MIZRATRS S,

1 z<2
1
i S (-cosm(z=2)) +1 2<z<3 (2.38)
M(z)= )
E(l—cos;z(z—3))+2 3<z<4
3 4<z

CIT,iRTORBAEETHD I ZRKD L DI, HEEMRE fofTtRIND,

z = fu (2.39)
k

COEIICEZERT oy ARFRE I, WAKEOAEERMENRBIND,
Stillinger-Weber "7 2 ¥ )L & RKAFGEDRT v v v )V % bl U7X % Fig.2.5

WZRT . @IIAMFIE THW AR T v v b, (b)) Stillinger-Weber 787 > & v L C
HD,
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v " A B va/ w3 \ vz o
kY v3 ] - V2
A C C

(a) (b)

(a)Potential in our study (b) Stillinger-Weber potential

Fig.2.3 Difference between our potential and S-W potential

ARFZECTIE, LED X 572 21K, SIKRT vy v E AN T TEINF Y I 21—
TavETOLBSETHRNANTD 0 TVIMNVAR T I 2 b— 3 TR THERE
MR IWBENH E DBIRDRET L EnghoT-, 0, 0-0-0 fia L
O-O-Sifie D 3RART v ¥ VEEEL, O RN ~—DREZIH Lz, X 2.7 12
LR, BEED SKRT vy VERT, RNT vy VERRT & AT OIEROA
TRV =PRI ZAH, BT UV VEEBROITN 2%IFEMEKTLTEY, O
U ~—OIMHNZ I 0 BRI ZE LT 2 & DD BTz,
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potential energy(eV)

0 T T T T T
70 90 110 130 150 170
bond angle 6(deg.)
(a) O-0-0 potential
6
3 s
>
20 4
)
=
o 3
©
2 N,
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Fig.2.6 Modification of 3-body potential. In these figure, the orange curve
represents 3-body potential before modification. The blue curve represents

3-body potential after modification
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Fig.3.1 The gate etching process with HBr/O2 plasmas. During the dry etching
process, an additional oxide layer is formed under the gate oxide. In a wet
process, the oxide layer is removed excessively and hollow voids are formed

around the gate.

31



Si recess

Fig.3.2 TEM image of Si substrate around metal gate .

The 1deal S1 surface is described by red line.

SiVEARIZBELTUIT. Ito DA 4 B —LER I Y H A 4% 500eV &\ o 75
TARAF—CTARHLT L2 L TH— M LEESBEIIEMNT 5 & v ) DK S
nTns(1,2l 81 VR X Z o FEl ey — MgfbER Y =y h=y F U712 L 5 TH
DERDPILD Z EIC RV RET D EBEX LN TNDN, BLBEIE NSNS 2 3EM7e A B
SRAMIFELE ST LN TV RWREETH D, £ 2 TARIFRETIE, vV =
YU AD X0 M AR AR5 2 LA BIC, BEICEREIEE AT S Si
ARG L LTenyTE1F Y Iab—rva v aiTo7,

AHFZETIE, Fig.3.3 DX 9IC HBr/O2 72 ED T T A= inb A S iz HAA A 1Z
Lo THRENZZ A=Y SiBNE O 7V AABRBE L CWEBILENER IS
EWVWIETNEEZ, TORYEMEETHN L2[12], AL TIEZ O 0 7 VUV OBHE)
WS 2 kel & FES, EBRO HBr/Og 7T A~ 7't ATk H, Brt . Cl+, HBr,
HCI* & W o 72 ZARZIEMEREDS SRR EIC AR S D2, RIFFEClde — LK R &
oG D7D AR LCHMA A & O TV EBRH L,

32



Wet etching

Dry etching process
/ \ 4 process
o) Ht

HY HY
o S |
ke = = e | B --!_5;;;;5; """

Si-sub.

Additional

Oxide layer
N 2 /
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Si crystal is damaged by energetic H* ions and
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Fig.3.12 Compositional change of the Si/SiO2 substrate. In these figure,
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green curve represents the composition of silicon atoms
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Fig.5.3 Si substrate structures after 500eV Ar*ion injections

The Ar*ion dose is 7.3 x 10 3/cm? in each case. The angles of incidence are
(2)0° , (b)30° , (c)60° , and (d) 80° .Gray spheres represent Si atoms and

small red spheres represent Ar atoms deposited in the Si substrate.
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as functions of angle of incidence, obtained from MD simulations.
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Fig.5.5 §Si substrate structures after 300eV H* ion injections. Gray spheres
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the Si substrate. Here H atoms are depicteddisproportionally large so that
they become more conspicuous. Note that majority of implanted H atoms are
found in a much deeper region. The ion dose is 9.4 x 1016/cm? in each case.
The angles of incidence are (a) 0° i.e., normalincidence, (b) 30° ,(c)60° ,and

