i

I S N
s/ 7 ba=r A4 —
A%

N RRE

(XA a Al mIT T
FEE I & M RERR & |

AFZeHAf : k1 11 1H1HA~F¥A16F10H31H



2. WREREAR

3. WFITE R

37

1. F— AR ORE

3—2. %AV a MR L—T

3—2—1. Z‘\j—:/y :z‘/;f%]ﬁéfﬁlﬁﬁ] .................
3—2—2. TR arEF Ry NEELT /A Ao o o000
3—2—3. TR IY A FEEBE T - o0 e
3—92—4. NEMS)(:EU?:/§/(X ................
3 — 3. oIS KRR 7 —
3—3—1. INtroduction = = = « « « © ¢ ¢ o o ¢ ¢ o o o o o o o
3 —3—2. SETsin polycrystalline silicon + + « = = « « « « =« « . .
3 — 3 — 3. SETsinnanocrystalline silicon + « « « « ¢ ¢ ¢ ¢ ¢ ¢«
3 — 3 — 4. Electron coupling effects in nanocrystalline silicon SETS
3 — 3 —5. Conclusion and assessment of results - = « « « « = « « - -
3—4. YEEFTANARTN—T
3—4—1. XAV aZBTHEFEE - L OBERMNT - - -
3—4—2. F /MY 3 CEEITI T DR & HE AR R
3—4—3. WIERROE L, FHIL OSBRI SONE - - - - -
3—5. J&t - B ERE 7 v —7
35— 1. FaDU s o o o o o o s e 4 e e e e e e e e e e e e
3—5—2. ﬁﬁ;@ﬁ@ﬁ/i ﬁgﬁgu ..................
3—5—3. FREOMEEE « « « ¢ ¢ ot 0t e e e e e e e e e e e
3—5—4. YHELSWITBITHAEDT & EEEINN LA k- -
3—5—5. E}%EIEE:&@E}C% ..................
3—5—6. /j\ @ﬁﬂl @jﬂ‘,’ﬂkﬁ@b ...............

ooooooooooooooooooooooo

* 63

+80
92

95
95
95

+ 95

96



3—6. FESHBR I —7

BB —1. [TUWDIT s o o+ o o o o o o o o o o o 0 s 00 e e 105
3—6—2. BHBTHHEET « « + ¢ ¢ v o o v o o v o v v o 00 106
36— 3. WIEHBENRHEREAS v F L IHET - oo v v e e 108
3—6—4. FONEHEREOTME S RIESNEHE - + -« - - 114

4. WS A
(1) R« o o o o o o o o o e e e v e e et e e e e e e e e e e e 117

5. BRI T o F72EE)
(1)7_7y5yf.yyﬁy?A% .................. 122
(2) FBREUT-MFZEESE o o 0 o o o o o o o 0 0 o 0 o 0 s o s 0 00 e e 123

6. ERFIERCRY, FHEE

(1)%%% ............................. 1214
(2) REEFRE
(D FOFF. DTHZERT « + « o o o o o o o s o o s o o o o o 0 o 0 o 0 129
@) TRAZ—FEF e o o v o e e e e et e e e e e e e e e e e e 138
(3) BEZFHIEE  + ¢« o o ¢ o o o o o s s o s o 0 s 0ot 400 1309
(4) FRAEIEES « o o o o o o o o o o o o e s e e e e e e e e e e e 139
(5) ZOMUFZITEIE « + » o o o o o o o s o o o o o s o o 0 o 000 a s 140



1. WF7Es i o

1. 1 AR

LS ) HEE O E T NRITED S FFREDMFEN KA Th D3, A1%I13T /i
OFRZHIE LT, M rHOMAEREZENT L2 ENEETH D,

ARWFFETIE, BifE 3-6nm OF /s ) a &+ Ry &, Bl 1-2nm (S HIE L CE
FISHL8ME TxA TV ay) ZEZL, MBOTATT7ICLY ZhEEmkL T, £
OMREZIERTHZ LR AME Lz, 24V a 3RO RT ) a7 LT 7
2V arOHME ZFF OO TR v ed < B 2 52 =1 TR ¢
XDEMBLE LT AT, F /Y Y a v ohiRiT, BF A R E 0 2 AT
DN RX Yy TRV —ZRET D, Ny MERIZ, x4V a2 OEXRE
EERETDH, By FEO b R VBRITHET R LT =L > ThHHE S5,

FR SN D EEREPEIZR A — IV BETH D, AL, TOXNT T AT
BEADTATTIZRY  BEIERK L bR EZREBEL T U a & Ry hORifE
(3-5nm) Z ) —ZHIE3 2 Hiffi, (LT =— U 7RI K 0 R o v B i 2 ) A
T HE, EEEERIC L V8 (1-2nm) MR A2 e T D Bl e & AU U VR &
FASRMNZHWTIBR LT3 A > U o U ORSREZIRR L=, BEREIRZBE D=0, T/ X
— ML DR AV 2 ORETE FEERE, 24U armhb oY, Bk
HRrEZR & I E BRI ET & G ERR e TR 2 Bl L7, 24 U 2 o g
BHEREH CTIL, NU AT 4 v VEARE - i, BREE STy —Y IR, v
U a R OFER - B )IFRMR AR, 72 EABIH - fE S 2 S iTks L,

X F VY T ATERDMBHIT R W E TR E N THICBAfE (L L2 = ) =
VB EALELTT WD, DT, GEROIERE FIZHE A F LV UG A R 5 RTEE
WRdD, bHbAA, ~TrES, B-E hx) o7 BN R 7GR
FSEFESE, EHEEE T 1 F i 72 & OBSREIX IR DT /34 A DRI % 18 2 7= B K BIREERE L.
i, BIEHEE MR E~DORERWEIRPEGFTE D, o, TNHH LV
etk U o VERBRIBICHAAT D L1280 . fBEWVV AT A F v VAT A
T 4 AT VA ~ORERPHFETE D, Fio, EEHNTE L THLL WD) a vy
B ALRRRIENT 2 Z N TE, BEOEMER & OREAES BVWo T, EffkEn
LI BB L E X bD, FDTD, BT REEOT T h— R A4
R FARL ASHORRICHIEE A TE 2, AV a v OFEEEICER LT,
ENEFRF T, BRI E A EREE RS E T, BREE T MR, T/ AD=
TIVASEIRME A |V 7 & Fiic e A8 o alaett 2 JA < B L7z,

1. 2 9 - FERCRAEE

AMFFED FEH « FCREX, (1) ATV a AR &R, (2) x4 ) av
BAEHERIE, (3) ATV 2300 - B lohfetEflE, (4) x4V arox+
JERBRET, [CRBIS D, ITIZ, ThThoZ A7 OFENE - FAROBE Zil#ld 5 &
EBlT, K1, 1 TREEZELDD,



1. ATV a o EEER - §il

T T ) 3 v ORI LR RIBR A R A — L CHIE L8R Tx 42U =
V] EREL, TUXNT T AT aw AT VN NVER E o= — 7 bR
EEANTDHIEIZE D R A VY ar OFERL - EEHIEE BT & el U7, IR E
MPAFELTZVHE 77 X~ CV DEIRIZE W T, BT X ORER /3L A LAGIEH], 7
T A |NVES 72 ERL TG OREMHIEZITH) Z itk o Ty Y ) kit
DRREDOY)—AbE K 5Tz, TORE, /MRS nm, /3HE 1 nmOBd TH—tD
EW Y a R OERICEREY LT, 70, T/ /YU 2y Ry hoEBICR S
HIALIED A N U AR X D ECEEE O B CA% IS 2 R U 7o ST s & et
L7z, 750°C TE(LAEITY &, BALEEOSMMNEZ V., U O~HE 10nm ORI
dnm TRETH I L% TEIMBIERIC K VHER LT, KIRT U VEbEHR 2% LT, #
S TH—REEE V) a v &Y Ry NORBICHMRT 2 72 L, B, +/
fhimy U ay Ry No@EmEEL - mERMLEEZR A7, bR, MKk, 2 ¥ —L5,
fie OEEFINCT /fEaas ) a2y Ny baoiiS . & ORMEIKZ R BICH T - 7%
REEDLTEEMP Uiz, TORE, AX ) —VEBERLE LEoBiRIC LY, mBET
9 7x10" em” D EEEALIZRB LT,

2. ATV o BRE

U aF ) EERO N RBRRIZEBR LT, 34V arOESEHEETARD LFE
BRIC, HETT A RACHEZRE LTz, FixDOREEIDORA L bar X7 BT VAKX
L, vV ard ) EEOE SR 2 RIS, BRCAR A v b & s b
RS RLRS O B DGEIINY AT ¢ v ZREEBRIL . 1 EOLEITIIIERIEERE
JEREZ . BEEOGAITITEE 7 P VR R B L=, £/, AT Y a ok
REEZ TS D72, SIRFLILER, 2 BERERLLEE (R R E+ SR T =—Y
V) BUKERKIFREE DRy 2 — 2 g AR R i 2 22 K DRI OB & AR
MIEOELZRMG LTz, ZORER, 2 B bBEic X 0 AIITE S 2~3nm, = R/L¥F—
bR X 170 meV ORER h U FEREL /Db Z L2 R L, HE T N7 VPR X DOEIR
BRIz R BB b DA RT7A 25, 2O v AEEHATL2Z LIk =E
BCERO 7 —a  AREZ R THE T N7 v U AXORFICRE LT,

Fo. 200 F KAV Y a2y Ky MNEOHABERZBH - FHiT 5720, Fv v
NIZ 2 DWW ET Ry heFTHRA L har X7 NI UAXEERL, 250
A K7 — NELEEZMSICE L ST 7 —u VERIREIOZLZHE L=, £ Dk
B, 2HOES Ry NEOHEBEMREERICLDEREY—7 DAL v F o THBEHR L,
A v F U TEBTOY = BEDOTT Fnb, 2OV 22 Ky MEOAERE
M CEx a2 &AM LI, 62, KIRICTE D b RVBERENFRI W2 DIC 2 &1
Ry hRELSFES LIEZ Tk, B coae—L > MMy 7V o728 - T
A DO AIE (MESTIREE) DRI WD Z a2 4. 2K TEIMT D Z LTk
DL () arrTHRY), B — 7 BE»LES - KOEAEET 3L X —HbE
ZEHM L, GaAs/AlGaAs 52 2 H K MIxt L THE STV AMEIZHAT 1HEVVE
($70.4 meV) 1T >TWAHZ EERHLE,




3. XAV A FON - B

BN « B TEDRNFE 172 b N EHEEO AT ETIROMRBEZ BN E LT, F/
U 3 OFRNFHER X OVE A ORI 21T o 72, vV a U RNE O EFE(L
[ZOW TR LB DT AL K D U — 7 BRI & BIEL IOV TR, FTFDR
% Si0, [ CTXx v v 745 HEEF /My ) a v B OREKEKGZ LGHEEG T
BEMZ L FEICOE, RAE LIZBW TERENBIEICA 2R L, vV ay
WHNFTF DO~ NT T 7 —(RIZONTIEL, Bk a2 i7o7, T/ fmT Y a ot X
BOHTP LTI - k- HEBEXEHFLIZENTET,

BB T OFERE TR & M b 2 RRET L. EBRW - BiERA0IC, s Y
aUDEE R R K o TEF O EIEL LEZE mméhé&wo%?w@@ﬁ
AT o T, HIEMEME T OWIEEREIZRE L TiX, 7/ vV ar Ky 3 bRV
{EIEIZ K> T 1 IRITTHNZ DR B3N TV D EE O BRI 217, (a) 2 AT Y a1 T
DFEBEOT R T v )VIRENR SV ) 2 AR TEDT52 8, b)EFO
=AY R FERIZBWTEFDO 7 + / VI X 2=k v F—HENRRKE < Ifil S b
TEREEMH LI, £2. 7 v ar b OBHEA DT RV =S50 HIE ZITV,
BT RV — IR COBE N HEMNICHRE SN TS Z & DfAndE~ s Ay = VB L
o TWAH I ERHEIF LT,

HIEMESE IR FORKERILICOW T, ARSI AERTO/REESFEZ. T
FTHATZ AREMR EICEFBRHFETT VA T 2 IRIR 7 & AET &2 B% L7, &
7o, BZEEIERCEZZHER e Sl W T L I A B O, Sbic, 779 X~vT 4 AT
VAT AEBREH N7 0 A T O34 2.6 4 F 168X126 HFHE X 521X 7.6
A > F 336 X252 HZED TN T —EREmT 4 AT VA ZRIEL, B~ MY 7 R F
AU K DENER R AR LT, 7o, wtik e U TAME TR OMIR AL 7/ fdh
U = B ICHERE U 7 OB S 7T O R E R R T2 BAR L. e EA MeRe L7,

4. FISHBE

HE=— XX ATV a v PROREH L AV v MOER L, BIRHEB IR L5
BERER T HE TICHZMRGE LTz, A S HE TR IcidmEtE 2 kb3, BIKEE
B E REBERALDA RO SN T WD, 24T a N7 —o Vg RIC XL 58 A
VE—HURMEE | 2 AT a v E T ) BRI A S T R ERME A A S R TC
HIETHEE N AHBENEMS A2 OMESZEREL, 2085 70 —7 ¢ UliFf
HLRDF ) iR, R, FBFoA A7, WEE R EOBETYHIEZ Y S 2
L—3a K0T H & & bIT, WEFS S ORIE - BRI ORI 21T > 72, %
OFER, FFRFHIL T2 )/ i8Ik COENBD R ORE &SRO A KT 4 U %
HONNCT 5 &L b, ER L 72RO R EM % KRk T 5 Z & A kT,

ik\*ﬁVU:/ﬂ%®%Lﬁ%mm®%£r WZHER L, HEEFRETFE T
WK M EE T, BREREONET 4 27 LA DEABEEOKRGEZ DT, T/
fas U a VIR VX —E RN L DT RO R ORI 21T 220 RIS
FHORREMESEREEZTT -7 (ERE3 22,




F1. 1 REEFIICKT R AR L REKEREDOE L
H & S S
Ky MERE 5 n m LTI il 5 nmﬁ?l 1A R Eh
GER43H9IC1E 3 n m = BL)
I | Py P RmEpE 1 — 2 nmlZHIHE 1 — 2 n mifillENZARTH
Ny NERE 10" e BEOEIEEL ~ 7 x 10" cm2 %L
(K> MLE) (2 ITHLH Il 4E) JRI FTH 72 B0 %) % 8L
NYRT 4w 7B OHIE |o ikHE ?L@Non MaxwelllaanM -
B W% L A = X L OfR /‘%ﬁ%ﬂ{ﬁue Nl s el )
Aq T TS %ﬁkh‘//x}*ﬂ NYN DO
ﬁEODﬁﬁpﬁﬂ Wk, BT - 74/ VHE
Ve DI % BRI R EE
B [ o JALAT TTA M FEBRIC KV B E A
FeE N b R B (318 THE)
Ny MNEMHE | FEMEAEEMH et 25 2 1y ME oOFEFEAEERH I
YER OB & (7 BRIT) £ B)-n/BIAREN DAy F )" BLGR
i) 420 ab-VyMREAVER | BT 5 2 1y ME O BRI AL
(BT KBS TIREEE 4. 2 K THANC
D
NYRT 47 | @R TN DT —BEEETFHT ot/ FEdE —7av)a/BSDxD7 nhj(7" 37
HEFHREE | 0 AV A OBESEGE (K -74Si | FEIMEKTN (Ballistic electron
¥ 15 B X OEERE R FEF~ | Surface emitting Display)
DR o B AR NEFOBEMERR L6
l42)5%
Foxzv s ba | xATVY Yy Ry S8 | AyIazi-b K /OXONTCARLE B H8 e AR
NWIRyBUA | R T A 7Y » RIEES L | kT4 7 v Rtk % 34
Fr JraAIxyE L ABRTFOHE
5 PR B F e X ES Ji
F /Ry NEE | F /RS v b2y FRIE SR -y ERREE OB RS
TR T FrTURH @E{ﬁbﬁf;@um
EHRERET 7 Ry b7 T v | #dv)ay V) avE{LEDT a7z )-
= A Y OJFESEGE N RIS T PRI 190 H & K
Foxzv s ba | x4V ar Ry AR | Bl 7 E N O KRR LA G
AA=ZHNAE | b7 ba A= AT VE) | RIEEHEHEE & L COBED M=
P VERER D FE3E HVREME FEREIZ B
1. 3 % SRR - PR OB - B AL
F1. LICE Lm0 . AR, BESEHIG, HEEmE . i ER O BRI

kmv4wxh~/%m

EL T EED -, B

HEMICEEH L-Z—7 > M, g

BRE L2 b DICHREHE TOBMN - EEZMA TS DTHY . THENNRY N— Fb
DEWEDTHATZEZEZ TN D, WERTEIZ OV T, K, KR, R8I

DOWTHMEEEZITITER L, BEINTH 7= Ny FOBAIEANZSWT & RETEIICHE
BNCERD) LTz BERERIGENIC DV T, FHHIRHIIRG AL C O K OB T & o 7o HLEE 1L
HBLRO A T = X LEBNIZIERE) U, B A BT 7oA & A bl 2 fife
NELTE, e, ATV arOREIBR[FETH D Ny MNEOMAEERBIHIZON TS,

2 Ry NYUOEBMHAEFEHZBRI L -OLR 5T, FELTWW RN ETT1F o
— LV MEGEBIT 270 & BIEE ERIZ BRI D, FAISHICE LT, ﬁ
FAS — R ClL, BEERA VA7 AAL v TF U 7R BHETBIODHET

Y emTYy IR A, mECRESE S BIRMEEEREE R E, 270 RE .&ﬁ
JCAZRGILIZN, 7uvey MMEETIEH, MEBE T HEE L EHE - RERNEMS

-4-



AEYD2OIE R LTz, NEMS AE VICHOWTIE, RMEHRAE D R FEIMEEIEE
TIFBETE R DT, ENENORFa B NOEHRLT LI LN TE, L
FEoZ &b, PINCBIT A BEITIZIEZER TEL D LEEZTVD,

2. WFRFEHEAR

2. 1 HFZeBAMaEED BAE - FFE - 32 A
MFEBAERFIZIWT, AV a Y =7 ME PR 3-5m D) /fimy ) ar&F Ky
N2, [ 1 -2 nm ICHIEE L CRAITS BT EE T4 3 BT L, 2O
BB ICHARET 2 & MEIFREANBAZE ) O RetERR . HICHR FICHBETE T
BELREAT—NVORERBEZE T, FFlo, FASHELTUX, ¥ VaryFy b
WNRTEE T & Ry MO AMERIC X 2E ik, S, B2 & OFke % 5%
L L7o DB ETFAT) - u Yy 7R FE2IICDE Lo mlER B EEE T
AR MR . AR TRE TR Y BEAWVISHEZY—7 v hE LTz, 2Dk
IRAEDOT, eVl FEZITTHEOIIE, TNETNOEREIMOFEMFEIZL D
F—LEMmE L, & 70— 7 0 BEAISERI A SE 2 HEE S D (R H 2 < BN H - T,
ZOD, £ MEEEREZLUTOESOZ A 75 LT,
1) KIEEHIE T/ fhdt s ) o o OFERL & M2 LI DI RR
) PR AR R SRR O AT
) IR, B O R R
) BE AT A A - BRI
) *AVY aroFEFIGH
INHEDODH AT ITEWVIZEREICEE L TEBY AR T 1 — Ry 72X 72

NOMEDDLVEND D, DI, YT HWE T NV—T1F, lHx DX A7 OEMFET
HDHET TR o X 27 fEE L 04— =T v T L TH/N—TE HHELVEES A
FoRESNTe, ZOL D RBIENG, LLND SR EZ A L —L LTcF— L&k L
776

eHTKETHRTL Y bu=s 2k Z— [(1), (2), (3)%&#HY4]

TNy VRFEFRNRNUT 4y 2T [(2) 2]

o R TR [(3)&#HY]

e Ay I —u v/ }EAN AT U v UHZERT [(2), (4), (5)&4HY]

o O STHUEFTHJLMFZERT « BNEWFZERT  [(5) 241 ]

2. 2 ZOBOMEFBEOERE - Fil-/e BIE%E

TuY s MO 2ERIE, 2. 1 TRAZIE Y A& 2o R BE O FTRENE 2 A FEIC
BT N—TTHXA TV ar OBRBIEREZRIA T T, ZO—FH T, £ NV—7OW%
DINLTLE) ZLEDBENL Y, W7 v P TOREREHE LS EHE
FIZATV, EK X A7 OEPRIRILIZIE U TV — T OMFSEE O Qi & IEFICHED 72,
TuY 7 MIEOHER E PHEFHMESE COMEERE X, 7oV 7 PO K LI



AT, gf?ﬁ?HEODV%/I/X k= & ATREMED S R BH 5 1) DRA Z» 24TV Al
WDOFKL., 1ICEEOL D REKAFEERE LT,

Fric. Xﬁ/):/@ﬁ% & L CHieD T = — 7 7o il B U R PR O i 2
T o720, PRFHISHEE. AL o7 ) v PR v — 7 O 5 AR A JiH0
T U A BEFT AN ARE G HIEE A S O BERROAREITIC O T B L. K
FELRPEIN—T ORI LTz, £/, 707V v VRETNV—T1F *
FV aARORERFHETH D Ny SHOHANEN 2T 5720, A0S
FHREFFEOF M2 D, 2 Ny MEOFEMANEN - &7 2R EEH ORI 2 —
Ty MEFEST FSE, I, 2 AV aVIEHFERTFE L THTRICRELIZNEM
SAEY O EEILT D720, BN NV—T L WL KT N—T7 Ol % RrZ5E{b L,
EHR B S 2 R 2 & T, Ml - AMEEMEA T Y & L COREMEDO R & %18
TEIRER IR 2 [RIRF  C D 72,

2. 3 WMMRERBRTHELNTZHF LR

ARG TIX, ATV a OB FREEE OO DIZ, FTXY R VOEI LIEE
5OnmuTLﬁ@Lk£%$4/F:/5&FF7//X5(QPCT)%ﬁ%WE-
L) ZBRfE L=, ZORTOF ¥ RV x ATV aro&Et Ky b 1 E~5E
BLET 22 8ICE,.F /72U ary Ry bEZORAOME~ OFEEZFHET 2 2 &2V E
ICThH o7, ZORMBETIEN D ITEE 2 BB OR AN L6 S,

FT. B MEOQPCTIZEBWT, ZfEEE LTE-R L My hoRWHET
IZBWT, Bl ea s 7 2 o ADETALDNBRI SN ZSBnE= T onsd, av 272
ADEFACBGIL, TIVE TILEW IR D 2 IRTE T T AZ TRHRAIHIRE IS TV
23, VU R TIHBHDANE CEBRGERIEREChH -T2, ZORRIT, APy
FOAEFDOHIIS DR TIEH 203, V) a B0 AT 4 v 7 FZAICT 58
fig L e RERIESED LD TH -T2,

B, SRR ) A R A DN TER L 72 Q P C THEEIZRB W T, H—ohL
RO N RVERERE A FIT 5 Z L ICREI L, TN EREIE T I LA Ry
U BT ) O FREMEZ SEEE L7 AR bivd, ZoRIE, kiR % Rk 5 2 B
BERR L~ 02 ADBRICEN Y | NI L > TEREEREBE T 7 0 VA X ORI
RRERole, 7L A0 "y ZYHIEEN . 24T a A5 ]loR263, TF
TR DRy v _X— g VEIF~DIGHDBRKOICIER SN TEYD , R U o EE
BE « T 258005 b HAHE A 2BV TN 5,

B, 2 A vV ar2 Ny MNAO#HEMAFERZFML THWDH T, 2 Ry ~ME
D b2 FOVEBENERIZHE N — 2 TiE, 2 Ry OB FDOEFIFORBAIC L D5
. ﬁﬁé%%ﬂ%%éﬂfb5;k%%ﬁbtﬁﬂ*%%héozkykwg%ﬁi
HIRE G 1, Bl b B B8 RS TR S T2 23 BUANEEEIZ 5 OmKELFTH D,
FAEA  FOEAMEMLOMIMEIZE 1 e V EFEFIT/NE oz, ARFETIE, 208
N arTHOTBIIES, LAbiRE4d. 2K, #d « KESHEMBFE~0. 4m
eVThHOIENL, BT IV Ea—XDEAZTTHLIETE Y M2V Y aHOE
I CHBLTH ETORERFEREEZEZTND,



2. 4 HFZERIERB Z L OER

P

O xA TV o o HEEER - HE

WFFCBRLEIRF IR R LT (A U o) offauE, DR 3-bnm OF / fEdms U =
B Ry N, R 1-2nm (ZHIE LTRSS, 20 Ry NEOMBAEERZFIHAT 5]
HLOTHolz, ZHICH L, AWFFETIL, VHF 7T X< LUV 2 W AR Ao
7oAV O VA A RIS TR L. Be/DRIEE 5 om, RIRHLE 1om & IR
BJ—tEDRBWF /fiday ) a2 Ry 2R 5 2 LB Lic, 7SV A T ADFRMR
BCIX, EIT/NSWRIZE3mm O Ry EBEFSICIERIN TS Z & BB ST
%o Fiz. Ry MEBROHIEIZOWTIE, KIBRT U VEHEFEZBB LT, EX 1~
2nm DE)—RBEA L) a BT Ry hORBIEHRT 2 HEEZBRBE T & L b,
LB ORER T v TN ORMEZ A S0 Lz, Bz, PRFHEN S CHE bz
Y ANA =2 ThbD Ry hOEBEIZONT S, (RO U o VIR & 134<
B2 D BIA 2 AW 7 EEBIR T Z L T, M 7x10 en* O & BENEZER L, B
ERIZIEZ VT L, bz s, (342U a U fEER - fIEEFOR% 12
LTIk, ¥ - HEIOBEEEZIZTER TEZEE I TND,

Q@ xF TV o EmR R

ARIEH T, AIROLHICT B Y =7 FEPEIZEWT, HE BN R OHfE & HE
FHEAFOBWEEER EICED L, TRV Y ar Ry b EZORRORSE - Fitkz o
=T VT L FEEERMEL L FEHEE) . HETF T U R X OEIRBEIES LR
Flee £/ fmVary Ry ha~OBMRMEBOBHLZER BT HZ L, BX
OEMEHENFMZ190R LT HZ LTI L, BIERA N7 T v a XAEY & LTH
FOEWT/ Ry RAEY OFEBUZMITT-EERREREAEAN L, £72, 7oy
FMEEIZBNTIE, 34TV a L ORERFETH S Ny NMEOFALEH Z M - fil4H
THZEIZEAL, 2 Ny MEOFEMAIEN & &F)FHREGIC X 2HESFIREED
Rk (U a2 THRY) OBBNCERS Lz, bk, Ky hME b poVERE SO
HIZRHIEIZ L > CTHIO CER SN L O TH Y | RS ETHIGH ETHAED Tl
DEWEREEZ TS, £72. 1 Ry MNICEME SN E o &L & DR Z
fbZ AF MBI L0 EEBHT 2 EICHPILTRY , 242l L oo BiE%
FEIZEREPELNTZEEZTVD,

@ AV = F - B U RFER T

AHEFIZBWTIE, BB E RIS LW O IS b TEER AV ) 30
PRREDS B S Av, & OWEIRIBREAEI & Otk A AR RO BEE & e~ 72, ZHUTH
L. B O3 F =000 & £ ORBEARFERE, RATRFEIC L 28 FY 7 b
WFEOFHE, 2 1RILT /) Ry T VAT 27 4/ VHELO BT 78 £ 21T,
T/ fia T U A U ERICR W TR O T 1)L F— R @R 2 ] S hv, EFGERIZ K
MBI END EWVWIETNVEEMNTHZ LN TER, o, THUTESWTT /i
YU ayEOF  EE 2TV, HEE RO R EZEE W LTS EThF L




72D EFEHAM A E O D Z LN TE T, HIEE TR OBERENTIC OV TIE, BB
TOERFHNSHOBEL LTHESTWAEEOD, 7/ fEmy U av@No 7+ /
VARG NVEBTT A CHEAERN L) arv b RELS BN S Z L BRAT
TR, YHOBEEEZ 5 EEDEENMGFONZHLDOEEZTND

@ FISHBE

AR L D, AV arFEHSHE LU, @E FRHSE - B R R
T RRUEEMEE FitthFE 7, BIKF 7 ERE A v 4 7 h@mEEER £ v F o 7H#R 1,
HEFBIODEEBEFATY NEMS AE Y ZER - BifL7z, b0 H T, HiZ
WIEMENEFHEFENEMS AEV E, X4V arOF$ELZE» LT2=—7
are 7 R ThHY, FORBEIEE & HICRFFHEEIT) 2 ENTE T,

HUEMEMRE TR 2O TE, EIROBREM & FATL T, A—F AU a4
EEHWT, (1) HIAEKREICEFRMETT LA 2T KR 7 v 2RO
BA%E. (2) BZEEHESCEZEHERF LB OB%R., (3) 7a b A TORA 7.6 4 T
336 X252 EFED TNV T —ERSEH T 4 AT LA RAE - BEMEER. TS 2 LR
T&7z, 6T, A% - TG OCAERRZ - / fhdh ) o g I HERE U 72 BIE TR 1 Jib
B OREERE R AL, mBLIELZT L2208 TE, XAV arOihEE
T FE AR, BEEE T TR ERZEF~DRERBATHIZEDBARETHL I EZEFEL,
WO BEE 4+ EEIDEREZZER LT EEZXTND

—J5. NEMS A€V FEFITBW T, W%%ﬁf%)®¢®%£if IXE S 720
ST, TOEEL D S | O, WHF HIHEE ORIEICKI L, Z ORI 22 EVE % F23E
TEEZLIOMA, 3Ry I 2ab— a2 L TNEMS A& U OEWERRT & 5%
FTPEEMNLTE I LIIRERERETHY  REMICITEEERE Rl E7- 52T
W5,




3. 1 F—228KORHE

AR T, BEBL (AU a0 ) BEREM B O & O FEZEIT T T, A
geeiiZ . OFEIER - ST, @EKFFERIE, % - B FrtEfIE, @
FICHRZ, O4EBIZOT, TNENCA Y TV T 4 DEWT A VA M=V B RTE
LT Z D Te, TNZENDOIHE TOMFEAROFEMIZOWTIX, 3. 2HLIME TR
RLN, BEROERIZLLTOLIICE LD LD,

O HIEERL - B ORI, KRR, BB I OV Tl B 2 1 RIE R L,
HIEATH -7 Ky FOHEABELFNZ SV T S /AT ag Lz &)

@ BREMEFM : Fy hCTOHEBF/7 —n Bk R L EMEHEALEZ=RE
THEW, T2 Ny NEOBBEBMAEEHEa2e—L Y MNEAGZ 4. 2 KTH
W,

@ - B AR RS HEE T REBIROBAE, FOA =X LDE
SR - BREm A0 AR B R B, IS ikt 2h S8ty b\t U 7 A o A o A b B R A AR A

@ WEMAETHREEZEFO T 2 A THRBICES., & FEERNEMS A
TV ORE L JFEEMREEIZ K,

PLEORRFIF, fi# 10 11, =28 E£15 415, FFrefhe LTRESN, £
DN, BRSO 1E, HBREE 1 9NN TRERIER 2272, WL d Bl
TRELE L TEDDOTAHI DTV T A REWVMERETHL N, Zbld, A7ev=7 b
DBMEN DR FISHE TEREMICHE D 2. &2 PERIIC (RRZIIHHEIC) 187 4
— KR 7B LN bUREEE LAY 2L THIO TERTE L ULOEWEETH
HZEERELZY, ZROOMENEHRINHAGDE D Z LI2XD, Kl ->T
FrxD IRbLT Ty )Varvr /vy b= A LWnWHrvUart )T, -
VAT LT A LNT e —FRREICFHh SN D KOs TRTWD, 2D X
IR BT THEMERERD by T E T o HRORA L, BER DA THE A L
NEZTRR DA 7 L REINZBR < ATRBIES R VIZH D | 2 O JeE M ITIER I
B, — DD LW OF 2 AERH L ooH 2Rk THDH EHALTEY 5%,
HRDRIRICIESIZ LTV,

Flo. AT eVl MIEBRIEFEEZREE LT, 1EROPSA TIidmd T
LR ER O ST & R MR A [FIRF I ST 5 Z LN TE 7o, BEDOTEND A
Bl ARFENRIIMEHERFEE LTI O, KERY Y —20FENHE L WT —
v THDLIN, WIK, BTRK, o7 VvV ROTa 7z yya Vil —"7nF—
LB, ZIUTBZEOEBIIGEATE LCEE £ AN 7 U v DHERT & TS
FgE 20432 ASLRUERT NS4 5 2 & C, KEFEOBRRBN D, KFEEREN K
Lo TS 2 HED . BARRKERED B IS H O FEREME & E D EFRIC OV TEENH R
TA—= KRRy 7 &8T5 & &bz, KRR Z A & A DTEVIRI TR T %
ZENHSE, MESEOMD TEWIFEER Th o2& &2 T\ 5D,



3. 2 RFAVYaAVEHEITIL—T (ERIEKXRS)

(R TERT /HEE, KHE, WMAEKRE, TREEBE, FHEERE .
HrHAE K. S.Banerjee, B.J.Hinds, #M#r4. WOWE., HE,

M. A. Salem, [LIHERAT, KETHE—, A, /NEIR, ®EED, FHEKL,
H gz, JIB#EZ, MWmiEE K, 54163, R T. Tung)

3.2.1 FAIYaUEEHIE

3.2.1.1 [FLoIZ

PE AR E A ERIT 2 B VY T 7 by F U Ik D T T U
ML VERLTEZR, VYT T 7 o HMOBRRAPIY ST dH, Falld, i1
LU CHIBET 2R R HITIC L 7 9 22 =) Vi E R T 2R T v
Bz & 0 &2 ERT 2N EFICEE ST b, T/ iR T Y avizon
T b EBETENLT 7 ALY a L KBBEMOERLDT-DIZT /LT 7 AEFC
MEsE T ) a v ZRA LY ik Y a A W05 80 B TEL D
MR 72 ST E TN, iTlE, 2O @RV ary1212%& 7Ry he LT
Hx, R om O Ry N TRET L& FIRICEY @RI NTRINET A 2R,
HEFR IV IDAZSLCHEBEBAF AT L W02 LWEREITTEIET 2E T A A~D
IR BRI SN T WD, (R4 U ar ] 2AIRIGTSZ 213, HAREBRIRS
ZRFHAL T RO ZACHIBINEHE L WNE ZNDHHR NLAT v 7HIMC K 0 ERI L=
W) ar OESEROBEIEICHZ TFr LY L, R RNAT v T / fidhs VU =
YEVY AT )TN AOMERERZLE LTHEN.THZ X0, T ARH. BX
TN ZABEOZTEILCRE 552 b0 9T 2 L TH D, HINMICEE KA >
ELTE, DF /T YU 2 Ry FoJgik, REOFI#E, 2)F /7 f#Ewm Va2 Ry b
MO EAER ORI, 3)F /fEdms ) 2 Ry bOMERIE, O3 8&2% 5252 LR T
x5 (XK3.2.1.1),

COF SRR EIC S X Ha DI 1) F/HERV)AVEYRORAK . RIZE O I

nc-Si

— T VTV HADT T R R L0 ‘co@s )
Lz Varoz o anvizREE LT ‘.‘0 ':::.
F o ERTY 3L R RMERET S A e e

B, FOEMEREIEAL-LICEY ki 2) F/#E&T )V Ry MR OEE E A OHIHE

BOY (L. Y14 RO AR BT @0‘5"”“@59
(3.2.1.2). v RO ER OB 2 OL}OQ ® &2
Y T UNNER AN U I ) e ® &

R OWEERINEE 2 HilH L | e Rt O 3) F/ 4@V DL BHIE

B ot b<IC, R EHEEEE ®
TR % ik B RS L (3.2.1.3) 0K 200
F 7o BT RIS AT B RO & 72 ®®e S50
B MR 3y By FORAKICET ©

BEIREEEZ A (.2. 1.4, Fy b E3.2 11 K42 ) 2 OB 2 4o > b
DRLBHIEIC T, R T2 71

-10-



LD Ry hommEEERLE AL (3.2.1.5), ABITEINDOEIZONT 5 4

FIOBFFERR R & W3 5,

3.2.1.2 F/7#&>)a2Fy bOREHE

3.2.1.2-1
AT CTHWEZF Ry ) 2
HEREEEE ORI 2K 3. 2. 1. 2 1R
T, T/METY a3y Ry ME, v
TUHAEFEE L TT T AtV
WTHER L, 4V 7 ¢ A% L CHE
FEENO R EICHERE T 5, B
144z @ VHF 7 Z X< 37 Y h L
ANRNEND T FEm U =
YRy FOEKIZHE L TWD, g
DI=HIT 13.656MHz I X~ THE
BRaiT oo, TR v R
v N OHERGHEE T 2 ML EEL 72D,
7T X</ OIRET 100 'C TH
LN, T UHNOILFET LT —D

VHF/SMILRTSXT 7O R

/Ry
- - L EiR
*3F§_TL» _IN \\ °
°.° | URV
Orifice\ ° Chamber
(¢ ~b mm) \
SiH,gas ——
; ; VHF (144MHz)
kborArg%L"r“j Plasma Cell
7L
777
X 3.2.1.2 F/fEfmT U a o HEfE
TEE ORI

7o DM CHEE RO T /fEfms )V a3y Ry NelJbl eNTE 5, VU a @ik 1
DIEEIE L UTEIMIZ & T AZEEIESRLA NNy ZiERD D, LinL, 7 T AZFEE
TDH7 TR REN NG DO FEE RGN R D DIIKET PN EFHAETDH
EThD, YV ar s I A —NHERRET SRR T, RiEF 7 U 7Ry RITEIC

\ SiO,

\Si (111)

A
10nm

X3.2.1.3 F/#EgaT Y a2 @ TEM &

KEFRFIZL > TSN TS, LT,
FREmT Y ar Ry O EITKSE
GHEIV Ay IO HNDOHEREE KFETDH
WX DTy TF o T ONEIZ L0 HE S
R TCHEITT D, T AHOKMET U
IVOIFIEIE, BT, H AMAER, &8
WES ., FWRER E DA RT A — & TRk
£5, K3.2.1.3 [T DHEICE Y ER
ST /v ) ar Ry hoFEEaRE
TERMEE (TEM) B 2R T, e —A & v

Ua VoL O L VB LI A8 S, REZRBERSERATE TS Z
NGB VT U HAPITEENDLKFEN VY 3 R m A HE L CHARR 2 bR
FENEBRTETWDL LD LB, ZOHEDORE ZRFHEIT, B|IRTEARER

ICHHERTE L2 THD,

-11.



3.2.1.2—2 F/7#£&>Ua2Fy RERIEBA

KRBT VAMIT Y 2 WG OREEZREST D &0 ) ERFERE . B Ny FO
R 2 ) —129 D 72 DITIFREIE AR & il i AR & BF ] 40 B9~ i v & oG (X

@

L Residence time in the cell 30
(@) — . | o SiHh 100%
-l ——
Nucleation Growth = [
! ' ) & L
Nucleation rowth % I
+ Q@ o[
Nucleation Growth g 1of
o
I L
F t i o I
A il Luual
0
[ } i o 25 50 75 100
- () PARTICLE SIZE (nm)
b = 1 o 30
g PULSED-Hz2 SUPPLY
Preferential Growth
nucleation 5 sHe_ [ L
- B .5S
(b) %
. =z
T w
SiH4J L 3
w
i
(I
H2 #* Growth |_| #* Growth |_|
* Nucleation # Extraction & # Extraction & 1
* Nucleation * Nucleation 2% 50 75 100
PARTICLE SIZE (nm)
Y ) 3 > . y B
4 3.2. 1.4 H—RiRoA~DFEE ¥ 3.2.1.5 ApLE=T /fEshy
U a3 ORI (a) KRN 72
L (b) KFZEWRIMEH Y

3.2.1.4@)ICESNWT, VT U HAT T A PUITKBEN AUV A& AT 5 F1E (X
3.2.1.4MNICE Y, KR8 nmy L1 nm E WO RO T I FERT Y ar Ry
N T D2 LM TEZ(X3.2.1.5),

T, TAITURMT DI EICEY, TUDIRAENRE 2 ML, HERGHE )
KEEIZH ET25E W) 2B RWE L, TV T T A~y T o H ALV AR
T2 HIEIZED . SFERAEE6 nm OF /b 2> Ky & 10" em®/h O E TR
MCELZEEHLMNI LT, VT H AL ZADNLE B3 04 Tl BIERICE S
THHEFMT VANNBELGFETHOICR LT, LB BN Y DA Tk s kR EICEF 5T
HEFMT VN OEDPHEMIINCE WD, 7LV AT T XL Y RO B EE
KB TEHHDOEEZ NS, vV 3 HiK
FICHERE L 72 /7 5 U = > oWrm AR _

B SEE (SEM) BB A (X 3. 2. 1. 7T 12”7, L L -
BINEAHSTFT 7 fmTy ) ar Ny O HEE
SNTWDERF RO D, 3 =T

FREOEBRFERICESE, VT U-KkFE-T
LD ITEDH A% FNT, FT Rv 5l
IOV ARG AL S, B e DRIEAE/IME
HISLTW 5, 3.2 1.8 1%, FAILFS 3.2, 1.7 HEREL7-T /i
R IT, 25 LK RIRAH AR B A Y S DR SRR

-12-



TAHFEZLVER LRy hOTEMBETH 5,

BARDFLJRIENHAT 6 nm T, ZDOWNEIZ A o
ZINKI 2-3nm DFEELD 7 LA AN DG T LR

Ky BB S 7z, ZOfRIT, [T To core
7R KR MED FTREME 2 A L T 5, 7 g
T R~ R CRIGM O & T 0 V384 .
ROWMRNERICEZSZLICkD, ZEDOY - 1
A RBUNS VT S 3 AR L, % 10nm

N i N R N e X 3.2.1.8 Ar-SiH,-H, {2k ©
& ?%ﬁwigo ® o ER L7 K> bo TEM &
HEEZOLND,

*

3.2.1.3 F/7#&>VarFkFy bOXREHIE

3.2.1.3—-1 F/#&>)Va>0xERIL

FHNCFAVIE AT L2 BT s ) 2 Ry hO TEMBEE A 3. 2. 1. 9 1IR
o W) —REE ORLIED T /g ) 2y Ry F&2E o TODERF2 8Ll S
TW5, LR ZE LTV EREDRA IZIRLZ I, Ky hORIREN/NEL 2o
TV ERFAB3.2. 1. 10 2B B < 75X 3. 2. 1. 11 (a) | (b) 1% 750 ‘CER{KIZF T,
FRALRERIC o L CEmBILIEE, 8L O /iRy ara7oERoZ{bs 7 e v b
LK THD, F/fmy U ar Ry hOB{ETIiE, Si Fb & ik U TR b K
MEIZHA 35 2 ERHBNE /oo, Fz, 750 C ITBWTIX, Eb2 BRICE T
HZENTUIT 4 U THRENBIENT, 2OV T Y IT 0 v TBGAEFIH L, Rk
DIESOENITEAERVER
4 nmDF S Ry
FEFBRERI/ERTLZ LN
T&5, £/, 20O®ALTZ U T
4 U TBBIZHOWTIL, T/ bk
YU ay Ry MIEM/NRERIE
ThdI b, BLERIzBy
T B EEFI@ < Bk S &
Si/S10, FLim 8 < Mg J1 D A
ML AR L LCHHT D Z &
NTEDH(H3.2.1.11()),

=
1 Onm

X 3.2.1.9 XHEIPBILINT-F /RS
2> Ry MHERERE O TEM &

-13-



TEM images Oxidation temperature: 750 "C

1 hour oxidation 6 hour oxidation 15 hour oxidation

¥ 3.2.1.10 FEEMLICXE DT /HEEEs ) ar Ry hokiEZ{ko TEM I X

2% B
a 20 T T T T T T T T T T T T T T T T
@ '® 10 nm | 5 :
= & 15 nm ]
15 /@ 20m 10
9 Si(001) wafer * 1
e 10 : : before
E :_ ; ] | ] g
s o | N - - ]
S 5 (8% a . ]
=Bz N |
0O e
0 ] 10 15 20
oxidation time / hour
25 N
(b) '® 10nm ]
E 20 A 15nm 1
= B 20nm ] Stress
< 15 ]
5 _
- 10 m n n ]
E F a ]
8 5 . . o ] e
& Oxidation temperature: 750 °C
PR IR T T I S R N
[} 10 15 20

oxidation time { hour

X 3.2.1. 11 FALREREIC R 2 R mEBEEE (a) . B L DT 7 fkdh >
Uararohigtb) o2 (o) /fEmy ) arBb A =X

-14-



3.2.1.3—2 XEBREtFr/#RZIJVaVEy FOXERHE
%ﬁ&mbt%/ﬁmy):/ﬁ%iiﬁfTﬁ%%%ﬂﬁwéhéoE

3.2. L12(@ X a 7RO B2 2R EBAL T /Fidav U a3y Ry b D OIIEART b

NTHDH, =558 OKH P2 DAY FLn, F /R ) a ORI EE

1.8 T TT T T T T T T LU T T T
(a) oxidation (b) - ! ! ! l —
time i . 7
an 17 L . : * A
e 2w "
i HE e ]
8h > Y A ®
5 —~ 1.6 * ® —
© > [ = j
= @ F i
@ 4h c P 7
8 15 oxidation | |
= % : temperature | |
* a0 u e 700C | T
[&] |
m 750 C -
e n 1.4 a s8ocCc | ]
ul””ﬁﬂlﬁlmu skl T 1i2h $ 850 C ]
1!'4'1 1.3 111 | L 11 | L 11 | 111 | L1 |_
oh 0 2 4 6 8 10

12 14 16 18 20 22 oxidation time / hour

photon energy / eV

l32112(@%E&mf/ﬁmy):/F/bwﬁthﬁbw
(b) B LALERVR EE N 7 AL OB LRIk T2 8 — 27 7 FDiE

2D, MRN/NSL 2D LB THRNEAXT NVOE— I LEN T L— 7 |k
LTEY., THEETHUADRIZEI N XY v 7OIER D IZKHE LT E L&
z%hé F2K3.2.1.120) IR T Lo IC mmm@@r@@aaﬂ [ZBWTCIE, hr

%mm_ﬁQVyFV7F%ﬁ@éﬂf%D\_ﬂiXFVX%% IR NP
2%%60E&z&&ﬂwmm\ﬁ%k%%%ﬁwﬁﬁ%ﬁﬁﬁ\%/%@ﬁ iNVAVIZ
7 SiZBITHMETFOR—=T RO 250 b/ <725 6m L FiZ7d &, Rtk

15 — 17111
(@ | 1 (b)
I 1 electron-hole pair in dot x<ag
I | e
10 - T h
[=] I 4
g | | 7 .
S r 1 T exciton in bulk
© i X=a
5 = 4 =
5 = » - ag
E %Tg 1 M,,,: overlap integral
| 2 § 1 \ 1 ag: exciton Bohr radius of bulk Si (~4.9 nm) <
0 [ | I
0 2 8 10

dlameter /nm

X3.2.1.13 (a)F /#Eghs Uy Ry MRIZEFIERE DR (b) 3
SHREERKOET IV

-15-



FEOAMRHE RN END Z LR noT-, I 3.2.1.13b) IR L= L HIT

BRI Diffa/ IMEISFE D BB BOERB I 7R3 A T
FNFEDHEREEZD ZENTE D,

%XAA®%ﬁﬂi_oﬁ_kuié

3.2.1.83—38 F/#&E&TVJVavFrky rOXREEIL

VUZ/EMﬁi\/Jﬂ/MMﬁiD%A
Y RF v v THRNENTD, F‘y ki O EA
VARIVEERERLE L CHWE ﬁ*ﬁfi@
K& b RIVERESED Z Eﬁifgé N
FTTIE, BRI VI EEZEVEEZ LD
WT, /5y ) o RmICELEL T
H7mvRAEMNL L, RaElL Y ar Ry b

DEMEFERROFN 2B /o7, X3.2.1. 14
IFEALEE T v o N— DA T, ZOF v
N—3F /U a WO F ¥ o— L
EEEDORN S TWNDHTI2, KRRZEERIC LD w5
2372< in situ TEALEERTH Z LN TX
%o 3.2, 1. 15 120%, BERM—EDORMET T
@@ﬁﬁﬁ&ﬁ%@%%%%#owfnm%#
WCBWTHEEOKEE 1.5 mm LT TH Y |

heater

A0y
.

substrate

v

X 3.2. 1. 14 FREEAT ¥ o —DEAH

FEARIEE L /NS W b, ﬁw7)‘?4/7®%ﬁ ALDTRBEIND, ZHITKE
LT, 77 A= U—DEIZkT BFEEOZLITHEMIE CTH Y . 7T A<FH A
&&bwawﬂm%%ﬁfék\ﬁ%%%ﬁﬁ%mﬁ@%%mk%<%ﬁbfmékw

ZEWIMD,

_@ﬁ{i%ﬁﬁb\fﬁﬁgbfci‘%f@%ﬂﬁ‘/?ﬁ?:?EIEé“/U IRy Fa MOS F ¥ /3T FNIC

15T T T T T 1 L L

: R 0
o [ ]
£ 10p - 8 g
> i
0
e :
% d N plasma power 3
£ 0.5 : 4 300w ]

i ® 250 W

i ® 200 W

: ® 150 W

0 1 L 1 L |

0 200 400 600 800 1000
temperature / °C

X 3.2.1.15 FmST7 A~vaE{bik
W2 2 BUBENE LR & R o Baf%

-16-

DA, Fv FNICERE S5 Efef
DR FFREE 2 W E L 72k R
3.2.1.16 Th b, b7 vt A %17
ﬁm%/ﬁ%vvnykyk%%wk
W, REE/L Ny MW T
ﬁﬁﬁﬁﬁ%##&DLUékwo
_kﬂﬁaﬂ_&oto_®_k
Tk F /fEdas U ar Ry MEE
AEY T NA ANDIGEH E Vo 728l
PO LIEFICHERMER TH D,



D 1.00 = -
P —o— Sample A (with dots, with no nitridation)

g 0% [ o\,@, Sample B (with dots, with nitridation) Write at 2 V
6 090 ( Sample A: read at —1.6 V
~ 085} \ Yo Sample B: read at —2.4 V
Cogof .
\o\

cO07sp %%0 discharged
D070k Curvelll state
90.65 R ‘ Sample B

0.60
5 055 Curve |
Soeo Sample A . read-voltage
o™ Temperature: 295 K Pog

00.45 [ Frequency 1 MHz S S
50.40 PPV PP TrYY EEEPEPPTTre P T Tre BT v EEPEPIrTrrr EEPEPIrT e ST Pur v ey
10* 10° 10° 10* 10° 10° 10’ 10°
Time (s)

X3.2.1.16 FXEHTSTI A~ T /v ary Py 2N
72 MOS 35 v /XU Z A VIZEIT D BATRERR o) &k 5

3.2.1.4 EEIO—JBEMEBICXDF/H#RIVa2V Ry FOFEREDEA

3.2.1.4—1 [RFEFENEME AN [C X 2 FREEFRIREDO B

“j‘/n’taa/) Ay Ry MIEBSNTEROIED TN ONTIE, 731 Xmﬁﬁiiﬁ\i
EWECH D, 22 TF /s U ar Ny b &2HER Lo R o dEiRbE
WT, EAET m~7iﬁ1%ﬂ%ﬁﬁu\fﬁﬁ~f:o X 3.2. 1. 17 1%, HREHTELEZE D fzo_ &
2k, Ry "NREOWHEREZZ(LSEDHIEZO, FUNETO AMBTHD,
@ AFM T ii‘%ﬁ@ﬁﬂﬂ%ﬁ@ %W@ D3, RIENZEMPAEET D5 EITIE, ARM @?’E@m
R DEELZ T DT, BE OKG L I1ZE R T4 03 1565, HERR DB
DL, EBIC Ry MCERE S
TWAEME E DORRIZOWT,
WEROETNVERE LRy &