(d) 80°

Fig.5.5 FHOIRWERIT H 2 KDL S1 R F-2#F L CW\Wb, ZZTHJRTDOER

73



MLEZ B LT < T H7DR O A R ZEET LTV 5, TEAGF L U80°
AFDOYEIZ1E Fig.5.5 T/REIN7ZFEH 10nm OFEI AN T £/ 7 7 AL L T
%o 500eV A D H A A v ORI FRREIREZ R E T T 7o HIFRFITZhE
Ko Ty, 60° | 80° AKOLEEITIZEIEH A= B Ao TORWED DMETE
TN ZAUIARAENRKE 72 51F EFERE H TOE DG < 72 5 72 0 TR
HIZRAL TV H A A OB Db EEZbND, 2D D AFAEIZE
WTHERNEICT BT 7 AL LTSI FEE L TR Y | EREOT I AT rk A
DEINCEY @A F v R=XREFCBNTL 0 | 30° ARFRIERICEIRA T E/L 7
7 AT D ERbnD, £72. HA A% 80° AH L7I=HEIZIE Art A 42 % 80°
AFLIZGE LV X A=V BOEREINEVIES Lo TWDHZ EBGND, ZiudA
Fre—LFERORE b BT 514l

WICAFT =N FX— DR EE R 5725, 100eV, 300eV, 500eV O H+A 4> %%
NENASAE 80° T 9.4 x 1016/cm?2 721F Si FEIZELIAATS, Fig.5.6 [ZF Dt R
Y, Fig.5.6 FORWEIT H R 72 JKEOEKIL Si R 2%k L T\Wb, Fig 5.6 H»
SAFFZF X —NEL RDIFEERNBT TN T 7 MEENTND Z ERNDND, £
TEWMEBRRN I =y F o7 INTND Z EREND BTz, £72 100eV AH Tl
H+A 42 D% L BNIEBREFREITTE > TWAH Z ENMER SNz, = Z T Fig.5.6 [Z&1 &y
ORI B ERIE S 24 10nm (2 L TR Y —ERREDOT I —fg 222 & kit
HtA 32 b—2a VHEBDNOREISND, £O7DHMN 10nm VL FE Tt
ALTRBIZ Ny 7 A ¥ v ¥ CHERE 10nm OFEIKICRE > TL 54 4 DOF 5
RWIEER DY I 2 b= a SR LT RGHE STV D, 20T 500eV &
STEBTANLF—=AF I 2 b —T g 2B TREN,

74



approx.
10 nm

. Fhyes
(a) 500eV (b) 300eV (c) 100eV

Fig.5.6  Si substrate structures after H* ion injections at an incident angle
of 80° . Gray spheres represent Si atoms and large red spheres represent H
atoms implanted in the Si substrate. The ion dose is 9.4 X 101¢/cm? in each

case. The incident energies are (a) 500eV, (b) 300eV, and (c) 100eV.
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Fig.5.7 The reflection rates of H+ ion incident on Si substrates as functions
of the incident angle at three different incident energies: 100, 300, and 500 eV,

obtained from MD simulation.. The curves are guides to the eye
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Fig.5.8 (a)  The density profiles of H atoms implanted in Si substrates after
the substrates are subject to 500 eV H* ion incidence at incident angles of 0°
(normal incidence, indicated in blue), 30°(red), 60°(green), and 80°(purple).

The ion dose is 2.8 X 1016/cm?2 in each case. The density is the average over

a layer of 2nm at each depth.
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Fig.5.8 (b) The density profiles of H atoms implanted in Si substrates after the
substrates are subject to 100eV H* ion incidence at incident angles of 0° (normal
incidence, indicated in blue), 30°(red), 60°(green), and 80°(purple). The ion dose is
2.8 X 10'6/cm? in each case. The density is the average over a layer of 2nm at each

depth.
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Fig.5.9 Schematic illustration of two dimentional Radial Distribution
Function (RDF). To compare depth dependence, we calculated RDF of 1~5

region of Si substrate.
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Fig.5.10(a) Two dimentional Radial Distribution Function (RDF) of Si — Si
bond from the surface. Incident energy of H* ion is 500eV and incident angle
1s 80° . The ion dose is 2.8 x 1016/cm2. As Si substrate is amorphized by H* ion