AFM non-contact image AFM non-contact image

m——

PEGHD SRR 2 5 18 LT =, . t)' By
LWREIEIC LD | F /s ensemble
Jary Ry FOESEIZEREI L
oM EZ AL D Z LTI
72,

i ingl J

(R W, o fR

200 x 200 nm? 200 x 200 nm?
Before Charging After Charging

[X]13.2.1. 17 AFM ¥REHZEIE A FIINT DRI O AFM £, -
NT oY TIVDEAETTERE— Ry NOBA

-17-



3.2.1.4—2 FIELTO—THEMEKNIZLES2REERINEEA

KEM IZREART v V2ET 5 ERE 70 —7HMETHY . ZhEHNDZ LI
X0, EEF /R 2 Ky NOREEMREZBNTLZ LN TE5H, AT
X, X 3.2 118 IZRT XL 91T, RFICEKICHIEDIRIET KA IEZ1T > 7121, &
JEEIIMZ &0 Ky hoiFE

RREZ (L& H, TDH%E L I
(218 T O KFM G DR Z2E L % //' I lsw&l ‘// I
B 7=, BRBIIZELED

o -
AR TOKRERELE A ...}'" VT o
LB WA BRI DN

T, PRIREE IR L Y

Initial KFM imaging Contact-mode AFM charging Final KFM imaging

1& WART v AU < &3 2 f: For detecting the For charging the dots For detecting the
Ky RS, BRHEREICL 0 neutral state charged state
N B —
*ﬁb:;&]‘b(%b\ﬂ‘:??/{/? ‘J—/

JVOAREICHEE DR D B S
B 7= (K3.2.1.21),

Flo, AT UV ILOREZEI Ry hORRIIETFL, KERVA XD Ky MEEHF
MARBEDORT v v WKL, HEBERELEORT Uy LiTEmL o T3, ¥
3.2.1.22 O X OIT, RAELHHENZ, FEHLDO Ny NLORT ¥ v L E S Z itz
LV, BFOWHBEBT RN —ORBRFME L T2 & R 3m L FO/NE W Ry b
WX LEOES, K5 m L EOKEZR Ky M 2l L 3EOBFNERHIN
TWAHZ EDnbnbd, £-
W 5 ok (LX) LHE
75 itk CHIX) OfE R &t
BT AE,. 3nm L FD Ry
FDORT T X ITIEE
AMEBL LRV DITRE L,
5nmmPL ED K hoOFER
EIX, IFEALE 2DHE

O HE T R X — TR
THEICIGRLTWD, &
NHEORERNG, Ky b
WCEB S TW A EMNIX
BT bEENTWT, v 1
BErEHEOBLA L 2B L
FOEBEND HHEE TIX
Z DR RE O LR 7 IRF [ A3 2
RHEND T ENREX
no,

X 3.2.1.18 KFM SEExFJIH

Before
charging

Topography Potential

After
charging

Topography Potential
B 3.2.1.21 HERTROREERG I L OKM 4

-18-



# CPD Change of Dots # CPD Change of Dots
7 — Charging Energy for 1 Electran —— Charging Energy for 1 Electran
10tf —— Charging Energy for 2 Electrons | | 10¢t —— Charging Energy for 2 Electrons |
—— Charging Energy for 3 Electrons —— Charging Energy for 3 Electrons
__ 3electrons
5@ ................. 5@ ‘
? S ’ § ....................
2 2 electrons e e .
5 sy el S
o1l 01t 2 electrons
1 electron
2 3 4 5 6 7 8 2 3 4 5 6 7 8
Dot diameter (nm) Dot diameter (nm)
5 minutes after charging 75 minutes after charging
[43.2.1.22 HET R X — ORI
~ ~ . = |'-é—\| = =
3.2.1.5 F/#H&RPYALEFYy FrOBREESEILLLAERIH

3.2.1.5—1 F/7#&>UVa2Fy bOLLESIE

TR Y 3y Ry N OACEFE & D HARE IR R E T H D AT Y
A ORDOF—KRA > FTHD, K 3.2.1.23 1IZ1E, MERIEO S SER kLR
L7z B BEICHERE L2V a2 Ry MET7 7 T 79— A A TYEIRE L TWDHTE
J7eDT, ARM 72 EDERT 7 —7 THEBIICBEI CX 5 2 LITERTHRRBE A TH D
Do ZOIETITRERNELS | REBEMBIE TIXEMNTRY, HENTCHF—
DR SN =T 77— F EICHERE L, 7 7L — b ERETDH Z LI L VB2 5EH]
THZELEZONDN, ZOFEOEAIET V7 L— kB ODITHERT D 00N H i

IERE LD, £ T
AW TIE, avA K

1. Direct manipulation

R DB TIELIThH \.Q_&O [— 00 Q Precise positioning
e o i 00
T Do s i & F C;,’;;'@?,e, X Large time budget

THL - 22T 5 Bl

2. Deposition on nano template

IR a3 Ry QQO — o0 () Selectivity
MRS DT RN IS H T 5 Po g Lift off 00 \ Difficult to develop a
CLEREELE. DX process suitable template
Bix, Ry PORBRSE 3 Self-assembly of colloidal nanoparticles
Bk, &7z AT oo = |
EWVIHBLRTHAERIRS 0 O .oty Suitable for nc-Si dots array
ETh D, force formation

— ——

X 3.2.1.23 F /R ALERIE O~ 7251k

-19-



3.2.1.5—2 2Jvi{tKkFEBIREAW:AZE

F ) a L OFRAEIIEF IGO0 HR EICHER % I R TPICEd & kK
HOfEECKS EROG L, RHIZHARBLESER IS, 20L&, -7 /G
MOEEIC S ZDOHEN KA TND LV ) ZERERERELSHEAI STV E, LR
ST, ZDIRREDT /MR Y a v OMEOHIBEODIC, v U a U b RET 5
7 AbKFEEE D KER & VT EBR 21T o7-, X 3.2.1.24 \TorLizk iz, Ky b &
HERE L. AR 28872 A 12 0. 3% 7 v Ab/KBEE /KR 2 T L, i 7 R i i
L CHRIR DZRFE & 50, YR Tl & FARZOER FoF /7 Ry oS0z %
B LI SEMFEA LD & IO TARKERICT 7 Fy MIEK EE2BE) L, BE
IZED 1IRIERVL 2 IRITCMIZREEBRZTER L TWD Z ERbhnd, ar A REGTE
RN ZZET BRI, MR DR IMER U, R 1328583 2 IR ORI B CE
LT HZENHONTED, ZOHAGIZHEBRR A D= XA TEENEZ 57O TIEAR
W EEZTWD, 7. ZORMEITRIT O B CHEME O WIS Th DR & % %
5D ENTE, FHFORBEICEL Y B2 5 KinfEHAESIBAfFS LD,

Solution Droplet Evaporation Method (SDEM)

Si Droplet Evaporation
- 0
nc-Si sio, HF(0.3%) f

=

Si Substrate

3.2.1.5—3 HDBBAEELELTAR/—ILEAWVWEAE

AR D 7 ALK FEREZ N TIEX, T/ /Y 2 Ry OBk % Stk o
R ORI L, a3 S CTHEBLZRAD L0 ) HIETH D0, ALFERIeN
BE DI EICHRT DN ARRFIIERE T2 & WV o AL O W2 S OE 5T
MDD D, £ 2T, HEE% O BRBILBEIE R AR DIH+ 5 2 &2 Hrv e L, HEFEE
TR A AR IE CTH D A 2 ) —/)VITIRIE VB E R 21T o 72 & 2 A A% o S
WEERIITIZEAET ) Ry BRERE L CWRWEEFABIRIES N, i, 7/ Fy
EKRAZ ) =N HFIZGBLTNDEND T EERTHEOTHD, €2 T, vIar Ry
FZELTWD A X ) — /L& B BT T L, Z8381% O B &K i O SEM B2 41T o 72,
¥ 3.2.1.25 Ic—#HEO T rutv AL Tt AFHOERFHOBIEMS A2, 7ok
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BOEMRIZBNT, X3.2.1.250) IR LEL 957 Ry MaERBENBIRIS N, =
OEEIZBIT A Ry FEAZEIZR 7X10" em? & RES v, ALEFTOHERE D I D B i
TOMHBE (~1X10" em™®) IZHE_—#r59D @B A LN EH LT,

3.2.1.6 HBont-MEARROFMESLIUVSRBFINIME

AHFZETIE, TxAF TV ar] Lo H LWBEEOFERICT T T, HFUTERT T
VHF 7° T A< & 7V 2 0 ARG & fL A B T2 FE R IR 2 B D /N SRR nm D
Ry 2y Ry b adiliE R < ERT 28 &2 fr Lic, E7o, k)72 B REE A~
DISHZZBEIZ, Ry MEOHAEFEHORIEZ By E Lc Ry MERE%R 7 v 2O
L%%ib\%mﬁa%i%%%ﬂmbﬁﬂ@ﬁ@%\Em%@%£@F7y7$WL
ONTHHLMNZLTE R, /2, oA ETOERMBEEE LTl CEERE Ny b
DEAFRFFRFEIC DWW T, EE Y v — 7 BMEE 2 W T2 BN X 2872 7o I E H
BRESLLT-, S B2, 7rY = MO R CITERZE L Wb 7 v X AICHERE X
N5F Ry ay Ky OMBEHRIEZOWT S, kD) o T HE & 134 <
BB N HiEZBAT 228k, BEELEER L, IO F
JHEEmY U 3y Ry hOERERIZIL B AATH DN, TOMOFHEICEALTH, F/
fimms ) arOBEFT A AHEZR Bl L T, BREW AL L TETNnD 71—
I RN THHIN 2L EDDOTHI DTV T L OEWHISEENE TH D E V2D,
SHBRHMFEEISNDRE LT, 2o OERIEEIFOMNIIZ LY . T fidhy
):/a%%y%@;%ﬁ%rﬂ4x~@mmLﬁﬁéﬁﬂﬂmﬁmmﬁhfm
L eEnRTHaEnNd, LI /7 Rv Y ary Ry hEFIERT A A
DFEHRT L HPMEEITT DNV FTEE S RIUT RV, S5 EE LTI, 1

(@ Use of SiO, substrate with a good wettability
US treatment for drop &

deposition 5 min in methanol ~condensation evaporation
° 000 oo (( o500 ® )) th
- | —
— e ° o
SiO, substrate
(b) (©)

as-deposited

X 3.2.1.26 A X —NAGHBIEREICE A ary Ry MEEE
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BB ZRFF L2 E £ & DICKEEM/INT 28N OENL, 2) H— F > MEMIRES
AN =R LOFY DN EREENOUFICL LV a2 BT RNy MRS BN
BAJE. RENVZBETOLND,
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3.2.2 F/HRVIVIVEFRY FEEFTNAR

3.2.2.1 [FL®IZ

SHEN 10mm L FO®AF Ry MEEIX, 7—ur 7oy sr—R, N RT 4 v/ {zE
7Rl T RS IR BRI OCIERBIN T 2B TH D, KR, TRV Y =
vEF Ry NI BEFOVY) a CERRKEE Y R EEAANT, Y arFy
FIZEETEDLDOT, IS EZDOTHAITH S, £z, BIENRERT v v VEEEE L
LCE < BERBRCIE, SEbiEE2T 2 fRT ) aoREISEKRT D HEMcE, &F
SERMACIADRT Vo ¥ VAR OB TGN AIRETH D, >V a2 VEFERIKFIC
B IRT AL ABERT D010, VY 7T 7 408 il ED by 7 X7 BT ED
RAINELZEEICEETOILERH D, —FH, BIRZBEEICRBLIE 5720121
10 nm A RO F / HEENHLEE T, B FHELENZHWTE by 77X 0 AR TR
RBRHY  ERIINy T E T AELR NAT v T EEHBEDETEZ TN ZENE
EThD,

Exlx, R LT v 77 7a—F L LT, VHF VAT T X< a5z
ER10mU FTOF /a2y Ry NG R HERT 2 HELMHL L TE e, £
oo Ny TE U URREBLENDIL, BEREREINO TRICK 5T/ i E ER O
RIESe, v T2 TR ORIENC X DT SHEOREIME7: E R G L CE 72, ARAFZET
I, IS OFEMERGE L, iEE S Y a BT Ny NEETT 3 ADERS
K ORHEREHN 21T o 72, BB 7 3 A1, B 1 HOEENEEET S A 2R & fEW
DNTNDLTNA ZATHY | FROBIKEEEIHZ T ~DICHAPREN TS, T/
fEmv UV arv&fr Ry har7—uarT7A 7 RELTHWE NI VA X OIERL L F
PEREIC DWW TR L (8.2.2.2) . I /v VYV av&F Ky haova—T 47
e R LTHWEHEE T AT Y BEFITHONT, BIEEMEOFE 1T - 725 52D\ T
WD (3.2.2.3), £, F/EEEKEREHAG DT TER LV a U E T
KA b BT MR TUPAZITBWNT, N AT ¢y Z{REREZFGE LD TE
MUZHONWTHHET 5 (3.2.2.4),

3.2.2.2 F/HEVIVAVEEFISIUIDRA

3.2.2.2—1 FL—FHEHE 15 nm
FHEE

B B — AFECHEIN & ECR BUSE T
T ATy T T HMOKEIZELY
f/NERE 15 nm O >V o R S
DR L= (X 3. 2. 2. 1) ,RD2000
AV A ML, B RO
B 2 BT 21T > T %, SOT
TZDEMANY—ERK L%, 2
D EIZ, VHF SV AT T A<k L DT/

SOl — — SOl

X 3.2.2.1 fEFEr—LBriEick
D ERLL 7= SOT 7 L —F Al EE fki i
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fEems Y a2 Ky &Y 5, F
Jftea Y ) a RO k
VRANYT D, Y AT
Ky NMIT X DA T D0, &
ARl SRS RCER I 6 SR N W 2
PR N7y TR E D EIRET
5&%1&%%%%/%”&%?

EEMIINCEZ D ENTE D,
_®;9@%L1iﬁ%®”$ﬂ
RBBEEICR D B—EFDOEAIC
LEWEENLER Y —a T n
v 7 — REIRPHIFRE S LD, IRWVT
77— MRS, 77— N MR
270 AZL0, KifE8 nm DY
Vargf Ry haFyxriréd
HRTUDAREEK LT, N T
VAL ORI E K 3.2.2.2 (TR
7T

Lateral transport device

. Al
- , -v <2 Gate V2 g
Gate Oxide L ] L

Silicon nanocrystals

20 mm —'

30 m 15 nm

X 3.2.2.2 7L —FRIERESGHE
F ooz oERK

3.2.2.2—2 HBEFIFSUORAIEHMIEM
20 K TOHETIE, HET N RXNVBRBRIFAE R —a T ayr— KR/ —a v

*}E{‘@ Z)) Eﬂ H$ L%ﬁ(/ﬂl é ﬂf&_o
L7z Bt O B st (2
NZ U UAZD 3

0.04

BRI 15 nm @ SO0T /NZ—2 kT
—n A YESR) &2 3.2.2.3 1R, it & AT
WD H 2 OOEMEOELE2FK L, M IEERhRE T, i

vV ar Ry hEHERE

T=20K

0.02

Vsd (V)

-0.02 |

-0.04
3 3.5

4 4.5 5

Current (A)
(Log Scale)

Gate Voltage (V)

X3.2.2.3 TV —FREHRERES N T P RAHKIT

Birs/7—uao X4 7R
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Transconductance

PR D L H IR LTV DD, 1
&l 1 EOEFNDIEAT DR ERL
TWb, Zhik, 1 1 HOEFD
HEANCEY P TV TPAXZDAAL v F
BENTEX 52 L A2ERT S, itk
® 30 nm RO EMTIL, F v R/
o | EHERRT D Ry oA%< T, M
ERE BRI TET Y NN T
0 1 2 3 4 5 6 HoT=73, 15 nm HETIiE 2-3 & D
Gate Voltage (V) T AERNT v RV ERERRT D DT,
BRI e BN b vz, FRiC, 8
[43.2.2.4 HETOZ—o ARE @oHE)  MEDERVPREIW Yy MIA—
Sy arviy hERipt ] s
FPEIXEE LTI O —m r BICKD D EBEZ D Z ERHRD, 77— UIRENRE
DOFEMITHAITH L0, BRECH DL L O BRERT A 7 FOFEL TR > TN 5D,
7 — NEEDMROEER TIXERIIRN RV, EROBRMEELENTFET S, BROE I b
s A EA AN
IIBIE, FEAROE T Ny MIFARMEE CH S, MERELZ EIRICT 5 EIRE Y
— 7 DWEIXENR AN, FLA— NEFICE—Z X85, RRICBOTH., 50
EEITOZEICED, 72— REBZENT LN TE2(K3.2.2.4), EiRTOE
PFERIE, ERGICH L THALETH L0, RS LR ML N BETHL Z L%
BHLTWD, Z2EOWET — & O S D BROIRN G | Bl fe i 3R o
TRETHRMEOBE N ENG05, 20 K THAE LT — X I3BEFIREEZEE LT
TV TMMARETHDLIDIZX LT, 5 KTRIE LT —FIiE, ¥7 Ly MEEDBN S
NEHETHD(X3.2.2.5), ForRZARUTO—DO0 4 —3 v 7EEdkn, s s R
v NORFBERANEE LICHERTHA 5, IREERFEOFEMRREHICE Y, B—&7F
v D OBFEIERES T T, Ry MEOF ¥ U Y OMBEIZ OV T HIERNELND,

00K , V., = 200mV

02

dl, JdV, (mS)
0.1

0.05
7
025
-8 Lo
~ — (.U
< ) & &
7] —Ke)]
> 9 32
-.025
-10
-0.05
3 35 4 45 5

Gate Voltage (V)

X 3.2.2.5 VL —FHEBEEHEET T A XOKBERIEICBITS
7 —nu CRED 4y
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3.2.2.2—3 MHMEMHEBEERFICLIIE—YYaVvEFRY FOEFEH
E A

VA BT NIV AZOBKICRAMKER THLIHE - Y a & Ry MC
omf\%@%%ﬁ%ﬁé%ﬂﬁﬁéz%ﬂﬁéo:@%é\fv~%@%@%%%%
WD E D IS 2 W2 E O WARITH D, & 2T, BRI SHE 10 nm AR
f@ﬁﬁﬂ% FItEEDE I
:’/E%}‘/}‘%t%ﬁb H—87 R Ny m
MIC X BT A e, .~ nes
3.2.2.6 _;%:fmmleatm e O m poly-Si
M O SEM A4 & 7R 97, BRAEIBED 7 — R = 700 SiO,(30nm)
v F U R LY . EEBA 01X 50 nm
BRETH-TH, EHMOB DX 10 nm
BETHY, IO 3> Ry Rv G Au
HOLHZ LD, EEEMRIIAY Y 2

-— n*-S8i

Y& VD HRIC K VT %, CVD O o resist
BURFPEIC L Y 7o & ZEHD By R Si0,
MALEICHER L T o e TEO Ky RS Si

| —

20 nm

Pefih 5, vV a BT Ry hoJEFEIC S
TR S5 HARBEIEA b o KLY 100nm
T ELTH<, METHELDHEFIC K3.2.2.6 LV aviEr Ry NEEEETEGO- D
LY aVET Ry FREBICA- Ty PRGNS

HI L EERTAZENEEERD T, VY arEF Ry MNEE Y r B A2 B LT-FEF
DORE HITWHI AT o 72, X 3. 2. 2.6 DX A A — Nk O RO it i R 4 Fll 2
DOWETRE L, FAL T AEEOBEET v 7 OAl0GE & ffir3 5 L 85 OB 2
BOH—F7 Ry hET AV THATE /% E2G, SbicEry T vy Ial—Y
2 TCHHE— Ry 2 #E5OET NV CEREREZBHRT D &K (M 3.2.2.7),
SOICHEHEMAKEEMA 520, K3.2.2.8 1R LI9RT v I — eIz, 7©—

dlidV [uS]

Voltage [V]
[X3.2.2.7 WEFHEORERRE L VI 2 b—r a VRO
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MZEEEZMADZ EIZXY, vV arv&F Ny hOmERELZ (S8 TE kR
PEEFMMT 2 2 N TE D, 5 K CHIE LR RAZK 3. 2.2.9 1R d, HEmEHES
R 72 JE R 72 7 — a1 IREVREPESBLI CE 7o, L L, JEENEIH TR, &
BOFEYNPEEL TWD, ZiUL, BETLIE TRy MO 52BE L TPl T
5, bbb, Ty A= M N7 oA EEEHNC, By U aryBF Ry b
OE LR 2 E EICEHMET 2 & RIFHC, &1 Ry MEOX v U YHBICEET 51
WMEEONTZ LD, ZNHDOEHIZ, & F Ny ME2HWT, &t —h~ b
VRET AV a— X ERBTLOICEETH D,

Top electrode

<
30nm < o
2
Gate 25nm £
30nm E -
O
c ' - ) 1 ) -
Bottom electrode 3.0 32 34 3.5'

X

VQ \Y|
K 3.2.2.8 T w7 — M
B R 3.2.2.9 T v/ — MRIEMR
FFTHNESNTZ 7 — o ViR

3.2.2.3 F/#HBRVIVIAVEEFAE

3.2.2.3—1 XFH¥E

F R arvBEFRY NE NI U AZTF vy RO EICREBEISELE B R
v NHOWEIRBIZLY b7 U URAFOEERMEZZIEDLZENTE D, o T,
COMETHBE AT T AL A RIATE BIKEEE N ORBEERFEREAEY ~
DISHPHFE ST D, MOSFET O F v FVITHIC b o R VR 24 L CHlLE L 7=
vVaryt )V VREZNVES Ry AR/ —NE T Er AT ) EF2/ERL
T ORPEAZFHE L7, SOT fE1X 30 nm £ TiifE{k LT, EB @) & ECR = v F U 72 &
D F ¥ R/LfENE A 20 X50 nm F TN L2, BEE 2 nm D b o RVEBEIEZ TR LT-
Bz, 79 A=A LY, KBS mDF /) 7Y ARZL) aryEA Ny MaHE
E L7, BEE50nm O 7 — MEBRLEZ IR L2 RICR Y v av 7 — haHEfE Lz, #
FORAXKEF /R ary Ny AR LI T v XV fFo SEM B % X
3.2.2.10 IR,
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a) 50-58 nm pate oxide
=7 nm bmnel

oxide o1 dots

T8 mm
Hiliecn,

\"E-::riali oxide
{afiinm)

ANV

Narrow channel active
region 250m x 60 om

X3.2.2.10 (a)F /fEgas ) arHE AT OEKXE (b) F v RV IEED
SEM 14

3.2.2.3—2 ELRMTM

F v FRIVEEIEL 30 X50 nm DFEAIZOWT 77 K THIE L7=F v rVERO S — FEE
RAFENBIX, 77— NEEORSIHE EEIAAERE) 2N+ sL, YVary&rF R
y}\’iﬁ?ﬁﬂﬁ*éiméa>’ﬁ%\b%uﬁfﬁﬁx/7Wv¢6éﬂnﬁ%#%ﬁs%%%ﬁg L&
VIR T E XIAAREEICK U CHREERRICZ LT 5 2 b BB 1T SFERHL TV
<%¥ﬂ%ﬁéob%wﬁr®/7hg\ EXIALBEILEOEIX, FFOHENL TRES
NAHMEIZ—ET 5, 20X50 nm F THRF v X/ b LB ORI, X 3.2, 2. 11 TR
FTEIIT, BRIZEBWTH AE Y FEEZ/RT, T v R/VEIROBIEREZ 5 & HEE:
WICELTHZ L, BETAETVHRZE ST WD, UL, AE YRR
FIRIZBWTHESRRETHY . B2 LR EO M ERLETH D,

N
(2]

N

o
[e}]
o

T=295K Write /  doosk

— [ 32 % »
<é E 5 5-.‘:’ b N
Z15 R o
g | s skims!
a S 5.0f ¢
210 | o ..
s g f iy
a 5 5
£ 4.5f ‘kﬁdg‘
5 & .
. L
. ‘ 4.0 .
1 2 3 4 5 0 60 120 180 240
Gate Bias (V) Time (s)

X 3.2.2.11 F¥y x>/ RV aHEFAT) ORRICBITS
HEPE
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3.2.2.4 MBOYANIRATAVI NI VDRE

3.2.2.4—1 HEFHEE

AT OB~V a &1 Ky N OBEREFEMICH W2 S O & [6l— O MR B kg
HEFE—LTN, T Ay F T EIEHEREEAN 2B U TERIL . g
VarzHEFIcRY v aroffEEITo L. 20RY VY aro—HRF v L
WD Ty T = EATLH VY a U T R 2 MERIE D (13, 2. 2.12),
ZOREIZBWTIE, Ty xRS — MEMROKRY U a U EREAERRE (20 nm) T
WEHOT, VYT T7 0 HINOKKITZ T 2, /7& MMz 2 ERNZEZ E
ER LT, vV arFy xVaRELETE 50T, ZIFHENRE RS har X
7%%%&5&50é%K\VU3V?¥*WM2&K7*~W% AQUE A5 Ay =L
BRIV a ERETHD, Fr 2L NITEXRMERSESEREEZ LD,

bias: 1.0mV

<

(3]

Q

N

O]
W NPA| 2 = 5iAll . .
X3.2.2.12 U 2 R K 15 14 13 1.2

Z AN ORI
7YYAT DEAR Gate Voltage [V]

X 3.2.2.13 Y Ua Mo PAZIZ
BirsEbar 2o 2 A0OHM

3.2.2.4—2 TEXREHMTM

AL BB ADETFAGITEE D BEERR D 1-V HitE% 3-5 K ORI CELHI % =
ERHIRTZ (K 3.2.2.13), (LA FHER LB TEBHEOR N Y 3D E T2
V7B AFIRIRIZEIT D AC JIEEZ OIS O HE SILTW AR, DC HIE
WZE VAR B b v X 7 2 AR S N O EIR 2R, A RERLL 72 S 2
YURED VD RY Y a U EORBERFEFELY FalckEnwz &, F— MNEE
WX Fryxuigz 0 @, 1 fEEflEcEsr2 e, FyrARIIRI Y a s —1h
BEED 20 nm EFEWZ LR EICED, YV arTARY AT 4y ZRENFEBTETH
LH0EBbhb,

W ZHM L CRIE LT EDEFALa v Z 7 Z U ADIRDENDN ST, A 2R
L —DHEE T TWND Z ENRnD (X 3.2.2.14), /34 T AEEZE 100 mV & K& <
L7ZHIETIE, NY AT 4 v ZREOSEMITM T S 720D T, a X7 2 0 AOEIHMK
<@ofw50:yﬁﬁayxefﬁk~md:?ﬂ4x@%%’i01£&01w5
[ 3.2.2.13 DREICHNEZZTFIZIA M L— MNBEROF ¥ XL ThHH -6, @ED 4 H
ICHEIB L7230 a v ORFBE ML TWA A, [X3.2.2.14 OJIEIZHWHEFITT—
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NIGIROF ¥ 2N/ H-0, ™

FEREHC BT BRI TV T: 5K oT
HiEZHND, —_ N bias: 1mV
NE 6T
[}
N,
o T 9T

bias: 0.1V

-0.12 -0.08 -0.04 0
Gate voltage [V]

X 3.2.2.14 EEEHINEEO®EFH a2 #
VA

3.2.2.5 HBont-MARROFMESLIVSRBEFINIME

KIFZRIE, BAEE AT TWA Y Y a2 W HEE 73 ZOHED DL >
ThV, BEFT A AZFREOT 2EMBEOIC, ALY v 7HANC K 0 ER L7
T 2y EHOWTWS Z ENRRERFE TH DL, S —FREE T R T VR %
I OW TR, 72— 7 A 0 RELTHWS T 2iEmT Y o o ORIz O L
T ENWRIBEEENE LN TEY . £ 2237 FORZEWHIEHRTH D, ZHICES
IZ Ry S ONERIBEESR S INDIUE, D ZF A T-HETF T v P A2 DERIICS
WD THAD, ZOF /T 2 OlgREREZ R E AW =R BRI 1255
WThHo, FHMIiTE 5, £/2. 2 OO Ry FREENTWDIEHEIZIE, 2 Ky FOMA
TEHRIC LD 2 RO ETFE Y NOEBDHIFRFCE D720, ERDIFEENFETH D,
HEAFAETYOMEICEALTIX, AFIVFERFEVWI LV ITL LA, HEFAEY OHFE
ELTOF /fEmT Y 2 OFFEICIER L2 b O T, BVWRFFRFH 2R3 2 72O D5
$HEHEZ DD THD, BAT 3 AT D8 LODBSRER B LT T/ filifhs
U arOBENESZH TTREMIZE TR E Tl Mt 2 =—7
RERTHDENZD,

FMEL N T O AZ TR S NN AT ¢ v VT RBICEKT D Efba v Xy
2L, VY ary TR TS TOBRRMTHY | MM LoO T RO TH 5,
BELOBENE L S 720, fERMICITIKRERMENLERFZ T ~OISHABIRE S LD,
EHICE, BEHbar X7 2 RABR SN D AT v 7RT T A R R
THRTOAREELEZ LD,

INDEEBTDOOMPT REMEAILZ D, BT, R AT v T CERY
5 O THEREI OB DIXEEPBO TE v, KV IEMART —X 2155 7-0121%.
TR Y 3 OB OMZE S FRFHCED TL TS BERH 5,
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3.2.3 F/#H&RB V)ALV TFEREEFRERTF

3.2.3. TL®HIZ

55»77/bﬂzw74x7v4 LS SERTA TOELHIHFETOBZ
DELTND, T V0o EIRHFE IR EE, (KHEE., (a2 el
PEREMELR S TWABNR, FOHTR—F 2 Y a2 Hn-EFHHETFN ko
a7 A AL LTHEREENTWD, FRCZOFE BT, @FOBELA B
SAXAALATEHBMATERVWE ) REZRX AT —OEFHHEDBH SN TED, ZORRR
BAHHD A T =X LZONTEHA BN TR WS, B ETEICHEET 57/ fdh
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[1] X. M. H. Huang et. Al ,Nature 421, 496 (2003).
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3. 3 MWMHMBEESFUHMIIL—T (FoIJ )y IKRFE)
Cavendish Laboratory, Microelectronics Research Centre,
M.A.H. Khaladalla, Y.T. Tan, T. Kamiya, Z.A.K. Durrani and H. Ahmed

3.3.1. Introduction:

The development of novel nanocrystalline silicon (nc-Si) materials [1, 2], consisting
of crystalline silicon grains ~10 nm in size isolated by thin amorphous grain
boundaries (GBs), has raised the possibility of a dramatic increase in the functionality
of the silicon chip. The grains ‘naturally’ form silicon quantum dots, isolated by tunnel
barriers at the GBs, over the entire area of a nc-Si thin film, leading to the observation
of strong quantum confinement and single-electron charging effects [3] in the electronic
transport across the film which complement the novel optical properties of nc-Si.
Advanced quantum dot and single-electron transistors (SETs) can then be fabricated in
the films, without the need for lithographic definition of the quantum dots. If the
grains are ~10 nm or less in size, and the GB tunnel barriers are ~100 meV or higher,
then the single-electron charging energy and tunnel resistances can be large enough
for room temperature operation of the nc-Si1 QDs and SETSs, opening a promising route
for the development of room-temperature nano-electronics in large-scale integrated
(LST) systems.

One of the most promising devices for future nano-electronic LSI is the SET [4]. In this
device, the single-electron charging effect is used to control precisely the charging of
individual electrons on a conducting island. Electrons are transferred to the island
from source and drain terminals by tunnelling across potential barriers. The charging
of the island by single electrons can be controlled using a gate terminal. The SET has
the advantages of very low power consumption, better immunity from statistical
charge fluctuation and very high scalability compared to conventional complementary
metal-oxide-semiconductor devices.

The practical application of SETs to LSI systems requires room temperature operation
and silicon process compatibility. For room temperature operation, the single-electron
charging energy of the island, Ec=e%/2Cs (Cs is the total island capacitance and ‘e’ is the
elementary electronic charge) must be large compared to the thermal energy ~ kgT =
26 meV (kg is Boltzmann’s constant and temperature T = 300 K). Therefore, the value
of the Cs must be ~1 aF or less and in practice this implies that the charging island
must be < 10 nm in size. In addition, electrons must be localised on the island, which
requires a large tunnel barrier resistance as compared to the quantum resistance Rq ~
26 kQ at the operating temperature. In addition, for room temperature operation, the
tunnel barrier height should be at least ~100 meV, i.e. high in comparison with ksT at
room temperature. In addition to the work discussed in this report, there have been
only a few demonstrations of silicon SETs operating at room temperature (e.g. see Refs.
[5-8]). In these devices, the islands were formed by discontinuous ultra-thin
polycrystalline  silicon (poly-Si) layers, or were defined in crystalline
silicon-on-insulator films using high-resolution lithography and controlled oxidation.

The GB tunnel barrier isolating the grains is of great importance, not only in
determining the bulk resistivity of the nc-Si films, but also in determining the extent of
the electrostatic and tunnel coupling between different grains, especially at low
temperatures. These additional quantum effects can lead to the nc-Si thin film
behaving as a system of coupled quantum dots [9-11]. In recent years, similar systems
have become of great interest in the development of novel silicon-based quantum
information processing devices in the solid state [12].
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This report discusses research on electron transport in nc-Si devices at the
Microelectronics Research Centre, University of Cambridge, during the CREST
programme. The report is organised as follows. We begin by discussing the fabrication
and characterisation of nanowire SETs in solid-phase crystallised polycrystalline
silicon material [13], where the grains were up to 50 nm in size, and the devices
operated up to 15 K (Sec. 2). We then consider our work to improve the operating
temperature of the SETs by using nc-Si point contacts [14, 15] (Sec. 3.1), and the
development of room temperature nc-Si point contact SETs [16-19] (Sec. 3.2).
Engineering the GB structure and potential barrier is discussed in Sec. 3.3 [20-22]. We
discuss inter-grain electron coupling effects in Sec. 4. These novel effects include
electrostatic [9] (Sec. 4.1) and electron wavefunction (Sec. 4.2) coupling effects [10, 111,
and the later effect is observed for the first time in silicon. Finally, in Sec. 5 we
conclude this report and assess the significance of our results.

3.3.2. SETs in polycrystalline silicon [13]:

The initial stages of the project concerned the fabrication and detailed characterisation
of lateral, side-gated nanowire SETs in solid-phase crystallised (SPC) polycrystalline
silicon films, deposited on SiOz layers grown on silicon substrates. A Coulomb staircase
was observed at 4.2 K, and this was fully modulated by the side-gate voltage.
Conductance oscillations with a sudden switch in period (‘two-period’ oscillations) were
observed in nanowires fabricated on only 10-nm-thick buried oxide layers, while
single-period oscillations are observed in nanowires fabricated on 40-nm-thick buried
oxide layers. The two-period oscillations were attributed to the formation of a charge
layer in the silicon substrate. The single-electron effects were studied in detail as a
function of the nanowire dimensions, and annealing or oxidation treatments. The
effects were then correlated to the structure of the polysilicon film, characterized using
transmission electron microscopy (TEM), Raman spectroscopy, and electron spin
resonance (ESR) analysis.

Our polycrystalline silicon material was prepared as follows: A 50 nm thick amorphous
silicon film was deposited at 550°C by PECVD on a 10 nm thick gate quality silicon
oxide layer grown on a crystalline silicon substrate (p doped, at 5 3 1014 cm™). The
amorphous silicon film was heavily doped to 5 3 10!® cm™3 using phosphorous
ion-implantion and then crystallized into polycrystalline silicon using thermal
annealing at 850°C for 30 minutes. TEM analysis indicated that the grains varied from
~5 nm — 50 nm in size, and the average grain size was ~20 nm. Lateral side-gated
polysilicon nanowires of various geometry were defined in the film using electron-beam
lithography on polymethyl methacrylate (PMMA) resist and reactive-ion-etching in a
1:1 plasma of SiCls and CF4. Figure 3.3.1 shows a SEM image of a device where the
nanowire is 1 pm long and 40 nm wide. Nanowires of various dimensions (width: 40
nm-90 nm, length: 500 nm—1.5 um) were fabricated. After the nanowires were defined,
they were processed further using (1) thermal oxidation at 1000 °C for 15 minutes, (2)
annealing in argon at 1000 °C for 15 minutes or (3) annealing followed by oxidation.
The oxidation process reduced the cross-sectional area of the nanowire by ~ 10 nm and
passivated the defect states. The annealing process modified the defect state density at
the GBs, at the Si/SiO:2 interface and along the etched surfaces, and increased the
grain size.

The drain-source I-V characteristics at 4.2 K, from an oxidized nanowire where the
pre-oxidized width was 50 nm and length was 1.5 um, are shown in Fig. 3.3.2. The
characteristics show single electron charging effects which may be associated with the
charging of the polycrystalline silicon grains along the nanowires, isolated by tunnel
barriers at the GBs. A zero-current Coulomb gap region is observed which oscillates in
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width with the gate bias, leading to trapezoidal charge stability regions at the origin in
the VasVes plane. The period of oscillation changes abruptly at ~0.5 V, and a larger
period is observed for negative gate bias. This ‘two-period’ behaviour can be attributed
to the formation of a charge layer in the silicon substrate, which changes the
gate-island capacitance and does not occur in devices with thicker buried oxide layers.
Current steps are also visible in the Ias—Vas plane, which may be attributed to a
Coulomb staircase. Figure 3.3.3 shows the temperature dependence of the ‘two-period
oscillations’ in the drain-source current as a function of gate voltage. We observe that
the oscillations become weaker as the temperature increases and at a temperature of
15 K, the Coulomb blockade effect is overcome and the oscillations disappear
completely.

The dependence of the device characteristics on nanowire dimensions was investigated
in detail. The oscillation periods increased when the nanowire length was increased
from 500 nm-1.5 pm, and decreased when the nanowire width was increased from 50
nm to 60 nm. Wider wires showed only Ohmic conduction. We explained this behaviour
by considering the effect of the nanowire dimensions on the grains within. The longer
the nanowire, the higher was the probability of smaller grains existing along the
nanowire, with smaller gate capacitances and larger observed oscillation periods. The
decrease in the oscillation period with increasing width implied an increase in the
lateral area of the charging island. Therefore, the electric field distribution between
the side-gates and the charging island had to be considered in three dimensions, and
the increase in area was associated with fringing fields below the plane of the
side-gates and nanowire.

We also characterised the structure of our polycrystalline silicon films using TEM,
Raman and ESR spectroscopy. The ESR spectra indicated that annealing prior to
oxidation decreased the passivating effect of the oxidation process, due to segregation
of dopants to the GBs and Si/SiO: interfaces. These effects caused an increase in the
resistance of annealed nanowires. The single-electron oscillation periods in the
corresponding devices were also smaller, associated with an increase in grain size. The
Raman spectroscopy showed that the Raman peak in the as-deposited polycrystalline
silicon film associated with the amorphous silicon component of the film disappeared
after thermal treatment. In the case of argon annealing, the formation of crystalline
silicon grains from the amorphous silicon reduced the intensity of this peak while
oxidation caused the formation of SiOx, which also reduced the intensity. As amorphous
silicon (found in the GBs) oxidises more readily as compared to crystalline silicon, we
expected the formation of SiOx to encapsulate the crystalline silicon grains.

3.3.3. SETs in nanocrystalline silicon [14-22]:

In Sec. 2, we discussed the operation of side-gated nanowire SETs in SPC
polycrystalline silicon material. These devices showed single-electron effects only up to
~15 K, due to the large grain size (up to ~50 nm) and the relatively long dimensions of
the nanowire (500 nm minimum). It is possible to improve the SET operating
temperature considerably by using nanocrystalline silicon (nc-Si) deposited by VHF
PECVD, with small grains <10 nm in size, in conjunction with reducing the nanowire
length to ~50 nm or less to form a ‘point-contact’ SET. In this section, we discuss the
fabrication and characterisation of point-contact SETs in as-deposited nc-Si (Sec. 3.1),
and in nc-Si where a low-temperature oxidation and annealing process is used to
selectively oxidise the GBs to raise the tunnel barrier height (Sec. 3.2). The later
devices are capable of operating even at room temperature. We also discuss control of
the inter-grain tunnel barrier by ‘GB engineering’ (Sec. 3.3).
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3.8.8.1. Point-contact SETs in as-deposited nanocrystalline silicon [14-15]:

Point contact SETs fabricated in as-deposited nc-Si films showed single-electron effects
up to 60 K. Our films were phosphorus-doped and deposited at 300°C by VHF PECVD.
TEM and Raman spectroscopy was used to determine the grain size, crystalline volume
fraction and GB thickness. The single-electron effects could be associated with islands
formed by crystalline silicon grains only ~ 4 nm in size, isolated by amorphous silicon
regions only ~1 nm in thickness. The structural characteristics of the nc-Si film could
be correlated to the electrical behaviour. The electrical transport mechanism at high
temperatures was attributed to percolation conduction across a distribution of tunnel
barriers, with a maximum barrier height of ~40 meV.

Our nc-Si films were 30 nm thick, deposited using VHF PECVD from a SiF4: Hz : SiH4
gas mixture. The films were deposited on a 150 nm thick silicon oxide layer grown
thermally on top of n-type crystalline silicon. The flow rates of the SiF4, H2 and SiH4
were 30, 40 and 0.25 sccm. The films were doped in situ with PHs (1% diluted with Ho),
where the concentration of PHs in SiH4 was 2%. The VHF frequency was 100 MHz, the
VHF power was 40 W and the reactor pressure was 200 mTorr. The carrier
concentration and electron mobility, measured at room temperature by Hall
measurements, were 3 x 1020 /cm3 and 1.8 cm?2/Vs respectively. Figure 3.3.4 shows a
TEM image of the nc-Si film, with uniformly distributed crystalline silicon grains
embedded in an amorphous silicon matrix. The grain sizes range from ~4-8 nm. The
diffraction rings shown in the inset imply that the film contains crystalline silicon and
1s not entirely amorphous. Additional high-resolution TEM analysis using Fresnel
contrast indicated that the GBs were decorated with fine layers of amorphous silicon
less than 1 nm thick. Raman spectroscopy was used to confirm the average grain size
(~4 nm) and determine that the crystalline volume fraction was 70%. Details of the
growth, structure, and the bulk transport properties of these films can be found in our
work in ref. [15].

The point contact SETs were defined using electron-beam lithography in polymethyl
methacrylate resist, and reactive-ion-etching in a mixture of SiCls and CF4 gases (20
scem each) at 13.56 MHz, 300 W and 20 mTorr. A typical point contact had a width of
20 nm. Ohmic contacts were formed to the structure using aluminium contact pads.
Figure 3.3.5 shows a scanning electron micrograph of a SET.

The devices were characterised electrically from 4.2 K to 300 K. Figure 3.3.6(a) shows
the drain—source (Iass—Vds) characteristics of the device at 8 K, as the gate voltage (Vgs)
1s varied from -2 V to 2 V in 50 mV steps. The Coulomb gap V¢, strongly modulated by
Vgs, has a maximum width of ~40 mV. A non-linearity in the Iqs—Vas characteristics
corresponding to the Coulomb gap was observed up to a temperature of ~60 K.

Figure 3.3.6(b) shows the single-electron oscillations in Ids as Vgs is swept from —1 V to
1V and Vg is varied from -44 mV to -4 mV, and from 4 mV to 44 mV in 4 mV steps. A
dominant oscillation with a period of 500 mV, and smaller superimposed peaks with
periods of 100 mV and 60 mV are seen in the characteristics. This behaviour can be
attributed to single-electron conductance oscillations in a multiple tunnel junction
(MTJ). We can estimate the minimum size of the charging islands from the oscillations
periods and the temperature at which they disappear. The dominant oscillation of 500
mV can be associated with a ~4 nm island, which fits well with the grain size from
TEM analysis. Similarly, we can obtain island sizes for the minor oscillations periods of
~6 nm and 12 nm respectively.
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Figure 3.3.7 shows an Arrhenius plot of the conductance of the device as a function of
inverse-temperature. The device conductivity ¢ is measured outside the Coulomb gap
at a bias of Vas = 50 mV (circles), and within the Coulomb gap at zero bias (triangles).
From 6 K to a transition temperature T1 ~ 60 K, log (o) follows a T-! dependence and
above Ti, log (o) follows a T4 dependence. In the region of the T-/4 dependence, the
conduction mechanism is likely to be dominated by percolation conduction through a
distribution of potential barrier heights with various activation energies. The
maximum gradient obtained from the region of T4 dependence corresponds to an
activation energy Ea1 ~ 40 meV, which can be associated with the maximum height of
the amorphous silicon tunnel barriers in the nc-Si. For c measured at zero Vs, the
device operates within the Coulomb gap. However, at temperatures above Ti, the
behaviour is similar to that measured at Vas = 50 mV because the Coulomb gap in the
device disappears at ~ T1. The variation in the amorphous silicon tunnel barrier height
can be attributed to fluctuations in the dopant and defect state distribution in the nc-Si
film.

3.3.3.2. Point-contact SETs in nanocrystalline silicon operating at room
temperature [16-19]:

The operating temperature of the point-contact SETs in VHF PECVD nc-Si could be
raised to room temperature by selective oxidation of the amorphous silicon GBs into
Si0x. The VHF PECVD nc-Si film as deposited was 20-nm-thick, with crystalline
silicon grains 4-8 nm in size, separated by amorphous silicon GBs (Sec. 3.1). Our room
temperature SETs used a side-gated 20 nm x 20 nm point-contact. By oxidising
selectively the GB using a low-temperature oxidation and high-temperature argon
annealing process, it was possible to engineer the GB tunnel barriers to increase the
potential energy of these barriers. This formed a ‘natural’ system of tunnel barriers,
consisting of SiOx tissues that encapsulated sub-10 nm size grains, which were small
enough to observe room-temperature single-electron charging effects.

The 20 nm-thick, n-type hydrogenated nc-Si film, was prepared by VHF PECVD from a
SiF4 @ Hz : SiH4 gas mixture, as discussed in Sec. 3.1. The various material parameters
of the film were also similar. The SETs were again defined in the as-deposited film
using electron-beam lithography with polymethyl methacrylate resist and
reactive-ion-etching in a mixture of SiCls and CF4 gases. The SETs used a 20 nm x 20
nm point-contact defined between source and drain electrodes, with in-plane gate
electrodes on either side. However, after defining the SET, a low-temperature oxidation
and high-temperature annealing process was used to oxidise the GBs. This process was
performed after defining the SETSs, in order to simultaneously passivate the surface
states in the device. We used a relatively low oxidation temperature of 750°C for 1 hour,
in order to take advantage of the higher rate of diffusion of oxygen atoms at these
temperatures into the GBs, in comparison with the crystalline silicon grains. The
devices were then annealed at 1000°C for 15 minutes to improve the tunnel barrier
height. Figure 3.3.8 shows a schematic and an SEM image of a device. Microscopy of
the SET before and after the oxidation / annealing process did not show significant
change in the grain shape and size due to encapsulation of the grains by SiOx. The film
was however reduced by approximately 5 nm in thickness due to the formation of a
surface oxide.

We characterised electrically the oxidised and annealed nc-Si SETs were from 23 K to
300 K. The source-drain current (Iss) was measured with respect to the source-drain
voltage (Vas) and the gate voltage (Vg), and single-electron effects were observed over
the entire temperature range. The device characteristics were stable to repeated
temperature cycling over a period of two weeks. Figure 3.3.9(a) shows single-electron
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current oscillations in the Iss-Vgs characteristics at 23 K. These characteristics are
measured at various Vs, increasing from -50 mV to 50 mV in 5 mV steps. There is a
single oscillation period of 3V, which may be associated with a single dominant
charging island. Figure 3.3.9(b) shows the corresponding Ias"Vas characteristics of a
device at 23 K. At Vgs = 1 V, a Coulomb gap of ~100 mV is observed, periodically
modulated as Vgs increases. Figure 3.3.10 shows the temperature dependence of the
current oscillations, which persist up to 300 K with an unchanged period. However,
there is a fall in the peak-valley ratio as the temperature increases, due to a thermally
activated increase in the tunnelling probability. We estimate that the charging island
size is ~8 nm, in agreement with the grain size observed in the nc-Si film.

The room temperature operation of the oxidised and annealed nc-Si SET can be
attributed to the formation of SiOx at the GBs, which leads to an increase in the tunnel
barrier height and better confinement of electrons on the grains even at room
temperature. The tunnel barrier heights were investigated using Arrhenius plots of the
device conductivity as a function of the inverse temperature. Figure 3.3.11(a) shows the
conductivity of a 40 nm-wide point-contact, at a bias voltage ‘V’ both within and outside
the Coulomb gap V. Below 100 K, the plots are almost independent of inverse
temperature, and this behaviour can be associated with electron tunnelling through
GB potential barriers. Above 100 K, the conductivity of the device increases
logarithmically with inverse temperature due to thermally activated carrier transport
over the potential barriers. Here, the gradient of the plot would correspond to the
highest potential barrier along the carrier transport path. A potential barrier height of
173 meV can be extracted from this gradient. We may compare this value to the point
contact SETs in as-deposited nc-Si films (Sec. 3.1), where we observed a maximum
barrier height of 40 meV. The increase in the barrier height in oxidised and annealed
SETs may be associated with the formation of oxide layers at the GBs.

The oxygen incorporation in the oxidised and annealed nc-Si film was investigated
further using secondary-ion mass spectroscopy (SIMS) to measure the oxygen depth
profile. Here, the oxygen concentration profile showed a gradient change at a depth of
~10 nm, and the profile could not be fitted with a single complementary error function
or Gaussian function as expected from simple oxygen diffusion. This suggested more
than one oxygen diffusion path. Since the amorphous silicon GBs were less dense
compared to the crystalline silicon grains, oxygen atoms could diffuse faster in the GBs
and the oxygen profile in the deep region could be associated with GB diffusion.
Assuming a point-contact 30 nm wide, we could estimate that SiOx with x=0.67 existed
in the GBs at the point contact centre. The process is shown schematically in Fig.
3.3.11(b).

3.8.8.8. Investigation of grain-boundary engineering [20-22]:

Sec. 3.1 and 3.2 have discussed the significance of the GB potential barrier in electronic
conduction across a nc-Si film. Control of the height of this barrier is critical to the
confinement of electrons on the grains at higher temperatures, and the operation of
room temperature SETs. By contrast, the reduction of the GB potential barrier is of
significance in reducing the film resistivity and improving the effective carrier mobility
in the nc-Si. We have developed different ‘GB engineering’ processes to investigate both
these possibilities.

The effect of oxidation and annealing on the electrical properties, and the structure of
the GBs in heavily doped SPC polycrystalline silicon, was characterised in detail using
bulk films, and using 30-nm-wide nanowires. Similar processes were used in the
fabrication of our room temperature SETs (Sec. 3.2). Oxidation at 650-750°C was seen

-50-



to selectively oxidise the GBs and subsequent annealing at 1000°C was seen to increase
the associated potential barrier height and resistance. These observations were
explained by structural changes in the Si—O network at the GBs, and the competition
between surface oxygen diffusion and oxidation from the GBs in the crystalline grains.
This work suggested that a combination of oxidation and annealing provided a method
for better control of the GB potential barrier height and width in the polycrystalline
silicon and nc-Si thin films.

The effects of hot H2O-vapor annealing on the GBs in low-pressure chemical vapour
deposited (LPCVD) polycrystalline silicon thin films were investigated by
characterising the local carrier transport properties over a few GBs in the film, using
point contact devices. This work showed that hot H20-vapor annealing effectively
reduced the GB dangling bonds and the corresponding potential barrier height. In
addition, it narrowed the distribution of the barrier height value across different
devices significantly. These effects could be attributed to oxidation in the vicinity of the
film surface, and hydrogenation in the deeper regions of the film. These results
suggested that H2O annealing could improve the carrier transport properties by
opening up shorter percolation paths, and by increasing the effective carrier mobility
and density.