irradiation, first and second peak height decrease.
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Fig.5.10(b) Two dimentional Radial Distribution Function (RDF) of Si — Si
bond . Incident energy of H* ion is 500eV and incident angle is 60° .
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Fig.5.10(c) Two dimentional Radial Distribution Function (RDF) of Si — Si

bond . Incident energy of H* ion is 500eV and incident angle is 0° .
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Fig.5.10(d) Two dimentional Radial Distribution Function (RDF) of Si — Si
bond . Incident energy of H* ion is 300eV and incident angle is 80° .
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Fig.5.10(e) Two dimentional Radial Distribution Function (RDF) of Si — Si
bond . Incident energy of H* ion is 300eV and incident angle is 60° .
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Fig.5.10(f) Two dimentional Radial Distribution Function (RDF) of Si — Si

bond . Incident energy of H* ion is 300eV and incident angle is 0° .
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Fig.5.10(g) Two dimentional Radial Distribution Function (RDF) of Si — Si

bond . Incident energy of H* ion is 100eV and incident angle is 80° .
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Fig.5.10(h) Two dimentional Radial Distribution Function (RDF) of Si — Si
bond . Incident energy of H* ion is 100eV and incident angle is 60° .
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Fig.5.10G) Two dimentional Radial Distribution Function (RDF) of Si — Si

bond . Incident energy of H* ion 1is 100eV and incident angle is 0° .
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Fig.5.11 (a) RDF first peak ratio as a function of ion incident angle about
0~10nm depth from the Si substrate surface. Here, RDF first peak ratio is
first peak height of initial Si substrate over first peak height of substrate

after H* ion irradiation.
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Fig.5.11 (b) RDF first peak ratio as a function of ion incident angle about
10~20nm depth from the Si substrate surface. Here, RDF first peak ratio is
first peak height of initial Si substrate over first peak height of substrate

after H* ion irradiation.
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Fig.6.1 Oz gas cluster (13K) used for MD simulation. Blue spheres represent
O atoms. Several thousands of Oz molecules are condensed by Van der Waals

interaction force and they behave as a large molecule.
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Fig.6.2 Schematic illustration of the forming process of gas clusters.

Experimentally gas clusters are known to be formed by adiabatic expansion.
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IZHBLE L72 O2 0% 50K CTHEf &+, Fig.6.3 ™ X 912 359, 891, 2888, 15440
DFDTTFZAZ =% LT, 7 T A& —IREEDOHIEIZ L EMGR B OFlH & Rk
Berendsen thermostat Z{# f L. 50fs 127 7 A ¥ — 2RO E % 50K I[Z4H1E L7=,

D, AERR L1227 T A — ORI O BERE % FtdriiFx, ZALE U TRE AL 7 17h]
DA T F N F—% 5.2 Si ik DRBECORTEZ I 2L — L, ZZTA
FH7av R BT 57 7 AZ—OPINREIX 0K &7 T A X —{ERkEL Bp 5T b
NI T AR —ZH 2 o N = RV ¥ — 3 ME R EME S D 7o D WIHIRE O 281X
INSWEFZZBND, Fig6.5(a), (b). (o). (DIZ 15440 531D O WAV T AL —%
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A= 3L —0.02 eV/molecule., 0.2 eV/molecules. 0.6eV/molecules.
1.0eV/molecules TAHt L7z & X OREICDEET 2 FNEIRT,

I g
» ~
o xS

359 molecules 891 molecules
2888 molecules 15440 molecules

Fig.6.3 Oz gas clusters (50K) used for MD simulation. To estimate cluster

size effect for Si oxidization process, we formed several sizes clusters.
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O, gas cluster after 1.0 ps from the After 40.0ps
cluster sticks to the Si substrate

After5.0ps After 100.0ps

After 10.0ps

Fig.6.4(a) A surface modification process by Oz gas clusters irradiation.

The cluster size i1s 15440 molecules and the cluster energy is 0.02 eV/mole-
cules. The blue sphere represents the O atom and the gray sphere represents
Si atoms. The cluster stick to the Si substrate and it is conceivable that the
cluster remains on the substrate surface until it sublimed by heat transport

from the substrate.
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O, gas cluster after 1.0 ps from the After 40.0ps
cluster sticks to the Si substrate

‘ .

After5.0ps After 100.0ps

After 10.0ps

Fig.6.4(b) A surface modification process by Oz gas clusters irradiation.

The cluster size is 15440 molecules and the cluster energy is 0.2 eV/molecules.
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O, gas cluster after 1.0 ps from the
cluster sticks to the Si substrate

After 5.0ps After 10.0ps

Fig.6.4(c) A surface modification process by Oz gas clusters irradiation.
The cluster size is 15440 molecules and the cluster energy is 0.6 eV/molecules.