3.3.4. Electron coupling effects in nanocrystalline silicon SETs [9-11]:

The basic nc-Si point contact SET device can be used to investigate inter-grain
electron-coupling effects in ns-Si. By varying the dimensions of the point contact, the
number of grains taking part in single-electron transport can be varied, and by
tailoring the GB selective oxidation process (Sec. 3.2), the inter-grain electron coupling
can be controlled. It is then possible to operate the device at low temperature as a
double- or multiple-quantum dot transistor, with strong electron interactions between
the quantum dots formed by the grains. For these devices, we used a low-pressure
chemical vapour deposited (LPCVD) nc-Si film, ~40 nm-thick and with grains ~10 — 30
nm in size. The point-contact size was ~30 nm X 30 nm X 40 nm, with two side-gates.
Only a few grains existed within the channel at most, and different grains could
contribute in varying degrees to the device conduction. By modifying the inter-grain
coupling using selective oxidation of the GBs, we observed only electrostatic, or
combined electrostatic and electron wavefunction coupling effects associated with
double quantum dots, in the Coulomb oscillation pattern at 4.2 K formed as a function
of the two gate voltages. Different grains influenced the Coulomb oscillations in
different ways, e.g. a single or two grains could dominate the Coulomb oscillations, or
nearby grains could charge-up and switch the oscillations without taking part directly
in conduction across the device. Additional grains of different sizes added to the
complexity of the Coulomb oscillation pattern.

We note that electrostatic coupling effects have been investigated in great detail at
milli-Kelvin temperatures in double quantum dots formed in GaAs/AlGaAs
two-dimensional electron gas (2-DEG) materials [23]. However, other than the work
discussed in this report, there are only a few investigations of these effects in silicon
[24]. In these various experiments, two gates are used to change the potentials of two
quantum dots quasi-independently, and a plot of the Coulomb oscillations v.s. two gate
voltages forms hexagonal regions of constant electron number on the quantum dots,
associated with single-electron interactions between the dots. This creates a ‘charge
stability’ diagram where the total electron number changes by one between
neighbouring hexagons. If the quantum dots are strongly tunnel-coupled, then the
electron wavefunctions on the two dots can also interact with each other, forming
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‘quasi-molecular’ states. Resonant tunnelling through these states leads to additional
peaks in the device conductance. These states have been observed only below 50 mK
temperature in measurements on GaAs/AlGaAs double quantum dots [25]. In the
following, we discuss the observation of these effects at 4.2 K in our nc-Si devices. We
note that the formation of quasi-molecular states is a signature of coherent electron
interactions in the nc-Si, which are of significance for the development of quantum
computation devices in silicon.

The nc-Si point contact SETs were fabricated in a ~40 nm thick, heavily doped (zr-type,
phosphorous, doping concentration ~1x1019 cm™) nc-Si film, deposited by LPCVD on a
100 nm-thick SiOz layer grown thermally on a silicon substrate. The room temperature
resistivity of the film was 0.1 Q-cm. The nc-Si grains were ~10 nm-30 nm in size,
separated by ~1 nm-thick amorphous Si GBs.

The point contact SETs were formed using channels ~30 nm x 30 nm x 40 nm in size
(Fig. 38.3.12). Each transistor used two in-plane gates, defined 200 nm away on either
side. The nanometre-scale of the point contact channel implied that there were only a
few grains within it (high-resolution SEM image, inset to Fig. 3.3.12). The transistors
were fabricated using high-resolution electron-beam lithography, followed by
reactive-ion etching of the nc-Si film in 1:1 SiCls/CF4 plasma. The device was then
oxidised in dry Oz at a comparatively low temperature of 750°C to oxidise selectively
the GBs into SiOx (Sec. 3.2 and Sec. 3.3). The tunnel coupling between the grains could
be controlled by the oxidation temperature and duration, and by a subsequent argon
anneal. In devices (Type ‘A) oxidised in dry Oz at 750°C for 60 minutes, followed by
annealing in argon at 1000°C for 5 minutes, there was a high and wide tunnel barrier
at the GBs (>100 meV) and electrostatic coupling effects dominated. In devices (Type
‘B’) oxidised in dry Oz at 750°C for 30 minutes only and not annealed, the GB tunnel
barriers remained low (~40 meV) and narrow, and the grains were more strongly
coupled than those in type ‘A’ devices. These devices showed both electrostatic and
electron wavefunction coupling effects.

3.8.4.1. Electrostatic coupling effects [9/:

Figure 3.3.13 shows a three-dimensional grey-scale plot of the drain—source current
(Ias) in a point-contact transistor (Type ‘A’ device) at 4.2 K, as a function of the voltages
on gate 1 and gate 2 (Vg1 and Vg2 respectively). The drain—source voltage, Vas = 5 mV.
The maximum value of the current (white regions in the plot) is relatively low (Ias =1.2
pA). The plot shows a series of lines (marked using white dotted lines), created by
shifts in the position of the Coulomb oscillations in I4s as a function of both Vg1 and Vge.
These oscillation lines occur when the single-electron energy levels in a dominant grain
in the point-contact align with the Fermi energy in the source. As both the gates couple
capacitively to the grain, the energy of a single-electron level relative to the source
Fermi energy depends on a linear combination of the two gate voltages. At a current
peak, a change in one of the gate voltages would misalign the energy level with the
Fermi energy. However, the energy level can be realigned by using the other gate, e.g. a
reduction in Vg1 can be compensated by an increase in Vg to keep the energy level
aligned with the Fermi energy. This leads to the oscillation peaks and valleys tracing
diagonal lines across the plot (white dotted lines). We also observe switching (e.g.
within the dotted circle) of the position of the oscillation lines, which implies an abrupt
change in the energy of the corresponding single-electron level. Additional, finer lines
with a smaller separation in Vg1 and a different slope to the major diagonal lines can
also be seen.

In Fig. 3.3.13, the main Coulomb oscillations (white dashed lines) can be associated
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with a dominant grain in the point-contact, and the switching behaviour can be
attributed to single-electron charging of a nearby grain, coupled electrostatically to the
dominant grain. The main oscillation lines are separated in Vg1 by AVgi= 0.3 V. The
additional, finer oscillation lines are separated in Vg1 by only AVgi2= 0.05 V, and have a
different slope compared to the major oscillation lines. The different slope and
separation implies a different grain, with a different single-electron charging energy
and gate capacitance. We note that we have also fabricated nc-Si ‘cross’ transistors,
where four contacts meet at a central region with ~10 grains. Transport through the
device can be gated using four different gates. It is possible to identify multiple current
percolation paths and charging grains in this device.

It is possible to qualitatively investigate the characteristics of Fig. 3.3.13 using
single-electron Monte Carlo simulation of the circuit of Fig. 3.3.14(a). The circuit
consists of a grain (grain ‘1), connected to the source and drain by tunnel junctions T:
and T2 and coupled capacitively to the two gates by the capacitors Cg1 and Cgs. A
nearby grain (grain ‘2°), coupled to grain ‘1’ by the tunnel junction Tt, can be charged
with electrons from the source via tunnel junction Ts. Grain ‘2’ is also coupled
capacitively to the gates by the capacitors Cg2 and Cgs. The results of the Monte Carlo
simulations are shown in Fig. 3.3.14(b), where the various capacitances were adjusted
such that the simulation characteristics were approximately similar to the
experimental results of Fig. 3.3.13. The Coulomb oscillation peaks (maximum current:
0.5 nA, black regions) associated with single-electron transport through grain ‘1’ form a
series of lines as a function of the two gate voltages, and along each of lines, electron
transport occurs via tunnelling through a single-electron energy level aligned with the
source Fermi energy. The electron number on grain ‘1’ differs by one between regions
on either side of a line and this number increases as the gate voltages become more
positive. The lines switch in position when the Coulomb blockade of grain ‘2’ is
overcome by the gate voltages and an electron transfers from the source onto grain ‘2.
The overlap between the single-electron oscillation lines in the experimental
characteristics of Fig. 3.3.13 is also reproduced in the simulation results, and is a
function of the cross capacitances Cgs and Cgs between the grains and the gates.

3.8.4.2. Electron wavefunction coupling eftects [10-11]:

Figure 3.3.15(a) shows a three-dimensional plot of the drain-source conductance (gas =
dlas/dVas) of a second point-contact transistor (Type ‘B’ device) at 4.2 K, as a function of
the voltages on gate 1 and gate 2 (Vg1 and Vg2 respectively), measured using a lock-in
amplifier. The source—drain voltage, Vas = 2 mV. The maximum conductance is ~0.3 nS,
and the applied bias, Vas= 2 mV, is within the range of the Coulomb gap Vgap = 7.5 mV
measured from the source—drain Ias-Vas characteristics (not shown here). In the region
within the dashed circle, two oscillation lines with two different slopes are seen to
intersect and split. Similar behaviour is again observed near Vg1 = —-2.5 V and Vg2 = 1.5
V. The lines can be associated with transport through two dominant nc-Si grains with
different capacitive coupling to the gates. The lines partially trace-out the hexagonal
regions of charge stability observed in double coupled quantum-dot systems. There are
also additional peaks within the encircled region (shown in more detail in Figure
3.3.15(b)). These peaks may be associated with electron tunnelling through additional
energy levels, besides the single-electron energy levels forming the oscillation lines.

In contrast to the device characteristics discussed in Fig. 3.3.13, which show only
electrostatic coupling effects between grains, in this device additional energy levels are
observedwithin the dashed circle (Fig. 3.3.15 (a)). At each of these points, two energy
levels associated with two adjacent electrostatically coupled grains are resonant with
each other and with the source Fermi level. If the grains are strongly coupled across
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the GB tunnel barriers then additional wavefunction coupling effects can occur. The
behaviour of the device conductance gas v.s. Vg1 is investigated further in Fig. 3.3.15(b),
where Vg1 is swept along the dashed circled region at a fixed value of Vg2 = —0.55 V. The
experimental data (circles, 300 points) can be fitted (solid line) using the sum of four
Lorentzian peaks, ai, az, b1, and bz, implying that the peaks can be attributed to
resonant tunnelling through strongly coupled electron levels. The position of these
levels, i.e. near the points ‘1’ and ‘2’, where two energy levels in adjacent grains are
resonant, and the strongly-coupled nature of these levels, suggests that they may be
associated with quasi-molecular ‘bonding’ (b1, and bz) and ‘anti-bonding’ (a1, and as2)
states. These states can result from the delocalisation of the electron wavefunctions
over adjacent tunnel coupled grains. By comparison, in the type ‘A’ device (Sec. 4.1),
electron wavefunction delocalisation may be inhibited because of higher, wider and less
transmissive GB tunnel barriers, due to the longer oxidation time, and the high
temperature annealing, of the device.

3.3.5. Conclusion and assessment of results:

The Microelectronics Research Centre, Cambridge University has investigated electron
transport in nc-Si devices during the CREST project. These devices consist mainly of
single-electron transistors (SETs) and quantum dot (QD) transistors. Various designs
of SET's have been fabricated in various polycrystalline silicon and nc-Si. The SETs
consist of both nanowire and point contact designs of various dimensions (width: 20
nm-100 nm, length: 20nm-1.5 pm), gated mainly using side gates, although gating via
the substrate across a thin buried oxide layer is possible. The SETs have been
fabricated in SPC polycrystalline silicon (grain size: ~5-50 nm), VHF PECVD nc-Si,
(grain size: ~4-8 nm) and LPCVD nc-Si (grain size: ~10-30 nm) thin film materials.
During the course of the project, the SET maximum operating temperature was raised
from ~15 K for the SPC nanowire SETs, to ~60 K for the point contact SETs in
as-deposited nc-Si material, to room temperature for nc-Si point contact SET's treated
using a novel low-temperature oxidation and high-temperature annealing process. The
importance of the GBs in the electron transport through nc-Si led to the development
of ‘GB engineering’ processes, where thermal processing was used to raise or lower the
potential barriers at the GBs. Finally, the behaviour of nc-Si at low temperature as a
multiple coupled-quantum dot system was identified for the first time. These
inter-grain electron coupling effects include electrostatic and electron wavefunction
interactions, and the later effect was observed for the first time in silicon.

This research work has been published in references [9,10, 11, 13 - 22].

This project has led to the first detailed investigation of SETs in various types of nc-Si
materials, and the methodology necessary to increase the operating temperature to
room temperature. We note that while room temperature SETs have been
demonstrated previously in thin discontinuous nc-Si layers [5], this project has led to
the development of nc-Si room temperature SETs in continuous, doped, nc-Si layers,
which operate at far lower voltages and with higher currents, raising the possibility of
faster device operation. The device performance is similar to room temperature SETs
in crystalline SOI material, fabricated using high resolution lithography and controlled
oxidation to define the charging islands [6]. However, our nc-Si SETs have ‘naturally’
formed islands, where the dimensions can be controlled using material deposition or
thermal processing techniques, and offer greater flexibility of fabrication.

This work has also led to the investigation of thermal processes to control the GB
structure and potential barrier in nc-Si thin films, and the development of novel
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processes to raise or lower the GB barriers.

This work has also led to the first observation of coupled quantum dots formed by the
nanoscale silicon grains, and the observation of electrostatic and electron wavefunction
coupling between the quantum dots. The later effect has been observed for the first
time in any silicon based material, and the temperature of observation has been
increased from milli-Kelvin to 4.2 K. These effects are of significance for the
development of silicon based quantum computation systems.

Finally, this work contributes to the development of future room-temperature
nano-electronics in large-scale integrated (LSI) systems, and identifies the potential for
nc-Si materials and nano-scale devices to form the basis of future logic, memory and
quantum computational devices.
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Fig. 3.3.1. Scanning electron micrograph of the side-gate nanowire single-electron
transistor fabricated in a solid-phase crystallized polysilicon film (Ref. [13]).

Fig. 3.3.2. Current—voltage characteristics of an oxidized nanowire fabricated on a
10-nm-thick buried oxide layer with varying side-gate voltage at 4.2 K. Vas denotes
drain-source voltage, Vg denotes gate-source voltage, and /Jis denotes drain-source

current (Ref. [13]).

Fig. 3.3.3. Dependence of ‘two-period’ oscillations on temperature. Vas = 1 mV and the
curves are offset by 0.5 nA per 1 K step (Ref. [13]).
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Fig. 3.3.4. TEM planar image of nc-Si. The inset shows the diffraction rings from the
film, indicating the presence of crystalline silicon (Ref. [14]).

Fig. 3.3.5: SEM image of a side-gate point contact SET in as deposited VHF PECVD
nc-Si material. The inset shows a high resolution image (Ref. [14]).
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Fig. 3.3.6. (a) Las-Vas characteristics at 8 K, in a point-contact SET in as-deposited nc-Si.
Vgs is varied from —2 V to 2 V in 50 mV steps, and the curves are offset 20 pA per gate

step for clarity. (b) Ias-Vgs characteristics at 4.2 K. Vas are varied in 4 mV steps (Ref.
[14]).
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Fig. 3.3.7. Arrhenius plot of the conductance v.s. 1/T, in an as-deposited nc-Si
point-contact SET. Vs is biased at 50 mV (circles) and at 0 V (triangles) (Ref. [14]).
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Fig. 3.3.8. Schematic diagram and SEM image of an oxidised and annealed point
contact SET. The channel is 20 nm wide and 20 nm long (Ref. [16]).
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Fig. 3.3.9. Ias-Vgs and Ias-Vas characteristics of an oxidised and annealed point contact
SET at 23 K.
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Fig. 3.3.10. Temperature dependence of the Ias-Vgs characteristics of an oxidised and
annealed point contact SET. Room temperature single-electron effects are observed

(Ref. [16]).

source

o 2d
<

==
4o
5

TN

&

(o
=0,
NS

v,
N
3

=
WA
el

0
"
<

)

/.
Y%
LA
5
-

3{
/ \\
.y

\erip e

Fig. 3.3.11. Arrhenius plot of the conductivity of an oxidised and annealed point contact
SET, measured both outside and within the Coulomb gap Vcg. The maximum activation
energy is 173 meV. The right-side figure shows a schematic of the GB oxidation process

in the point contact (Refs. [16, 17]).
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Fig. 3.3.12. SEM image of a dual-gate point contact SET in LPCVD nc-Si material. The
device can be used to investigate inter-grain electron coupling effects (Ref. [9]).

Fig. 3.3.13. Three-dimensional grey-scale image, at a temperature of 4.2 K, of the
drain—source current I4s in a point-contact transistor as a function of the gate voltages
Vg1 and Ve, at Vas = 5 mV. Maximum value of Iss = 1.2 pA (white regions). This device
(type ‘A) was both oxidised (dry Oz, 750°C, for 60 minutes) and annealed (Ar, 1000°C,

for 5 minutes) (Ref. [9]).
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Fig. 3.3.14. (a) Circuit model for the device of Fig. 13, for the investigation of
inter-grain electrostatic coupling effects using Monte Carlo single-electron simulation.
The circuit parameters are: Tunnel junction Tt: Ce = 5 aF, Rt = 1 MQ. Tunnel junctions
T1, T2, and Ts: C1= C2 = C3= 0.8 aF, Ri= Rz = Rs3= 1 MQ. Gate capacitors Cg1 = Cg2 =
0.6 aF and Cg3 = Cgs = 0.4 aF. (b) Monte-Carlo single-electron simulation results for
the circuit, at Vas = 2 mV and T = 4.2 K. Maximum current is 0.5 nA (black regions)
(Ref. [11D.
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Fig. 3.3.15. (a) Three-dimensional grey-scale plot at 4.2 K, of the drain—source
conductance (gas = dlas/dVas) in a point-contact transistor as a function of the gate
voltages Vg1 and Vg2, at Vas = 2 mV. The maximum conductance is 0.3 nS (black
regions). This device (Type ‘B) was oxidised only (dry Oz, 750°C for 30 minutes). (b)
Drain—source conductance gdas = dlas/dVas as a function of Vg1 with Vg2 =—-0.55 V and Vs
= 2 mV. The experimental data (circles, 300 points) can be fitted theoretically (solid
line) by the sum of four Lorentzian peaks, a1, az, b1, and b2 (Ref. [10]).
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1 Q
)}

EEec [V]
¥ 3.4.6 HFEHHT A A TOTZFRILX—434

PR L ALBR 2 i ST R— T AT U a @O ne-Si Ky MEEIHEmICITS <
FERADTDZENMOENTNE[1T], ZOEOR—FT AV av@rzyl ar @R
{ElEfE & U CREELT 2 2 EMRATHEN D LivZevy, ZAUE MOS, MIS BUDE 7 /A
218, 19]ICxtST D=0, Ky TiL TM0S EF /L] EESZ L &35, MOS EF /L

ik DB, EEODL EDOL BWVDORS £ CTEibiEE & TPl T 520N EETH
Do ETMUEEZ M EER NS mm FRE L LIZGEEE 2 L5, ZO5EA, E10
FEfb s rh T 2 L F—FEMIEREAK) 4. 0onm THH Z &6 [20 , 211, B ILmbE
2 XX Ballistic ([CEITT B [21], 92 & O FEARFHEIL Lk OB R T /314 A

EFEEMIZFELLRDTHAH, ik EFERRDERND., ZHUL L, 20 THDHZ LK
NN =GR KE N EEFATE 20, — FERLERE ) = 3L X — R
ARTHRETIX, EFITEBER T VX —H K %E 51T 5, Broson OIFEE(LIE
J& 50nm @ MOS 76 DEZEMHE DT RV F—0m 2 E Lz [14], 2 OfERIZX
A HO/NI AR TR INTWNDN, MHE DO R FX—0HFKIE Vps D
IMZPENE =X VX —[OT — AN KRELS BT DT ERNESGITbNrDd, T
3ASHOR—=FT ALY arF A A — KooK ETWOMmTh 5, ML EoiEimn
5. MOS ET L HERCIEN R—TF ALY a XA 4 — Kb ORI TE 220,

FEx I 0BG, BB xrA4 v Y 3 BN T Quasi-Ballistic IZE/TT 5 Z &I
THHLDODTHDHEEZTND
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3.4.1.3 1DSiQDA THEF 7+ / VHHEERADE RGN

AT, 2 AV arofEfban-E7 e LTRERE T ez 1 ikoev Y
2 &+ Ny M7 LA (one-dimensional Si quantum dot array interconnected with thin oxide
layer : 1IDSIQDA)A &z, Z Z COE AL D H 2 TREREFIRE, 74/~
WRHE, BLOETF 7+ / HAEHOMWEIZOW T OBGRIIIT 217 5,

3.4.1.3-1 ®H
3.4.1.3-1-1: ETI

-
L x % Oxide

3.4.7 1DSiQDA O[]

¥ 347 ITFANAX ATV a0 INTET L E L THNWS IDSIQDA DO
KCTHDH, ZORETIESI Ky b ) a U BEEZ L CID D Array & 72> TED |
ST x A MICEROR I ZR DL T2, 22 TIHEMMREELRE L., Free
standing £7213ZF D L S ITEITE HMEHICHOIAEN TS LT 5,

3.4.1.3-1-2 . BFIKEE

U 3R (Silicon quantum wire :SIQW) Tl kil ED 2 2D X N L— & | k=0
VEDTT A 7 S —EETH 2 ERNFMLN TS, & 255 1IDSIQDA % TiE x
FHINZEA S EEMEIC LY, SIQW TR HND kil LD X S b—1 k=0 ITfH 2T
DIzl ENTW5, ZD7- 1IDSIQDA TiE k=0 IfEDH— L —DBNIFET D, K
WETITZONL—HNOEHIREZHHE &2 HWCGEd 35,

ZORTOEFEBEEIT X, v, 2 HIANIEEBES 5 2 & 23 TE | 1DSiQDA #hlZin
STEBRNPIEFICITH N E ZIITEEEREBIILL T L o lckRS D

1 ik, x
(X[leb) ==t (X)e™

2 .. |7
<y‘ny>: /L—ySm{Ly—yy} (3.4.2)

2. | nx
(z|n,)= /:Sln{ 3 }

72720 ugp()IE Si Ry b - FR(biEIC K 28 IBR T o v LN TO Bloch B, L %
1DSIQDA @ x Fa D4, did x FROEH, kX x FRDOEE, bl v K&,
L, LI Ry by, 20O S, ny, n 3G LA ORETHTH 5,
BFTRNLF—IUTFTOXTEZ HNLD
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2 \mL? mL?
7277 L E I X FHOZFAF— m, m 1Ny, z FHOFHERTH D,
x TR O ENEIEL u, , o) IXRNTHICEH A T2 Z LN TE | =R X —HE7 G il 7o 2K
EEHEIC L > TEGITKRD D Z LN TE D,
—J7. IDSIQDA [ZHIME N /=B N K E 7e & EITIE, x #l 7 M OB B BIEUE Airy
B E AW TEEZRIND, & Si My FRNKO Oxide BN O Airy B%4A i < 5o
IZHER S D 2 LT, BROEEREKE ZO VX —EAHEEZED,

212 n2 2
Etota|=Ex(kxbe)+”h ( r ] (3.4.3)

3.4.1.3-1-3: 74/ IKEE
Morse (Z L2 &, UMW 2R -7 QW TD 7 # /  EEHEE— K u(r)id x J7 1~
T35 E .y, 2 ODHRUKFET D% L OEIC BT 5[22] -

U(I’)OCVQ(R)Giqxx (3.4.4)
72720 gl X HRIOWEE~T by, Qlidy, z FMDOEE~7 Frv, RiLy, z FA DAL
EakL,
R:({],Qz(%J (3.4.5)
Z q,
Th b,

Vo(RJIFZ=AFHAEZH W TH bbb, %< O5A 38R T N2 & O Tt
Hlansd, ZiUE IDSIQDA THRIFRICIE LW, x FED 7 + / BB T T mig
SR B2, Z AU SiL Si0, TO Young RIZZF N EH 180GPa, 70GPa & K & 72&E /N
HDHT-, SifEgE Oxide B TOIFHHENRRKELS AL Z LICERT D, 207,
1DSIQDA N TO 7 # / RENI TR Lo TR N D,

S(r)=.C,(a, +a’, )" s, (X)s,

(3.4.6)
c- [ 1
20, NN,

L QI 7+ 2 OWEERT v, ay’, agldAERK - IHIBIEA T @qld 7 A+ v DS
EHT Ny N VBT IS B E AU DRI TR Sq 1 FIRBY 7 M &2 7R T HALR 2 L TH D | Su(X)
ExFFMO LRI T + /) CHEEE— R TH D,

sessees———- sescesssss
si Oxide Si Oxide Si
® Sjatom
O 0 atom .
Unit Cell

X3.4.8 1D 74/ EFREET L
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1D 7 4 / BN BEEL Su(X) 11X 3.4.8 D L 9 72 linear atomic chain model % VN TEHAE
T5, ZTZTIESI My MEEIE SI R FORIE > TR SN TEY . B{bBEaEEkIX Si
Ji & Oxygen JA IR AINE L TWDHDOE LTET/MEEND, KR -RIOFH A
YERIX Harmonic iTPLIZ K> TRk 35 2 & & L, IR FMOMAEIEH O %58
T2, JRFEEREL Si OEEEE NS 0.25nm & RE L. Oxide PN T 5B IEEE ¢ [F]
CAEICERET Do Si Ny MElds JOMMbEIcE F 05O [EEiX, Si Ky A X
L OFAIEIE s HHUE U TR Oz kD 5,

Si, Oxygen OJEFEEIIF DO LD EH, FNEI NAaZT AT Kafie LT,
Msi=16.0 / Na [9], Mo=28.09 / Na [g] & L 7=, Si-Si GO IEREEkix. 2% Si & L
te%®7¢/yﬁﬁmiw¥—ﬁa (100) 7161 DHEWE 7 + 7 > D H D (0.066V) 12
HBtsLocEdiz, —J., Si-0 MfEAoIZREKIE, Si-Si BiZnaEik s oin v
7&&5@274»A@Wmm4@&%ﬁt¢;9_ DD,

ZORTOT7 /) I N6DORFEFOEH TRALZELIEL L THROND,
DOFHEROME L U TEFRIRIEMEET— FEUET 2 & BEAME S RERDE ), EA B
NAD 7 & ) CHMEE — F Seu(X) & 72 U (A ES S KT — OBV F—2 b 2
Al

3.4.1.3-1-4 . EF27+/ UHEER
BT NT 4 ) N LU THRIRRE k ¢ 2 DIIREE K ¢ ICEBR 3 2R IZLL T O Fermi @
KT L > TH 2 BH. Acoustic Deformation Potential (ADP)#k L TOEEYAR T > o ¥ /Ui
THRIZk-oTEHE SIS,
Haop (1) =D, V-S(r) (3.4.7)
EUZ IDSIQDA TD 7 o+ / I EIREER(6) & U A L CEFIRENBIS & Icf N7 5 &
Matrix Element I T D L 512705

(k'c'[Hape (r)|kC)

o)

:Dac{ Cq\/a ]<n’yn
C 4 /nfq +1 (3.48)

X{ii (qy Siqy TU: 34, )<k>'(bé | Sth (X)|kxb8> Siqx <k b’ +q (X) | 8 >}

2Ty, z HIOE - EEIBIEITZERIOIC L L, PIZRE L TWD 20, y, 2 HFOFE
/\75 SHERMEEZRO q, T g~ ULy g~ UL, ORRE L /25, L~dnm iR 20 X 57
72‘//(52%( ZHRHET DR F—(F~1meV TH Y, KF4r D Acoustic 7+ / 1 X
HINE SRS B %= b0, LIEA ST, A0

oS
(s ) o e 2, 22 (X) kb)) (349)

EPT 52 ENTE, BBMERIRANZL--THEDbEND,
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n
T(k—>k'):2—” - o (1+15n ”'j(l-'_lé‘n )
n 2w, NN, |n, +1[7 27" 2

Ox
S[E(K)-E(k)Fha,, |  (3410)

< |(k2b2 [ Hop g (%) K b, )|

85, (¥)
Hel-ph (X) = Daco (;;(

=72 L
)y
Q

’
<nyn

+|QR‘n >

2=@+1qwj@+lqﬁj (3.4.11)
2 y 'y 2 A3
Z T,

Optical Deformation Potential (ODP)EXELIZ DT ¢ ADP Bl & RO R 2155 Z &

MNTE, ZOHED 1LIRITTHGELR T 2 v Vi

HeI—ph (X) optS+q (X) (3.4.12)
ELTHxLID, ZDX 12, IDSIQDA % TOEBMFIILEL x OAIZET HHHAE
TERFEDITIRETE D L AN TH S,

SiQW T x i DER L, Bulk Si & [FIERIC, K= r/LF—D Acoustic 7 + / > &4
LCH—O X NL—NTHAT S Intra-valley BELE . HIRTED T RALX—IZR B
727 ) I L TR DNV —[MTRAET D Inter-valley #GELO 2 FEEEICOE I N D,
& Z AN IDSIQDA TIZEF = R F— " RiE k=0 ITEIZI v Iz7-Fh b, £7-
7 4 /) o BARR B [RAERIZ q,=0 U5 D /N X 72 Brillouin Zone NIZHT Y 7272 T\ 5,
ZoD, JFEIZIEH bW H TR LF— 1@71//% LI-BELRAIRECTH D, =
D Ehb, 1IDSIQDA TOHELEZ BV 2 5 BRIZIZT =X L F—F I TO 7 % /) Tk}
JE LT HELO R E R D D2 E RN H D, Z 2 TIEZD ODCt 2 72 AT I8 3 5,

Deformation Potential (X /RATHI 72 AFEA(LNE T R F— 0 RgE&EIZH 72678
Bl LTERIND, ZHUIATELS

Helfph( ) D% (3.4.13)
LRIND, L alIfiEx ICBI A REFHBEERT, ZOFEEZ ID TOT 4+ /
KaeRWTEHEEZTTERADE SIS

H. o (X)=D ) (x+a; 5 () (3.4.14)
TEOZRNLX—%FFO7 4/ Tk éﬁiﬁ/\ NE=T b ZORICL > TEHEAES
nN5ThH A5, ZORIT7+ /7 N a lZl_RTHPRECMTELT 5 & 1% ADP (2
PR L2 69, 74/ V?Ei@#:/ﬁsz all/ed & XIZIX ODP IZIEK L2 T
e b, L7elo TR AT 2 ENERIND
D %, () =D,, %, () (atacoustic limit)
28 ox (3.4.15)

DES%() D,,S, (x) (atopticallimit)

opt

— &I Dago # Dopx@/2 TH LMD, T B M 72 S5 729 121% Coupling Constant D 13
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ERTIERL, BT+ =PI L TERRLETRIFTZR G20, AFETITZ
% #7273 Coupling Constant & L CIRAZIET D,
how ,a
D(7@) =Dy, +W(§ Dop: — Do) (3.4.16)

FECBELOBIE T B, NED B ARVESIZIE 7 4/ VORI IC L > THEL DT R L
FBERAETEOEL D, ZOLEEn =0 n=n"ThH, K(3410)i
T (k.b, > k;b!)

1 1 1\ 7 | Ny
= 1+ || 1+= |—
NN, U 20 2)e, |0, +1

2
D(ha,
<|(k:b, @{swx(ma)—swx(x)}|kxbe> [ E(K,b)~E(k,.b,)Fha,, ]
(3.4.17)
L%,
BEL L — MIRREBICET e LTHEX B,
W(kxbe)zizT(kxbe — ki) (3.4.18)

225 P (ki=k)

LD, T2 L,
T (k,b, —> k)
5Bk b)-E(kb)F o, | (3.4.19)
F(k;)=E(k;)-E(k,)Fha.,
THY . K, (=12,...)1 L Flkbe) =0 DIRTH 5,

'I:(kxbe — kb)) =

3.4.1.3-2: 724/ VIREESHERE

C-2-1: 74/ UIREE
0.08 T T

(a) 1DSIQDA 1t (b) SIQW

<
=]
=

Phonon Energy [eV]
<
=)
“x : :

|

O n 1 1 N L 1
-n/d 0 /d -/d 0 n/d

Phonon Wave Vector
3.4.9 T /) U5
349 QIFFHEICL > TEHE SN IDSIQDA TO x a7 + / 3 BR TH 5,
HETIZ RO ID 74 7 VEEFEMHWORTE, IS 7+ /) U EEE— RO LD
IDTRNF—INY FEEEZER L, 74/ VN Ry v TRELD Z RS,
Z AU Oxide JE TO/NRERN Si @ TOE L H7pn Z & O Oxide B2 Si & IXE &

HE
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MR DORTNEENTNDZ EICRF L TEY EENLRHEREOFBEICALND
diatomic linear chain model T %5 1Brillouin Zone #i CHD 7 # / > 7 7 » F43HfE & AEH)
IZIRI CBRTh H[24], FrITEFE— RICHIST R RNFT—D T + ) U HEHEE— R
TIEGBDIZEALERNT 4 ) N RRRLILD, 2T TO T + ) A
DLOTHY, DX H 77+ 7 0% Si BN O AIENE %2 FFo[25],

3.4.1.3-2-2 : ADP s&E D E /D

ZZTIEHEEIC KL o THE S 72 ADP HRE A SIQW TO H D & 45,

20 T T T T T T T T T T
Average :

=5 . Plain=6.16794
= —1psag|DA - I NeoSi=7.44493
= ---SIQW =
5 7}
)
& -5 : : ! : : 0 N T T IR REI E

0 20 40 60 80 0 10 20 30 40 50 60

Position [nm] Position [nm]
X 3.4.10 74/ IKEEEK 4 3.4.11 74 / AARENS & D ES A

%] 3.4.10 1ZEEIC L > TH B~ IDSIQDA N T?D 1D 7 + / VB TH 5,

T L x il = CONLE T D, M AL E TORF O R DEMDOFEHTH S,
FETIES Ky M A X% dnm, BALBEEEZ Inm & L7272, 50n-1.0<x<50n N
DOFERDRACEE & 720 . T OIENOFEES Si Ny M 5, K, BibibE
TR Ao T2 B B TORFBBEOZENKRE N LD, ZiUTiRbiEE coiX
HEBDIE D DI/ EWNT2d | SR OBREE B Z X WMEMICH 5 2 &R LT
Do

X 3.4.11 1Z[X] 3.4.10 O#E R % JLIZFHHE S 7= Strain 5EE A E O E LT e v b
L=bDTh b, FMHFETDARLA VI TOXRTEHE SN S,

|gJ=|S(&”)_S(X”J| (3.4.20)
2a

ZZTIE SIQW NTRI L= A F—% D7 + / o — Nioxt L TR S/ R
LEDE TR TER L, Kb, A RLA VBT S Ry MNE D b LIEEN
DIFIMRENZ ENbND,

ZVIERACIESE CTOIXRER DN/ NS WD (DF DMEIRZE LN TZD), B Ao
7R A CORBIRIEDOIE NN LV KE L eo7e 2 LICERT S, £72.Si Fv AT
DA KA BREEIL SIQW TOMEIZH A TREAD LTWD Z E3binsd, Z i Oxide &
T Strain HEN EFH3T5Z 128> T, Si Ky AN TO Strain 5823550 HL TV 5
ZEEIRLTWVWD, RRETIIZO%hE % [Strain IR LRSS,
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N
o

T T T T T T T T T

Average :
Plain=5.55115
NeoSi=4.42608

BIEEEEEEEEEUERI

10 20 30 40 50 60
Position [nm]
3.4.12 ADP BUELAR T v b

OO

|Deformation EcetentiaH [a. u.]
o
T
1

4 3.4.12 13X 3.4.11 OFERZ S L1215 B L7z ADP HELAR T > o v /L DIREE 2 (&
BLC7ey hLEZHDOTHD, ADP BELAR T > v v VR IX FRt O A& W TR A
ST,

Hyop| = D, 2| = Dn|s(x”+1)2as(xn‘1)% @421

X755, ADP SREEIXAFERICHB VT SIQW TO LD X D blanZ Enbnd, Z2
T, 98U Strain O4 U TV /=2 Oxide J& T ADP 5872 SIQW TOH O X0 HEd L7z
ZEFEETHDL, T OXide ETOD S TOMELIY H/hSWZ LIRS 5,
Thbb &7 DTV T 0)5‘@/\ Si K> NTO Strain 23, 17U v~
7 DF5 Oxide JEIZ L o> TRINES 722 &I2 &V, 2fEToO ADP ﬁﬁwﬁfm&& L
7=OTHBH, Lk, 1DSIQDA Tl Oxide & Strain WG HEIC L D . SIQW H1IZH
T ADP #(ELR T v VIREE N T 5,

3.4.1.3-3 . BERTITEFHEFRESSLIUVEF 74/ VHHEERHERR

LUT O FH R TITE 1 OMUG  = 30 F— 1 3HEL ORI THIZIEERREBICH 5 & v 9 &fF
T1T 2,
3.4.1.3-3-1: EFIKEE

4 : .

Electron Energy E, [eV]
) w
L n 1 n 1

/d 0 nld
Electron Wave Vector

X3.4.13 EFI=NUNK

3413 1IFHEIZ L o THE BN E = R F— i 3% Ex(kx)“CEE;é Oxide JE D
NYToNA ME1.0eV & L, BRLfEDIEA To i 1.0nm, Si K~ b ®d—ii% L, =4.0nm &
L7ce ZOMEIFR—F A2 Y a TONRFRERRNOEONTMETH H[23], AE

(% Si fEI% T 0.35mg, Oxide J& T 0.50mg & L7z, K bH, \EFIEI =" FEXiZnsd

-78-



N FEEZTRR L TWD T ENDD D, B TRINTZANY ToA B R IRT L%
—DEFITTHNELE A ER,

3.4.1.3-3-2: = /\V FRITDEF 74/ VEEL

13.414 13X 3413D% I ="V RHOF v v S XX —% 71y hLIZHDTH
5, NFEHOX Yy vy 72X AT —InFEHDOI =AU FEBE ML BFEHDOI = KT
O RNLF—FL LTHEZLNATND,

05 T T T T T T T 08 T T T T T
| 1 1
0.4} -
% | %' 0.6 -
2 0.3 1 & 2
2 & 0.4 X i
202 . _g 4
E L © 7 = 5 .
= ol /ﬁ/*\)zo}
. . LV VN =
0 1 2 3 4 5 6 7 8 9 0 2 4 6 8 10
Minibandgap Number Si Dot Size [nm]
3.4.14 I ="V =L ¥— 34156 I ="V REl=x ¥ —0D Ky |k
P R

BN T 4+ VHELZ L > T =AY RETERB T 572D, =X —RAFHID
O, SNV R g X =130 b 7+ /) v ORETXAF— L0 b/hE L RT
X7 o720, LOLEERL, Kb, FEAEDI =NV RElZ R VX =374/
DEETFRNLX =D HERENZENDLND, 2O LiF, F—F ALY a B
TNA ATl EEER e T A — 2 Th HBILE DR Te=1.0nm, Si Ky hD—
WL, =4.0nm &0 ) & TFIZB N TIEI =AY RIBELTIZEA S RAE LN L 55
g 25,3415 TN OND I =Ry KR AFXF—Z2 S EZERSI Ry M A X L
X LTy hLELOTHD, ZOKMNS, Si Ky A X0 6nm FRELLFTH
MIRIEEAED I =NV R RAX =N T 4 ) UGBTI AT =L D H k&L, 3=
ANV REBELOIMEINEIFRFTE 5 Z LR br D,

3.4.1.3-3-3: S=ZN\VFHNTREF I+ / VikEl

10'3 5! T T T T
L LX:L{:LZ:4nm
-, . Tox = Inm
o 101 QN Room Temperature |
Miniband
Q no. 5
g 4
EEPSE
3107 il
g
= i 6
= \
g 107 1
I R S| IS || RN S I | SRR S
£ SiQW
10! . 1 ) 1 . I .
0 0.5 1 1.5 2
Initial E, [eV]

X 3.4.16 7/ ViEHL— b
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34161 X7+ UHELLV— N (74 /2 V) 2B TFogHl=rLX—ix LT
oy hL72bDTH D, EfL IDSIQDA TD 7 + / Ui L— b SRR OFE 1% SiQW
TOBELL— M & k=0 ZH0 & LTI OE /N FEEGEZRE L TEHRER L2
DITARY T 5, BB EW Tl SIQW TOHGELL — MI kil Eicdh b 2 oD X S L—
EL1ODTNL—2FE LT bR eD, 22 CORFEARILIZ 0N —HE
A LT O THDH E VR D, IDSIQDA OEELL — NI Y T v Wnigs
IZHERTHEIML TWD, ZIUII =N RBREMRIND Z EIZL > TR —08MN
§9< 720 | REBFEEN L35 2 LICEKT S, Zhid Bk ADP #ELAR T v v L
WOOMREITBIHL T LESTND,

%3417 XX 3416 T D5FHD I =N FTO 7+ /) UL — & Z21E1 ()
1-5, (b) 6-10, (c) 11-15, (d) 16-20 FH D 7 / > 7 T > F & LIZ 8L I 0 fi L T3
RLTELDOTHD, IHPOOTRENTET XTI 7+ VL — R THY, &7 7
YFENLIEHELL — ORI YT 5, Ih6, &7+ /T T F 2N L7 +
J UBELL— AW TR LA TEBL TWD Z E RS0 5, ZHITEBORKIREE 2
=AY RO FELIZRY | BELETOE O L X —REEE N T L5 2 Lol
K35, £/o, ="V R TORGELLY — MIZRXAX—D/NS 2T+ ) T T
VFILE o TORERINTND Z ERbMND, UL =30 R AT ClEsET %
NX—T4 /) ERHALTHOEFOEBRLEND I =NV Ry v 7THIZHTZ 5 T2 DL
DAL EICERT A, 207 I =" R RIS < IFE C%ELICE S T
H74 T T FOET L, TEfHETIIR b =RV —D/N ST+ ) T T
YFHL T W TCBELD BT D

T
Miniband No. 5

Phonon Emission Rate [s']

TI0s LI L5 12 125
Initial £, [¢V]
X 3.4.17 HS5FEHOI=ANLVRFOT7 4 /) U L—

ZOMOFEHILTIIH « GGV X—T 4 ) T 70T EN LEBELbBET S, K
3417 () ()b, 74/ T FZ U FHIB LG TIE T + /) V7 7 U FRE TR F—IT7
HDIEEREAEL LY — b ~OFHIFNS LS RHERIZH D Z bbb, ZHudmT=x/L¥x
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—D7 4 /) U ThHIFZE Bose-Einstain #HI Lo TELik & Dd 7 4 /) U FERER IR
BRI T NS THY . ZOMEAEITKEICBW T XV BEFICHND,

UFEOMWEIZ S FADI =N RTO T4+ 7 VR L—FEFICRS T, o
Miniband (2 H 4 TIXE D R LD TH D,

3.41.3-3-4: TR)ILFX—BEL—F

13
10 — S
Miniband No. 5

— N L,=L,=L, =4nm
[ ]0]2_ 7, =Inm
> Room Temperature
& °
° 1np .
g 10 A 1DSIQDA
~ l r—— SIOW |
I A AR S —
2 10+ W
2 w
5] 109 | 8
LE] -

108 ‘ L 1

L 1 L | A .
1 1.05 1.1 1.15 1.2 1.25
Initial £, [eV]
X 3.4.18 = RALF—HEEL— |

X 3418 1Z=FLFX—HEL— FEXRLEZLDOTH D, THRAF—HEKL — MMIH
N H - VICEFN 7+ v IHIC L > T px A F—2 T2 800 E L LT
WL > TERIND

Re =2 T(k,—>k;)hao, (20)
kebp

72720 B XETOHMRETOZINLF—THD, IHFOOTEINLT —XIT
1DSIQDA TOHEHRA R L, AL SIQW TORETH S, KD KRFED T F /L F—iH
1 C 1DSIQDA THOT R /L X —HK L — ML SIQW TOFER LY 0K E VY, I =1
¥ R FUAHE TIRABICE 35 2 bbb, 2L =30 R AT Clds T %
N =T ) BN LIEHERTFEN W=D, RV X —T 5 ) V&N LT #ELD
HWECLDZ LICERT S, 372bb, EFO7 4/ UBELL— MEI =AY FRND L
DTFNF—TH NI ELDVITRWVA BRI H72 Y o= pxrF—Hk L — MES
=NV RFERHIICBWTRESIH SN DD TH D,
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3.4.1.3-4 . REBERTICETAEFRESLIVEF I+ / VHHEAEA
3.4.1.3-4-1 . EFIKEE

0 T T T 0 T T T
r LLUH[” IDSIQDA r LL”“J“ IDSIQDA
1k -
5,-2 B -2F
= L 2 L
e il
= -3 g 3F
= | 53] |
4k 4k
5 : ! : L 5 : ! : L
0 100 200 0 100 200
Position [nm)] Position [nm]
4 3.4.19 FERIE(LEFIKRE 4 3.4.20 JR{E(LE T IRHE

X 3.4.19, X 3.4.20 |TEARNEIIN S 72 1DSIQDA W TOEFIRENREE OB %2R L
TW5, fFETIIHE OO 250nm DL ZAICKRT v v )VEEBEN S 5 & % 2 THlifl
REEIZOWTOHEZITo T2, ZHIEIXK 342 ORT v LVEREZET VL LIZH D
THY ., AIRORT 3 v LERET Au TOIREHR R & BE22UEN & ORI H DA ER
BoyON ReT oAy T 4 =alAT 4k T D, ZOXK ) RFMEIREDL L

O, ASDONY TR WGESIE LN IEFRERETL AL Z LN TX 5,
FIZITATEREEDIZ ) DD VN ES TH D720, 2D K 5 e FERE| t.’c%zﬁz%é’aécl
A mEE L oo — R R #Ewm 2 ED D DICERTH D, ZDL I RFRTOELINGE
[X]3.420 D X HIZSi K FNIZHE SR EE & | l34m@;9¢&byhﬂfﬁ
DOTREOWT IO IND, 20 X 9 722 %X IDSIQDA IZHAE D LD TH D |
SIQW TIiXX 3.421 O X 5 IV TNDOEIRRE S RNICIANR - 7= IERIEIRRE L 72 5,

0 T T T T

SiQW

1
—
T T

1
[\

T T T
|

Energy [ev]

1
]

E=-281eV

L 1 L 1
0 100 200

Position [nm]

X 3.4.21 SiQW NOBFIHEIREEK
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3.4.1.3-4-2 . ¥ 7/ HHEER

Transition probability for transition to the nearest state [1/5]

12

. » . ; _ g
10 * 50 " * A 0o >_ (1) delocalized state -> delocalized state
} (2) localized state -> localized state

1 .
J *
| . . . .
.
4 M . . . +
. . . o .
+ . .
.
bt . * .
. N +
.

(3) delocalized state <-> localized state

50 1m 150 200 250 200

Tnitial Electron State Number

X 3.4.22 FRERT 1IDSIQDA N THDEF 7 + / o HELER R

4 3.4.22 13% 2 AR RED BRI D E IR E~ ADP #(ELIC L > THEB T HMEEDE
FAERTH D, MlhTE %#h EDFE T IO L DO TFOWEN ~BEBT HHERTH 5,
Bne, 2 WAL OBBHERIZIZIEFICREZRIELOERH DL ENONDIN, Z0%
BRICOWTHELL D &, BIZZNHIE3DORRIER N — I ESND 2 L
Nohrole, Thbb,

(1) FERTERIED D IERIERRE~DER

(2) JRTEREED D JRIERE~DER
(3) FERTEIRAE-7 DR ERE~ DB, & DV ITZ D

Thsd, BEERIT (1) OBEPKRLREL, ZUHENT (2), 3) EWIHIEET
BT 5, ZHUTHRIREE & $OIRTED B IR BB D 22 A — " —F v 712 X -
THFT L2 LN TE D, T7205, BEMERIIZING OEFKEHFEBOEOZEMH T
DFETIZ X > TH 2 B AEIRRE & FARIE D ZE M E 72 0 S K& 72 (1) TIX R E RER ik
REF/DN, IFEAELT— =T T DR (3) DX IRERBMHERIIET IS,
@io \ﬁ%ﬁFm&@MTi#%fﬁ ER] COBRB DL DB IEHITH Y | #%fﬁ

CHLEFITE - TRMEREIZ T 4/ CHBELOERE L1372 6700, ZHIZFERNIC
%ODE*&EL?E@@%‘?@Z% L. BELL— RO ISR’ B Al EetEZ RIR L T\ 5,

s
ETT 4 AR TERA D B E VRO KRB #
i S A < R
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3. 4. 2 F/REVIVIAVEREICEITHIAMRGEHEEEFFENR
(B> 7 U » OHERT & —, THEMR, KE )

3.4.2.1 FL®IZ

XA a M O—oTH DT 7 HEET ) 3 URER T, T OENICERIER S
NEETL O~ /) A—ZDOfEfmT Y a iz mEEIC, ERERA1I~3F/ A—FD
bifiza b xEREE LCRIAT 228 T WEFRFOEABRTHLLE M L
BAEERIGIERTHENTED, Z0REDH, F /Gy ) o L, HEFHF
DOWFTRIZEB W TROVERENSH 7R E LTI EFbh, BEFAEY & LTUX
WOFBIRENEFFESE BN 572, ZOMERTIE, fimv Y a o~k LBiRE, K
JE LR b7 m e AL EN L CHLRBRERIET 2 Z EAFEETH Y | BIEOHHIII L
Bty ClIfmd TR E T /) A — Z I OREIE 2 KIaEfE T CTE 25886 & 5, s,
N RIVBERE L 72 DRI HOWTIL, W N7 VA% (TFT) S RAMOWFSEIC
BWC, Fro~7afBBER LOBLENG, Ny _X—v g U HERE T A%
WO EANHFIE S CTE T2, L, xRt (X3.423 ) oI/ naz
PEEIZOWTIE, 2V E THESRE D358 SIS . b U R VEERERAE & itk L CHE T
FTOFREZE I LS 5720 ORI RO I T e, AIFRIZEB T, /7
A U a v EREICETRA L N2 X7 NI UV RE BT A I LT, REM
BT ¥ FVPCAFTET D H 2 ORI OMWE 2 HMNICT 5 & & bic, hiTkd 53y
UR—Ta VL B0 —a VREREE ORREFRLZ LICLY ., b
fEEBE b L C ORISR D[ E IR E B LTz,

261883 38KY X388K 106nm 2elegs 38KY X306K  1@B0nm

(a) (b)

X 3.4.23 (a)F /fEeT Y o #EBEO S EME L (b) kLR Am Ol X

3.4.2.2 RAVFAVEY IS UPRAZERW T/ ERY) O VEERE—
FLFR DT

AAFIE T, SRR ) a0 —1 L I3 OFERRIRA N L2 & Tk
FELLSHARD IO, LR U a2 RIS ERBREORE EORA v har X
7 NEERL, 1OV A XOEN LD ENMEREDE I ZH~72, X 3.4.24 (2K A
v harE s NEFOBRRKZ T, BESRY Y 2 BICRBEREORE SOKRA
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v haryr R EERTE, T RUERSICRE R 2 S WA (XK 3.4.24
@) LETHAIN 3424 (D) OREBEOND, ZOLERA L har gy VETD
B - BIEAREIXENEIHRE S L <ITFERA RN SO D Z N TIRTE S, &

DERBERMEDIRELEA 2D Z LI L0, fEsbki o B EaE 2 BB 5 =
EMTE D, ABFFECTHW-Z4EEET ) a2 U EOREERRIO K E X132 20 nm~ 150 nm |2
FHLTNDLDT, KAV harF 7 FNEFIETF ¥ 1/E 30 nm~ 50 nm, F v /L&
30 nm~ 50 nm Ti%EFL7=,