When incident energy is relatively high, gas cluster is broken apart at impact.
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O, gas cluster after 1.0 ps from the
cluster sticks to the Si substrate

After 5.0ps After 10.0ps

Fig.6.4(d)

A surface modification process by Oz gas clusters irradiation.

The cluster size is 15440 molecules and the cluster energy is 1.0 eV/molecules.

Fig.6.4(a). b)D X ) IZAFHZ XL F—NRIRITITVE ) RIEZ R L X —DEAIC
(X O AT T AL =3 SiFERKREAAET D, £ OFER. St HROREFITIZE A
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KIESUS B IRIZITEZERE G LR WRN Z 00708 B O 0 F a2 221 T
B R TR D ORI RSICE S LTS EEA AL AV I 2L —
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FC7T—% % (a) i3l 1 7 7 A% =270 O Si-OfEH O, (b)iXHtEs 1 77+
72D D Si-0OFEAE O, VAT T e ADRRELTT ey FLIEZHD
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TOE—Z @I L TR Y REWAEMO 7 0t 20T B b RE Lo v &
ZE2zoNb, Flo, A Ia2lb—vailBiI5 1074720 D ANHT RLX—
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101



ADFUGHER L LTz EZ BN D, Fig.50)n5bi%s 7 AF —H A & S8
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TR % Fig.6.6 1279, Fig.6.5(a), () TR L7 XK IZERIZITE VAR =R /LF —
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E‘ 700

é 600 /‘\ Cluster Size :

= # of molecules / cluster
%) 500 / \

© -#-359molecules
= 1 -+891molecules
9 300 -8-2888molecules
200 ¢ 15440molecules
o

5 100 r.:-:_!f\"

- R

g 0 1 . q

= 0 0.5 1

Kinetic energy of each oxygen molecule [eV/molecule]

Fig.6.5(a) Number of Si-O bonds per cluster as function of kinetic energy of
each oxygen molecules. The number of Si-O bonds was counted
100ps after cluster impact. The number of Si-O bonds per cluster
is higher when the kinetic energy is relatively low and clusters do

not broken apart at impact.
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0.06

0.05

0.04

-#-359molecules
0.03 -+891molecules
-8-2888molecules
¢ 15440molecules

0.02

0.01

O 1
0 0.5 1

Number of Si-O bond [/molecule]

Kinetic energy of each oxygen molecule [eV/molecule]

Fig.6.5(b) Number of Si-O bonds per incident O molecule as function of
kinetic energy of each oxygen molecules . To see the efficiency of
surface oxidization, the same data as Fig.6.5(a), re-plotted.

In case that a cluster is large, many O2 molecules have little

chance to reach the surface.

Fig.6.6 O atoms that are covalently bonded with Si atoms
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T UV VETIATIE O3 FOfEA T F/LX —5.1eV & Si-0 OfEH = R/LF¥—
4.1eV OS5 FEEG) 2eVIT7e > TR Y, 7 7 A X —|ZH 2 T2 O#ESE) = 1)L ¥ —
(Fig.6.7 DFEHI 926eV) N B3 HBIZ 1 ED O 53+ DRV X —D— i & 15
52 ETSI-OfaNElINEBbhbd,

Fitting line

Log(Number of O atoms/ e°?%)

3 -
2 /
Simulation result
1 L
0 1 1 1
0 0.001 0.002 0.003 0.004

Energy of O atoms [eV]

Fig.6.7(a)  Energy distribution of O atoms before Si oxidation process by
O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is
15440 molecules. Translational energy of Oz cluster is subtracted by energy
of O atoms. The red line is fitting line by least square method. The

temperature of Oz gas cluster is about 13K.
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Fitting line

Simulation result

AM AA A A AA L_A

Log(Number of O atoms/ e°5)
w

(] 0.2 0.4 0.6
Energy of O atoms [eV]

0.8 1

Fig.6.7(b)  Energy distribution of O atoms during Si oxidation process by

O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is

15440 molecules. Translational energy of Oz cluster is subtracted by energy

of O atoms. Red and black line are fitting line by least square method. The

temperature of Oz gas cluster is about 250K (the low temperature part) and

910K (the high temperature part).
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Log(Number of O atoms/ e®5)
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Simulation result
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Energy of O atoms [eV]

Fig.6.7(c)  Energy distribution of O atoms during Si oxidation process by
O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is
15440 molecules. Translational energy of Oz cluster is subtracted by energy
of O atoms. The red line is fitting line by least square method. The

temperature of O2 gas cluster is about 630K.
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