%Eﬁ*ﬁﬁ-fib ERNRHY

SouNm Xm&n

(@)
E&&M.ﬁ%ybﬂ/5?%f%?%ZWWﬁﬁ®%SI&%ﬁéhé@m*%E%ﬁ

ds

EBIZB WL, iy ) aVEEHRE Ly o BB L, 20Uz EIZET
EERL U7, BRBICIE, 227 NEBMABRMCBEL, ETE— 22l 5
TeODT TA A h~—7 BAER L%, BT E—LBNEHNIY Y 7T 7 ¢ Hil e
ﬁﬁﬁ%ﬁyiy%yﬁ’ibf4y%nygﬁFf%%@%bf,é%KﬁEﬁ%ﬁ
VI F U TR DHE TR T, TV LEMIZ LV ERDa 27 N &
HZETHRTEMER L, uL@I&%fXﬂ’Eﬂ% L7=#¥%, HP4155B -k <F 2
— BT FTA P LRI T 20— AV CTERNREME 300K 205 19K £ THIE L,
72, 7RI 2 L—ZIZX DRV ) a  BENORMMREDOHE T 72, —
77, WEEZAERT Y 3 O ERLO W E A TEM & SEM CTELIHI L 72,

ML AEE U a7 2 NOERTFIEA X 3.4.24 1257, £9°n AL(100)Si 7 =%
Velits, B biklc kv 40 nm o2V 2 UEREIE(SIO2) B A R S H72(1X 3.4.24(b)),
% D%, LPCVD(Low pressure chemical vapor deposition) {:(Z2XK D 50 nm DOIEHE TV =
VEEHERE LT-(K 3.4.24(c)), ZDOIHWMET Y a VB A UENECI VA AV &
AT RLF—20 keV, F— R 3X1014 cm— 2 THEA L7=2(1¥ 3.4.24(d)), A A 1EA
HEX, 1EROBERIEBIRN D R A T4 XD HEL AT, F— X85 EHECH]
TE, MR X—% T L L TR EEANT DRI ZRODLZENTE D,
F70, TOHFETERESIEC L VMEOE W AMYE 2 EATE S L0 HF] 575)
Do A FEANTHNT, BEEZBERNF T T 850°C T30 /yfAVLE Lz, Z oM
X0, vV aBLEIGERE Y 2 iE H b [E FE R s {k (SPC : Solid phase
crystallisation) 95 7-%, FEME TV aVBIXLZHEMT Y 2 @127 5 (K 3.4.24(e)), F
7z, AFEAN LR FIXERICIEET 5, Z OB S TR T, SiRE
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HEHWDOT, R EEOEENE L, EHREERENENZD, 56152550
U a UEOFEERLO YA R IT P E W,

(5

[X3.4.24 F /7 FEEhS U o o EEERL TR

FNT, S EE T £ — 2B E (NANOWRITER) & RIE 3EE A2 W THRA
havx 7 EER Lz, BRI LU7ZE30nm, £X30nm ORA > har X7 hETO
SEM 14 % [ 3.4.25(a), (b)IZ /<7,

18, af

[X3.4.25 {ERLL7-RA v a2

Eagren

NhFLPRAZDSEM : ' Kb%k*»%

ER L 72 A R —MMIEDRA v har X7 bEFIE, VAT U MREHHED £
20%HI % DA TERITE T\ D, £, Y= MNF ¥ 3 A[MIL, RIEICEK D=y TF T
WXV FEFHHESN TSI, 225 L Si02 12Xk W EBRMICHE SN TWD, &5,
7 — MF v ROV OEREL, REFNEV K 120nm THDHZ L AR L-, FEBRTIX, 18
30 ~50nm, £&30~50nm ORA L harEr bEFE30 HALLEFERL, =R
25 19K £ TOHRF OESAVFFEDIRERFE L RE Uiz, ZOREE, ER LR A
oy &7 NEFIT 2 B D L IIIERIEER - BESEE RTET, ISR
TED5Z ENghoiz, X 3.4.26(), (DIZRERR 2 DDFE D Ids — Vds FifkEzr~7,
FAOFEITNE 40 nm, EE50 nm Th b, ZbOMMNE Device A (TIXBIHEZRFERR
A 1ds — Vds H#ME2Y, Device B IZIZHIE Ids — Vds BRENBINTVWD Z ERNo0d,
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X512, Vds ~ 0 Of/NEERER TlX, Device A OHLPLI Device B DHLPT LV —Hik:

EREW, £77, X 3.4.260@)DFEFIC t.’u”‘)‘UJ TIE®H D2, Ids — Vds eI FERSFPEN

Roid, ZOIERFRIds — Vds KPR, #8 Ids — Vds FetEDFEFITITR H 720,

I 3426(a) (R IR 1ds — Vds frff FERL L 7= RA > b Z 7 RHBAFOK 3 4y
IZR Oz, EOMODFEFITHAZ 1ds — Vds Feha = LTz,

400 . . — 40— 71—
4 —— T=300K ]
----- T=280K
200 ook )
&c“ —T=19K
= Or i
200} |
. . , _400 1 " 1 A 1 5 1 . 1
A o7 o0 o1 02 0.04 002 0 002 0.04
Ve (V) Vs (V)
(a) (b)

X|3.4.26 A2 barX 7 NHETOER—BILFE - (a) FERTUERE (Type: Device A), (b)
FRAUEEM: (Type: Device B)

ERED Ids — Vds FrED A B = XL SN T D72, 77— b3 AT ZAZHI L7z
BEoD Ids DAL ZHIE LTz, 77— b3 7 ZAOENEEOBE TN BRI LY R LA U EIKIC
IIERAN RN, avE 7 2207 —o CRENIEBII S, [X3.4.26 (F£) O
FERR I1ds — Vds Fptkl, Z7—ar T a v A RBESEIZEA D TIEARL, ?%?\/VL
WCFET DR UCER T2 EE X LN D, kLA T ¥ R IVEEERIC Z N f#
BHIL TS ERELT, KA & Ids — Vds #hifRic7 1 7 « /mvs; &“C, FERR
o Nds — Vds #tEZ R LI T-OF v RVEEBICAAET D ki R OB a #EE LT,

1/2
T 1% 1%
J = 2gn ks eXp _9= sinh 1
2rm* kgT 2kgTN

F ¥ ZVIE 50 nm, F¥ XLES50nm ORA v haZ 7 NETFOBRE . T OfEHT
P B I SRR O N 13, 0 100K IS ETN ~ 35 & —EAEERLTH
5o DFEFIZTHONTHK 100K FiEE TN T ERMEEZRLTEY, N=2 ~ 4 ThH
HZENGIoTlz, Lo, BB Nds — Vds ¥R L-FE 1%, 7 v < /LEE
\Z 4 ELLT ORGSR AAELE L, B 1ds — Vds &R L= 1%, 7 v /L5
W FE o 72 ERRLRDTAE LWy, SBALRRE N IET IR WEE R AN E E N T D &
Ezbhb, Fiz, K 100K Bt TEMIZ N OEREEMLTWD 2, 2Tk R

BNLFERED N R NVEIROEETH D, KERTHER LT /7 fdh ) o U
W R—EBE73NTEY, av X7 X ANRRKEIWVEND, ZIUIRAR T v 7R %
LRy B TREIZ LD HDOTIERD,

Zitidn Y 2 BUCI T D REERRLI O BSRURAE & BT 5 72012, fERL 7oA b
oK NRAICE DGR DI IR EBALERE S X AR L7, SRS

(3.4.22)
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UarDOENMNEREE S qVB 1E, RA v har X7 FBADOREROBERFNED B K
XNEHWTHHTE 5,

so_d_ _J _&nL(keT '’ Vs
STFETV/L k=T \2rme =P\ "kaT

(3.4.23)

R, i) a UEPOESEEE, bR VEITERE TX, ik R OEN
[RERE 2 FE - DSBS Bk 2 T D BVEE I IR S ALY CTdo D EARE LT, #lsehi R
DOEALRERER X OfHHE OBRIZIE, 220K LU EOEHIROBEERAEZ AV, KR TR
I 725 b FIARE OB 2R T T2,

X 3.4.27(a)IXIEMA 1ds — Vds FpPEE R L7210 qVB O fi%, X 3.4.27(b)idHR
Bl ds — Vds FitEA R L72E 7O qVB Ofiz s LT b, FEME Ids — Vds k%
RLUTZFEAD qVB 13530 meV 725 80 meV IZ/BL CTWAB Z ENnnhnd, —J17, #
Alds — Vds FfEA R L725B 10 qVB 11X, 930 meV Z HUIHHEMES /NS WA 7 A
/\7fﬁ7§: LT3, #Ids — Vds #itEZa R L7=2FEF D qVB 234 30 meV & Hi R

\ﬁLT%@ ZDRAMNH T A5Hi % L TNDDIE, T ¥ RAVOIMID LK
— A R A CHEBICAFAET 2 2 BORERIA O~ 7 v 2SRRI 2 8L L T 2

WCERLTWD, —F, FEHA Ids — Vds FtEa R L72E D qVB 1X, T+ %/LiHE
ﬁ®&ﬁﬁmﬁﬁ_£6£%%&$uhﬁf%ék%z6ﬂé

9 9
[72] 8 wy 8
87 87
gy - ; 4
83— £3
py - §o»
0 ||||||||||||||||||||||||||||||| 0
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
Potential barrier height qVe (meV) Potential barrier height qVe (meV)
(@) (b)

[X3.4.27 (a) #EURREZ IR L72R T D qVh54i (Type: Device A) (b) FERIUREEZ R LI2F# T
D qV4340 (Type: Device B)

3.4.2.3 F/HEBEVIVIVHEEFISUORAOBERERLIZHEITRARENE
O i) 1

ATER Tk ~72 & 512, As-prepared D7/ il 2 W CTHERIL 72 AR A o ha & 7
NEZoPAZEF, BE4A4. 2KIZBWTCH 7 —a UREZ RS 2o Tz, Ziud, O
{2 DRIFD > FARHIA & T HEPI(Rg = 25.6 KRR & /h & QBT 5 )/ i
U a kO ERENRRKEI N, O2O1ICEKRLTWS, ZOHiTiX, AiffieF T
nt A CERINTERA L bar X7 b F T PAXCH L CRIBBCAEZ N2 5
Z LT, RIARO bR VEEREE L L COREEZZ LS E, BTOBEBKFHEN ED L D ITE
b 2%/ D,
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ASRIOFERTOHREAER T v 270 —% X 3428 (TRT, T/ fEdas U o g,
ATETOEBR CTRIE L7z b D& Wz, fEERIEEA 20 nm ~ 150 nm TH 5 Z &6 (X
219 2, FFOF v FLE, F v 2/VIEX30nm ~ 50nm (2725 K 9 (ZkE - ER
Lice WA barsr MEFERE, £9°, 1000°C T 15 70 N7 A BRFEIEHS T
THRA v barZ 7 NRTITBILEE G LTz, & OBLBERER AR A o a2 7 N5E
T L BUE CTERL U - B L ALERIE LR A > b # 7 BT OBRAEE L RS A i
T 52 LT, HIRBRCAEE OSSR N o Rk OVEREE DR L ERIEEIC S 2 DA%
7z,

Thermally grown 40 nm-thick SiOz
a-Si deposition : 50 nm at 550 °C
ZHEm ) o VERR Phosphorus ion implantation

P : 20 keV 3x10"™ cm™

|, [ Solid-phase crystallization
Annealing at 850 °C 30 min in Ar

-

PN N E-beam lithography
RS2 ba28 7 FRFAER Device isolation by RIE

- SiCls/CFs 20 sccm each 300 W

[ B [ Oxidation
1000 “C 15 min in dry Oz
BIEULBELARA2 2227 FRT BEOABERS > FOV42 7 FRTF

X3.4.28 HAMEIRBLEZINZ ZEFOER T o2 2

40 | Offset 5nAliine shift in las | 9 ' ]
I 40K -1
20 i | .
{ | — - -
€ 9 1 €} 20K -
8 | £ SIAANNNNNANNAN
—_— E L £
-20 f WIL = 30nm/40 nm | -4+ 30K .
-40p o -5} W/L = 30 nm/40 nm -
-0.04 -0.02 0 0.02 0.04 0 1
Vs (V) Vgs (V)
@ (b)

(3.4.29 (a) KA b @IREBACAIRZ 1T 5 72% 1 (F ¥ R/VIE30 nm, T ¥ FR/LE40 nm) D1, -V,
BetE (b) [AIFE T DLV,

EHRRB LI A e L 7oA v ha s Z7 RRFTIE, FEAERETOT A AW
Tr7 —m  ERHRICERT 27— Xy T a7 2207 —a A IRE %
BH L7=, F ¥ R/UIE 30nm, T v FVE 40 nm OFLIEEERA > har ¥ 7 bR
D1 OOHFAFNHET- Ids — Vds F#E, 1ds — Vgs FiPEDIREELAX 4.8 LIX 4.9 (2
R, Ids — Vds FrPEIC 7 —wa U F v v 708, Igs — Vds FREIC 7 —wm URENDSBLAL T
Wb, 72, WENELSRDHICONT, WILVERDOTZDIZT —1 U F v v 7RI
20, 77— REID Peak-to-Valley H(On-Off kb)) 2/NE L ZeoTn5, BR{LALFRE
KA haryy2 s "NRFO7—ar7nay/r— RERITIRE 40K £ CEUIHIL 72, miREE
{ERE U 7= 32+ TR STz 7 — v VIREVRFEORE R 2 DD/ % — %X 3.4.30
& 3431177 (ENENDFEF% Device A & DeviceB &3%) , Device A D7 —n
VHRENOJEEAA 0.13 V, Peak-to-Valley (P/V)EE2S 1.02 TH D DIZxf LT, DeviceB @7
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—a AREIO B 12V, PIV LR 116 ElT A AD 7 —ua 7 a v /r— REEILKR
T B7pHoTWWh, Zd Device A & Device B DV —n 7y /r— NEHEAEF 3.4.1
WICE L TWE, 7—a Xy v/, Uik, 7—a UEEoO PIV EIZK 4.12 12
R HETHH L, PR AEEES SIIRA v ha v Z T NEFOary Xy 2 ADIR
FEARAFPE(220K ~ 300K) L W BAFE T £ 7 /L& FVW Tl L 7=, Device A & Device
B O/ —umrrnmy/lr— NEtE% 9% &, Device B D h o R/VfERER S & b ox
JURBLIE Device A O H DLV &L, ZNHLOWMN 7 —a 7 a v /r— REFEOm
WCHBALTZEWR D, TIWH DBV RA v harv Xy NETFOV—a T a y/r—
REFPEIL, 2 DO N —FIZHHTELF LR L7e, —21FXK 343012 T 27 —m
X¥ v Vid 5 meV KiiDFET, b9 —2FX 3431 DL H>Hr—mF v v/ Vqr
Z5meV LU EOFRTFTHD, 7—a v v 7 Ve bmeV Kl DR T71%, [RUHRT
HEOTFTNRA AT —a ARBOMBAMZIER CTH Y, 7 —a UARED PIV L/ E
W, —F, 7—a Xy vy ViR smeV UL EDETIL, T3 AT —a REO
IR RKE 20, 7 —a ARBIO PIV LK E W &0 ) BT B 5 (3% 3.4.1),

100

LI L B i
Offset 2 nA/1 V steps in Vs @

L 1 o 1 5 1 3_35- i 1
.02 0 0.020.04 -1

0
Vs (V) Vgs (V)
[X13. 4. 30 KA b+ EEEBGALER A2 1T - 723+ (DeviceAd) DR

0 1.
-0.04-0 1

l4 (NA)

0
vds (V) Vgs (V)
[43.4.31 AR hEmiREE LI A2 1T - 721 (DeviceB) DFrME:
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3%3. 4.1 DeviceA & DeviceBD 7 — 1 LB s 0D B

Ll L] T L] L 0 L] L L] L]
40 |
I |
_20} Vi _ =i
< |} | {<-1 -
£ o} — 1Rr 4 £
2 | 1R - K]
20k . I
20 L g—aAvFrud Vr | | 2k = Ton 14
40k boRILER Rr | Peak-to-Valleytt=— "
-0.04 -0.02 0 0.02 0.04 0 02 04 06 08 1
Vs (V) Vgs (V)

X3.4.32 Z7—wr7uavr— RO AE: () bt 7 —ar v 7, (b)
7 —u UIEEOP/VEiE

WIZ, RA v har 27 NRTFEBCLERZIZ 7 —a o7 a v r— REENBIMI T =
TBERIZOWTELELTH, HREERZROZMER T U 2 O TEM %% X 3.4.33() 127
7, F7z, 1000°C, 15 I OELAEREZ DL HEM T Y 2 U TEM %X 3.4.33(b)IC
AT, HERHIEZ O LRSS U 2 EORSERLIARIR T, fEARIR13K 20 nm 226 100 nm
WA LTV 5, —J, BLAERBOZHEM T U = U, fEdmRRIcd £ 0 2 A A
HALZRWAS, BERIX 18 nm IZD L TWD, BB LR A > har ¥ 7 FETT
%, FEERL & FESRIRITENENE TR E PR UBEREE L CEI<, &S 50 nm, #Ebh
Kigt 30 nm OFERROFEFERINE S E LTEMEL TWD EIRET D &, b R/LIEEE
—OHTZD DR RVERITNE0AF LD, T, BALAEERA v har 27 R
FTlE, BRI LV fEskio0E 13 18nm IS 1%, 72, FETF-OF v RIAIEE
PO BN EITT 572012, F ¥ R EOFERITAKETMICH/NEL 725 (K
3.4.34), RIZHRA v har X7 NETOMEENDS 10nm TObESn=E3+5L, hv
FIVEBE—~2HT-0 O b FIVEEIT 10 aF F2E & 720, BILALERRT & TR E <
LI D, TO R CFNVEBROWET S, ADOFFET XL X —E IS5, B
HWLURA U har &7 NEF BB AR A ha s Z 7 FEFOERBLOIREKT
P& 3.4.35 (ORT, BLAELERA > ha v 7 hFAFOEPUL, BRILAPRE LR
A harvyy hEFO|EPLED 100 5oL EBIMLTRY, &I RQ LV +oK
TV, ZOFFET RN X — & U ROUIRTIOBENN B LAERE R A > har & 7 NET
2/ —nmrTnyr— RBRPBITE L ERTH D,
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40 nm Protection layer

40 nm Protection layer

[X13. 4. 33 (a) MEREEE DT/ FEdh U a o #EO T EME & (b) @iz {b#% o T EME
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1
1
I

/

Poly-Si film

\

BOX

3.4.34 KA harZ T bBEFOF v xVEBILOESTT

1010 v I M 1 N 1 v 1 v
Oxidized PC-Tr , e
_10° RIS
[ ] cbo o L)
108F £ ’ -

" ad & A A
B As-prepared PC-Tr
Aa 1 " 1 " [l L L L
0 10 20 30 40 50

1000/T (K™
[3.4.35 EIRFRLAERETE % TORAS v har & 7 FFOBRPLOE L AEN:

Resistance (Q
=)
B

—
o
(=]

—
o
[&)]

MIE B - BERED L IFIERIEEN - EERMELZ R LB LB LR A > b=
VR NFEADOBNFERER S 2K 3.4.36(a) 1 ZoR"T, £/, Vr<5meV H L IEVr>5
meV OELALERFE R A > v a v ¥ 7 NFRFOBNREEER X %X 3.4.36 (23T, R LALEE
%I, RA v har ¥ 7 NETOBMEEES I3 TR S meV #L T\, 7z,
ZORKMEN 90 meV BETHD Z &b, BLALEEE OBRLES Shki R IE Silicon
sub-oxide (SiOx,0<x<1) TH D, Vr<5meV DFLAERFERA > ha X7 NHETD
BACHERE S S1F, Ve =5 meV OBMLAIRFE AR A > b av 27 FETOLO LY LNy
UASAIERLTEY, ZOSMITHIEEE - EitRE A s LR LR EE LR A > R
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a B 7 NEFOBNERES S OSAHITKIE L TWD, —F, Vr=5meV OEE{LALIRF
A har By NETOBNMNERES S OO ITIEREEL - iR %2 R LB
HELRA L a2 s NRTOBMERERS I OSMIC—HLTWDH, RA v hars
7 NHBA DOBAFEREE SIXTF ¥ RN ORGSR O & & OFLE 72 & DR K9
BHo TDOZ MDD, Bl Ciam L72L 912, Vr<5meV OFRLALERFERA > ha x 7
FEFIL, Fr RIS SRR EE ERVWE T T EEZLND, —F, Vr>5
meV OFRILALERFERA v b3 ¥ 7 "B, F v FVERICE SRR 2 ST E 7 CTh
LHEEBEZLND,

8
D As-prepared PC-Trs
8 7
= C—JLinear |,V
d>) 6+ [ Noninear |V
© s s | Gauss fit of linear | .V
"5 Gauss fit of nonlinear I,V
— 44
3
£ 3
> A
Zz 2?2 (®
1] i
0 I—Jﬂ— il '\\ 1 1 1 T II U T T
20 30 40 50 60 70 80 90 100
Effective barrier height qVg (meV)
6 .
4 Oxidized PC-Trs
2 sl ! IV, <5mv
q>) H EV, >5mv
T 4] e - Gauss fit of V. <5 mV
qa ' Gauss fit of V. >5 mv
5 %
o]
5 (b)
Z
14 n I
0 e

2 30 4 5 6 70 8 0 100
Effective barrier height qVg (meV)
[43.4.36 miRELALELRHT (a) & 1% (b) TO b o R /VBERE S S /040

AL ALERT. D b > ROVERBE DB LIIRE & Z DR A I = X LAOEfEZIRD 572
2, BUEFEIC LD bR VEREEO RAE SV 21T o7, FERICK O L7z hoxb
FEEE S S & VT Transfer- matrix #1250 For VR PLEZFE L, TOfEE o xb
BHOFAEZ b FNVEBERETT ¢ v T 4 7552 LT hrpVEEEREZSZ, b
¥ IV BREE O FREE E S XML O 7= I —ETH D EE Lz, £, /A 7 AHINEE
WX b o RVERE I —RE 2R BRI > TV D ERE LTz, T DFER, Vi>5meV O
{CALERE AR A > b X7 REAFD b RVERERIZ 3 nm ~ 4 nm TH D Z LRNoh
o7, [ 3.4.36 [THEFEBE S DO LG T Y 2 U ER & BRGALEZ O ZHE R T U 2 o K
O iR BT E FIEMEEB E R LTS, TRHDORND, ZiEfhT U a KO
FE PRI IR SR L 0 B E DN 2 E N D, [X13.4.36 (F7) ISR IS o
THEFOENN AN T D END, FESRLRIRICK 3 nm BRERIL S TR b,
Z OEITEEEF R TR LD R VEEEROFREEE B —H L Tnb, 202
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EMD, Vr>5meV OFR{LILERFE R A~ har 2T NHEFD o RIVEEREL, F v 3L
WOFESRI A DRI L SN TR SN EEZE 2 b D,

03, 4,36 GIRERCALERR] (/5) &  Of) <O B AIRE T £ MR

[X4.23, 424 1% 42K THE LIZREOBILABERA > ha 27 NETO7—r >
IRENOPNV L E ) —a Xy v 7O XUV BURTFEEZ R L CWb, PV E 7 —n
VXX ZUE b VIR BLoOSIN & RSN A2 Em A R 55, PIV EEE 100 BLE,
7 —n ¥y vy 7% 100 meV DL RICEREHT 256, b rxaEhuE 1 MQ DL EXELT
HDHENNZ D, 100meV FEEDOKRE 7 —a Xy v 7PERAITE -0, Bt
PRIC L o TEWES RIS b o RAVERENTEZE S 40T R U R VEED D L, F/Zwﬁ
PISEEINI L7 2 IR L TV B KIREE, Fbikef], &7 v 7 OREm bR 2 Fv T
ko ROV IERE ) SRR A E BRI T UL, SRRV a v B BEF R T URAXZD Y
—nrruyr— NEEEHIET2 2 LR TE D,

o v L LI D | o LI LA — T v LI L | ol UL L

= . >

© 102_ . o GE’ 102 B . .

== — . L]

Q< Q g *
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- . S 10 e .

@ =
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Tunnel Resistance (Q2) Tunnel Resistance (Q2)

B3.4.36 P/Vit(a) &7 —m o ¥v 7 (b) & b pAHBOAE

VI EfioEmaEz DL, SR 2 U HE ?i?@m{m@wﬁﬂ: PERED A I
[ F 7o A AR R OV b bE AL BR D BB LS 2 A T D L DI T L3 TE B, fldihL
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DA X Lgrain 1X, M RAREEZWD SERITIT R G0\,
Lgrain < 5nm

k> R VIRPLE,
Rt >1 MQ

BTSRRI 50, b L, FEERLOY A X3 3nm T, U RAUEEN 1nm
ThorLTsHL,

qVs > 200 meV
NR(4.23) Zil= T OICHEREMETH D,

AREBRTIL, EEER(EAEE(1000°C, 15 73f) &l L7272, fhaehi R R %
RERL T, +oeFBEox =0 5007, X423 0K 4.24 ([TRLZE DR
A harsgZy " RERFO R FNVEREZE—IZ1IMQ LLEIZT 5 2 EnREETH - 72,
ZORER, 40K LLETORETIE, 7—ur7u v r— RIRMNBICE oz, &F
AL 3. SENCRHEHTHIN, AV v Y=7 FRIZT, 7o 7 U vV ROMAELIE, i
PR 2 3R b3 2 ik E U CE BB LIE A RE L TnDd, ZDHiEE, 650°C~
750°C TR OIKIRER(L THE & 1000°C 2 0 @R AL TR 2|45 b - T A H
W, BULERFORESPIOFEMHET B X X o v LR 2 A, fahiR 2 @I+ 5 2
ET XV FERES X8 200meV DL EDOE DB b R LRERENTERL T X D, I D% Bk
{bif & PECVD {EIZ L > CHERE L7z, 7 U 22 vy ) arvazfnhd 2 8T, =il
TOr7—ur7nryr— RBEROBRIZHKIIL TV D,
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3.4.3 HIRARRDFLYD., FHERUVSEHAFINLIHDRE

(1)

FAY a Nk TE WS - BB O BRERARAT

ARWFFEIC J:oTEﬁEﬁb 72@071%!1%%&&@5&%?@&5’726

1.

ATV 2SO ET T RV F— ST EZE - Si02 24 LI- BRI
J:’)T Jﬁﬁﬂ“(%fcﬁb\o

1IDSIQDA TiX7 4/ VIRENZ K D A b LA U SERLIEE I Z I S D 726
ADP BELAR T > v ¥ VDGO HIL TV D

KB T 1DSIQDA Tl &%/%%4x#mm&fuTT%n FEAE
DI=NRN RETOZ7 %/ /ﬁﬁﬂﬁlﬁﬂﬁﬂéﬂ’bé

KES T IDSIQDA TiL, =2 R FmfliLlcB T 5E O RLF—HK
L— MRE LK T 5,
“%ﬁTux@wxTi#ETK%WT@LﬁwﬁﬂiMMT%D\_wt@
FERTEREEICH DB LTOWELL— MIZE LWL T A RN H 5,

:ﬂ%@%%i% yJﬂ/WT@ BTk DEE N Y AT 1 7 MR ERIICEE
HT260L LTHETTHDEITNVZRWD, ZORYMEZRBTHHDE LTHER
WZET %, FHC B FHOTHNTIAHE S HITHEL L — b, =R L —FRFRFHE 72 & DFF
FAEEDDZ L TCEENICGIEN T2 Z ¢nTx, EMIZEZzIC - THoNET
— X b LICEFREDOT T INR T I 2ab—2 g DRI DH I ENARETH

50

FEROFTT- AR RN Z . R TIE FED X 9 Rk BN S,

1L AV Y 3 nbORHEF = RV — 040 OfFAT &2 RREHINTAT 5 J7 15w 7

NE T,

2. 1DSIQDA N TOD 7 # J IRFED TR 25tk 25 B o THUR S i
3. 1DSIQDA NTODOETF 7 + / AR Z R D EMECTET 28 LWV B

7 L= LU — 7 hp THESL S T2,

JJ\J:@%I}F EJZ% i —FuBOD ° Eﬁ{gﬁ{&\ ° nFFH mu U\T%\é%éﬂﬁ_o

1.

S. Uno, Z.A K. Durrani, M. Khalafalla, K. Nakazato and H. Mizuta,“New insights in
electron emission from porous silicon diodes”, 2003Silicon Nanoelectronics Workshop,
Kyoto (June, 2003), 8-12.

Shigeyasu Uno, Kazuo Nakazato, Shinya Yamaguchi, Akira Kojima,Nobuyoshi Koshida,
and Hiroshi Mizuta, “New Insights in High-EnergyElectron Emission and Underlying
Transport Physics of NanocrystallineSi”, IEEE Trans. Nanotechnology, 2, pp. 301-307
(2003).

Shigeyasu Uno, “Electron Transport and Electron Emission of nanocrystalline
Si”Microelectronics Research Center, Cavendish Laboratory, Universityof
Cambridge,Cambridge, United Kingdom, October 2003.

Shigeyasu Uno, Nobuya Mori, Kazuo Nakazato, Nobuyoshi Koshida,and Hiroshi Mizuta,
“Electron Energy Loss Behavior inSi QuantumDots Interconnected with Tunnel Oxide
Barriers”, 2004 Silicon NanoelectronicsWorkshop, Hawaii (June, 2004), 9-8.

Shigeyasu Uno, Nobuya Mori, Kazuo Nakazato, Nobuyoshi Koshida,and Hiroshi Mizuta,
“Electron-phonon Interaction in Si QuantumDots Interconnected with Thin Oxide Layers”,
27th InternationalConference on the Physics of Semiconductors, Arizona (July,
2004),H5.046.

Shigeyasu Uno, Nobuya Mori, Kazuo Nakazato, Nobuyoshi Koshida,and Hiroshi Mizuta,
“Significant Reduction of Phonon Scattering Potentialin 1D Si Quantum Dot Array
Interconnected with Thin OxideLayers”, 2004 International Conference on Solid State
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Devices andMaterials (SSDM 2004), Tokyo, Japan (September 2004),

7. H. Mizuta, M. Khalafalla, Z. A. K. Durrani, S. Uno, N. Koshida, Y.Tsuchiya, and S. Oda,
“Electron Transport Properties and Device Applicationsof Nanocrystalline Silicon
Quantum Dots”, 206th Meeting of Electrochemical Society, Hawaii (October, 2004),
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ZOEIT, AR A VY arh b OBTHRIBB LR AT Y a N TOET
5B D SRR R B R OHER - TRILZ B2 B L, A% O LV E R EEREE O
T2 DHRE L 7o HEER AR L O R FIEZ L L7 IC BV THEERHEMZ R
LizbDe&EZXD,

(2) F ks Y a RSB 2k R & HE B R

AT, TV ROV A XRE 1 0 ~% ) A—2OF / fEdhs ) 2 I
BT OWN Y a3 R &R TR E ORI - BN LTz, T v FVRMN Y a2 R
A REFRREIZHENETRA L har 27 NN U RAAEEERRE - RIEL, 1 RD
RIR DT TRMEIC G 2 2 B2 BT 2 & &bl Bk, BUKARKIEED Ny v
NR—y g VIR EEZ D Z LK KRR ONT T EESE 3 0~ 2 0 0meVO#FFH THl
BCTXLAHREMEA R Lz, F72, RIFEIKER(L & @IRT = — VA MAE b 7o ZERE
PR LA L0 | RIRZSIONET 5 2 & T, miREERE 7R Ik by
TEERTEDHIEERH LT,

BLFURFIE D FEBRAVEHIE & LTI, 2 ZHIE TR Y 7 4 — FRH BRAEEL100nm D fi5
BT 2R s S, Fa—Ff Lk b Y ab—y g XA ERE SR
TWDR, BEFHRSCT7 —ua VR RESTE /e 5301 0nmEL T Ok O % E5
FIC BTG L 7o S X N E CTICEETH 5, ARRIL2 0 0 249 H DL 8
IREFR 22 2 0 0 34 2 H ®ANM-1(International Conference on Advanced Materials and
Nanotechnologies) =ik ~DHFFH 22T 572 L, 7/ =L 7 hu =7 AD4587E1F T
. RV a v lEICKT D (7 v Ny )2 v=7 ) I £ LT
T F THIZE - BARDE D bIER 2% TR0, RAiRl% L EEIEAOmE T1 v 3y
FOEWIFEE B X Hivd,

LI EDOWIFERRAIE, FREDFR « SHE « SGEICB WV TRER SN,
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K. Taniguchi, “Carrier transport across few grain boundaries in highly doped
polycrystalline silicon”, Jpn. J. Appl. Phys, 40, pp. L615-L617, 2001.
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ZOFROFFRIL, ARHEET) - SRR E - B E K2R AR T EZIAIZHY
HLWHIBEEERT A A7 LA D—o¢ LTRENEFTX S,
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Z—HP—H o4 FOBERE LT, BERS YV 2200, FHT 4 AT L —DH T
AT VX VTNV AT REIR S AT DA 7T AEREAAL v T TR A
., BT ) arFE A ERISERTERTHZ LiCH D, nS (10° S) ToE )
TEICHYS 9% ON Bt & . 10 4F (10°S) DIFHARFF &2 4HE L7 OFF B D 7S 18 #r D
FTRANVKBEL 2D, ZOX ) RHBFHNEREE, BIKEEE & EEAEE T
ERFEREAETY A —FEOFR - CERBADRD TN & 5, Bk TiX, ON/OFF H. 8-12
HREETH Y, D7e< &b 6 Hrd ON/OFF LB I TS HIE BRI AL ETH D,
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ZOa—Y—H% A ROEREAEDE T, FFOMMl, smdft, SERLICE by
K925 ON/OFF tha, #A LV arZlnsZ itk R&E<$T5Z amatlic,
ZOXOIRER ST VAT LCD A EL BRENVHZ 1L U & L C kA 7 & T
BB ERRE e B X AR OEGFICEZ DHF T TH Y, SOl HilfD x24T < Hifff &
RAOLAREMEN B D, RSN HHETHrEIL, ON EBIREE 1 Alem®, OFF Eifi&E 1078
Alem?, L7025, EBROHZRF I u A X THAH )5, OFF Eift 102 A ORIE & kst
THUNENHS, L, ZOL-ULOERMEITRERIIIARAETHY . Z OB
S LTCHIET %, BARMICITSEERMO A ) 23 EL T, Z0EMY —27I1C &
5 AEY OEFHRIEKND OFF 7 m%ﬁm#ék%ﬁ FRIENEHATE D, BT
Vo P N—TOHET DEERE WL, FEROREMELZ -2, ERIYRE
&il%%k%wﬂ\;®%@ﬁﬁi T A IR ED D TH Y |t A v
SR MIBDTRE, FDOEH, KD 3632 HiTOHREFBIODEEFAEY D
WMt ZE U C ERREFOEBORREEEZHEL Z L & LT,

3.6.3.2 HBHEFBIUPVHEFAEY

FEERCRIESNTREN R EBTHLADHRE ) —v T ry r— RREZFIH L
72 A€ Y Of (PLED & SESO A€ V) & Z DRI %X 3.6.3 (27",

M AEY & HMFEOBEE T ATV TixZe <, WD ULSI 7' 1 & 2 Hiffcidid
AEETCH D, FTOMME, SLRfb, EEIZE Y, mA =X 2bERY, £D
=T, ON EEROE T AL E2>D, OFF EIROEJKAZ K > TnD, EOREE, X 3.6.4
\RTIE Y . OFF & 10°A LI T, ON/OFF £ 108 L~LZ 323 L TW 5, L L7
5. RHEFALIZIZ, & 52 5470 ON/OFF thla) ERMECTH D, TDT=DITid, S I,
FEME 2R ME DRI & T a e AT OB R MLETH S,

(A) PLED (B) equivalent circuit (C) SESO
! word line word line ! dli |
silicon . s|||con\ word line
oxide | bit oxid P bit
| nanosilico bit 411 |
tunnel 3L ek nanosilicon ﬂ}i{ -;Z: memory
arriers 1 node ry I
' T sense line node
sense / \ ground + [ l sense Ime/ \ ground
MOSFET L
silicon - silicon
Minimum sized gain cell
High on/off current ratio

X3.6.3 DEETFHET L L OEAMEE OB

PLEDTr. (Phase-state Low Electron—number Drive) Transistor (A) [1] & SESOTr.
(Single-Electron Shut-0ff) Transistor(C) [2]. B LUOEMEIE (B)

[1] K.Nakazato, K.Itoh, H.Mizuta and H. Ahmed, Elect. Lett. 35 (1999) 848.

[2] T.Osabe, T.Ishii, T.Mine, F.Murai and K.Yano, Proc. IEDM (2000) 301.
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Leakage:
Less than 1 electron per typical

‘ High ON current _,_ high-speed write

| on - fw<1lnsec DRAM refresh cycle
Low OFF current ___ long refresh time
lorFr < t REF > 0.1 10718
T T T
10° VD 10726
Leak Converted
ca agte Leakage 10
curren 9 Current
Ips 10 (A)
(A) 10
_ 1020
10" 0 00 02 04 06 08 10
Write-word-line voltage
10-15 . \ . ! .
0 1 VGS 2 3
(A) PLED (C) SESO

XI3.6.4 PLEDhZ7 > AH (A) [11ESESORT 2% (C) [2]1D Y — 7 &k
[1] K.Nakazato, K.Itoh, H.Mizuta and H.Ahmed, Elect. Lett. 35 (1999) 848.
[2] T.Osabe, T.Ishii, T.Mine, F.Murai and K.Yano, Proc. IEDM (2000) 301.

3.6.3.3 NEMSX=®E

ExRod ZE <. ON/OFF tb 18 #1&4 FEH T 2 DITA S Tk, £ T, x4 v U =
YORHBEENLIMOT T a—F EfEt Lz, 07 Y —FidEmE, [KHEE b
ERFERALE BT o e BB A AT L CHEBIT D HEERFITAZETH S, A
ERICIER AV D arifEor—nr7nyr— RReT U 2 MOS %1 L DS
PEDOR S ZFH Lloml - REEE L, 7/ A X342V 2 OBIIER D&
B & AR OBEGHEICEIR L, W& 25 ot Tl - BKTHE B AR ME A
FVEZEHLESETDHHDOTH D,

ZOHMOIGHITIE, 2L OBEHENRH D, BURDO T 7 v a XE Y OMHIL, it
B 7 & ORI E B % . FeRAM(Ferroelectric Random Access Memory), OUM(Ovonic
unified Memory)<> MRAM(Magnetic Random Access Memory)72 & O FEEESR F DBIRE &
A Th D,

A7y =zl FTHE AMEBCEEBRT L HEE LT XAV aveF /A=
AHMAEED L BRE LT, 7/ A =7 AT 1 GH z OBIES, FEEELIC X
LiAMER EH RS FHIS L, EBFRTFERELIENOND EHfFSND,

1nm-100nm ¥4 REHRDOEFRIIA VY A v 7% L LTCEASR TS, Z 04
lX ULSI Offs/ MERTOIER R Sl L 27 by FHE T BT L AR E . A
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A RELTDHR LT v 7" RIRICE DU FMR, EbAEEHRSNT, M
HHITND, ik\%VX:Eyﬁ%W%ﬁ@%E%%ﬁbtmﬁ\WKiA%%/
FNBRPRHETR TR ELRFT SN TS,

L2>L., 1nm-100nm L)L DF ) A =7 A AT M, 2D X 9 e Eik i ikl
S Tilgam SAL TR, 7jvh/x“7}VV@gjhkaoﬁ“muﬁfiié%vfwéﬁ\
ZDISHEBZ D6, ZO%RBH OINEERCHNRER R & O AAER . BhiReER &
ZEMRL TR L, ZORAORKMCRIESZRMLE Y EE2ERICZ LV EE X
Lo ABFETIZ, ZOF /27 b A h =0 R NENS"ORICER L, £ Ot
EEZDEEIC ﬁ%@ BT REDEAEETE &Ltﬁﬁﬁ%ﬁfmfé*k%amk
L7ze ZOMBEA DB Z 8 LT, "NENS"2Y, BLIZ"MENS” Dfi/ N & 13578 - 7= 4
BB, LWL ZDISHBRIT A2 Z 2] Le, LT, $8R2 L7 NEMS X
FY ., METAREFRHIZOWTE LD, L L2 NEMS 2E Y %#[¥ 3.6.5 (ZR-7,

(1) (2)

electro- , " l
mechanical electro-mechanica
gate N\, ?GZ floating-gate \ FLI neosilicon
N
=

o - 1 air gap

Gl P st o ,__> air gap
""" S | /channel [ D o

S | channel | D

lnltlally charged electron

B.Haelg :1 EEE Trans. ED, Y. Tsuchiya et al., SNW2004, June 13-14,
37, no.10, Oct. (1990) 2230 2004 ,Honolulu, USA.

X3.6.5 FEZL7-NEMSAE U
(1) IR SNV 7 ha A= AEY), x4 =
NS X D BAHRESRENEND T, A TETERY, EEETEL
TIFBEMEICRIT D, (2) FIARRER T, 3mrHE & LTHEkRSE
FRIERIZHE R D,

AFEFOEEIL, 7F7 v a ATV T70—F 4 I — h~DOEBEMOH L AIZ X
LM O AR FLGROMN DY O, BARFF LT 7 0 —T 4 77— N OB 72 2 fl22
EMEZFH L CRERMZHEIT I DO TH D, TD K D REFDOFEF LTI E
ROMHEITo T2,

NENS DR & frat 9~ & fiEE A

(1) IEEME: £3.6.21T-T &80, ZOBIONEMS R TlE, 2 — 2 0GHz OEMEN
AREE DRMESTZ, T7hbb, BFT A ALRZE, HDOHOEERLLEOEEME
DHIFFCX 5,

(2) ZENLEEE . Z OB OB OB T 106GHz (EEREH) X10nm (B KZEANL)
ETHE=100m/s FREE L RFEL O, BHERBREEEZOND,

(3) R®E) - BEE— R : i, ALV, MEOEFERISET— N, T ENOERE—
RBGFEL, 7 v2R EMRR AN &2 ET 5 L, 50 10nm F25 O fh i F 207 &
IRYCTHDH, RBEh - BifEE— N Bl &, BEFIZX 3. 6.6 1R T,
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(4)

323.6.2  NEMSD AA v F > TR
NEMSIZE 1% 1 & L B &SEENMED AT EE, & DA OEIELR
S OOIHFE X RGO E R,

Device parameter Example 1 | Example 2
Channel length [um] 1.0 0.1
Channel width  [um] 1.0 0.1
Floating gate thick [um] 0.1 0.01
Charge density [cm™] 1x10% 1x10%

Total chgare [C] 1.6x10" | 1.6x10™°
Elastic potential y [J] | 3.5x10™ | 3.5x10"

R/W time [s] 4.76x10"° | 4.76x10™
R/W frequency 2.1 GHz 21 GHz
l_Eﬁ Hr gL FN l_EmﬁJ@%Eﬂbu
e ————..
e —
e
R ————

KE—R I/ RHRFRE—R
[X3.6.6 #=E) - BEE— RO—4i
F— FICL > TEDIEIFECAAL v F o V2RV F—NREL B D, B
DEHTAT T ETROVEBCRITER G T RS MLE,

REOX 7 B1ROGAE. HlzX, 77 vvarAE)O7u—T7 070
— MZ P U RVEASINTEEFIZRAEIC =R LXF—Z2 R0 (Baf L) R
REICTE DA DY, HEWIRENR TITHEI A = XA ZDORE INRHLNTRY, £
DIz, Flix DX E T O ERFT2LERND D,

GHz T COHFMWDIRIEIT, BRTIE, v 7 o 2R TIFEENKRE <, o =
IR R DTN E 72 2705, nm (AR CIZILIBM R IR D BN L 72 0 | B — ROME O fEE
W&o TBRIEHMEN KR ELS B A S, Z0Z EiE, BEEERONTHEKEZE 25
EEIWCHELERD,

SHIZ, AN A REZRE) EOMEEHOBNPLETH D, HIAIEFHERK
A E 2 5 BIERKITEMAS T 251 Inm R T 3 RITHICE ATV 5, #21HE 10nm
TGHz BEDIREIZHE x5 &, AN TERICE DX v 73 e,
EDI, A VAR 7RENETIIERAGIE 2 KR, IRENN e X A4 » F o ZEE
LRRDAREMEN D D, T DT, TiLD X O RAlREMED B D & v v TR 2 iR
LTBMERD D,

RENT 20 OWNEBEL. N OEHE DD WVITERICAHE SEmL o v 7k
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(5)
(6)

(7)

Wk Bk, WECERRK, =5 4 h—L > MK, B0 (BRI E) Lok,
PR L, 2 OFRBRERD D, EEMZRFHE, REILS % OFEITFFD,
HE TR LX—  REIE— FOBE, Rt FEOMELICEIY, KENFE L L
TORT ¥ VORIl ARE & 72 5,

EREE .7 NENS” REEET 206, BRICHS, BRHEBOMAEERZ4Ter
—a Yy TEHRNOT, ERELE P TCOLRFHOMAEERN NS, RTFED
ISEHER T Z v i< <, BERELHFETE S,

Tat R RO T 0 R TET OE AT A AORUIME & [RERO R E R Ol
Iy FRFLRT Y v 7l X0 Skt omWiN a2 nE L35, YR
Sy O REMEZ OO T N TR O L0y, WERRY, 72 I DIFED 1291,
TP THICEENERE T 5N D, KERY A XTI, flzidnTE
O ECER HEEOFIED, AR 2~ CEE SR T, /7 il T
ZDOINTEETE L 720 WECRIENINBE R LA 24 U S L REEN D 5,
INHDOMEEEH LT 3.6.5 DJEMiNY 2T 572, #Hi7' v AEEN 0
HTHD,

HIRF T, NEMS A € U O FRIMERE & RS &2 3 3. 6. 3 1T~ T,

#43.6.3 NEMS % & U O PR kR & A

(1) NN - FEREi Y o 225 H

(2) EBXIAHWMEEL © WEEMEEEANY OFEINCLDAA T T
(3) EZIAAHERIEL: i dE Mtk Y DI 57 [R5

(4) FAHAHLE  MOSHE F-ORURES 7k

(5) BEMERBEE © Bt-GHzEMERTEE (X B 7 kO MRFT )
6) AvF7t :>10"

(1) JHEE) . REHEEEEE—RFOREIZIY nW?

(8) B/ P AKX : DRAME[A%E

9) BB EAER @ 79y a2 AT LEAE

(10) 1ZHEEE « BEICR ONE 55 S EREDS 2

(11) g7 a2« F A=A F a0 AR E

AR & BEAES 5 TG & W 5 D2 DA /1 & 5 o CRIBIA D 5 5,
Z T L7z fE B2 X 3.6.7 127k T, NEMS X E U IZHOWTIE, 5% S B I THI o
FBEZ P25 & L bic, EBRMICHEIEL TWMERD 5,
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Cell Flash Nano-Crystal | FeRAM PCRAM MRAM 'I:im;;/
l:'
Device = = ﬂ E
Structure lj!c' qu |_/:L| _JIZI\ ’@‘
Mechanisr.n.of Chgrge in Charge  Ipolarization Phase MR Mechgqical
Non-volatility | Floating Gate ) Change Change bistability
Issues F’efgggggnvmt- rPer((j)gra_m Volt.| H, Program Curt|Program Curt ig?/ger?m
uction block reduction reduction reduction,
Cell Size 4-8 F? 4-8 F? 10-20 F? 8-15 F2 8-15 F2 6-10 E2?
Speed Program 10 us 10us <50 100 ns <50 ns <50 ns
Read <20 ns <20 ns 100 ns <20 ns <50 ns <20 ns
Voltage <12V < 12 5V 3V 3V 5V
P/E Cycle 108 108 10'° 102 1018 102

X[3.6.7 ASFAFEIENEA T Y ORpEHE

AW TORMFE LT, NEMS AE U OTFRMERENH DRI R A T2, TOREK, N
S, BIEREL, IZOWTIIMOBEE A€ ) & EBMNERH D, —T7, FEFZRAR - H
KB, FIRAH - WERR, R EEMERE LTS TWD, £, 7k X80,
(COWTIIABROABICH[HT 2L ZATH D,

3.6.4

JON-HARBRROFHERUVSEEFINDIHER

REt LIRS ABNE, mE A FE . B EREERCE 7. REEBEE
FA BIKA 7 EREA A T HEEEER A v F o I HEA, HEFB I ODHEF A
EFY, NEMS AU ThHD, ZINHDOHT, HHITREEZISHELT:

1. B R CHE T

2. NEMS AEY
# LT, ZOZHOFEFISHICOWTIE, Frafra i L, SREFMLICE DS &L
HIZ, FRLEHREZ, S5, BRI MERIBIC SR E -0,

LI N—TEIARTa =27 NOMD 7 NV—TOREEZICHEN D ZF DR EZIRZ T
BRI R BT R EORBEERAT o T2, AV VT RO RBIFHEIC O\ TiE, A7 1
Tl NOMD T N— T DEE B RBEE T2,

WUEE TR FICBE L TE, £361 00, I—AR T F2—7(CNT)Ze &t
DA ERNIFET 5, BERHMO R AT ) a o EFFITERET KA O CNT &
el LT, WS EERERTED2ONRRKOETH D, -, IKELENE
DELNTNWD, MHEIRITHETLT 4 A7 LA 72 E~OIGAIT AR BT 28, f$3K
Ry NEEZ EIF5HZ & T, BEICHINTE 5 & Ebd, MEEFRHESERE R 02 ENE
(BT 2R T — 2 XA R ORI - D, BIRES T, 1 R 2l 2 Rk
EMEIIRETH D, FHEMIZE L TEAH% S DR AERB DA MET N, KERRRE-ET
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N EEZ TN D, BAETH D MIM BUIAFIEDOREE RN E T2, BUR CITAE
ERBENDMN, 2 AV a L OENIZHEEDO KREWETFNHDIRIZHD EEZTND,
3.6.2.1-3 O RAEIEE T HFE - Tib 7= LBV, @% O FED IIEZEZET 58,
ZOFLWRATY a3y FED ZHWD & REZEHFC, FFIC K o TIERKUHE TEME
THORFICHEBROMREEND D, KKRLETOA ARk, EROERSE ~D)G
B NAF AT 4 DV A~OISHANIF S, LWSHERZR LB 265,
ZDIHIZH, 10eV SO E 22T L DA A AL FERIC O FifR 2 6
DT DMEDRD D,

HIKTHBE B A IR A v F U TR/ FFEBLOTZOIZ, A4 7B OB DR
FEREWRL TR TRIT RS- 6700, HEFRFPOBE TR FICL 20T
K72 0T, M E R Wb D Th o7z,

S%ENTHEMEEFRE I OH D XAV a i H iz NEMS A€V IZHLWT A
TTTHY, 77vaAEY LREKICImTIETFELTHEZ S,

T AT =7 RCET 5 BRI AFRITEBRAICIE R L TR Y . YA XERE

THREFIZANTZ" NEMS” G R T OREL, AR OFIEFIROAIE & B S7 3% &)
LTV 2,

A7zl MZED | Fr L0 L | EAMLEZRAB DR L[ EZ T
WS, TOFHRT, Llo@Ey) | BWERPHKIZEBAL TS, A7y =7 M
WD 6 WD EMEHEEIIE TH 278 SRR DOBRIEIND, K7L —kE o
TR a2 | FERERMF TR & A4 2 2 A MWL CIE R Z L i3FTh -
Teo =07 IGHODOARENMEE ZDERICOWVWTRAIZTA — RNy 7352 LT, EHML
HCOMTEfRE 2 T LW L, REAR Th o7z, £, FREHH O Bt 4=
PN AT LI RFPAESCR A R 7Tk LTh, £ DM AEMERITRNIRNL - 7o &
LTW5,
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X/ FRER/TFHERE

1) WEHF— [V aF 2 EohlE &SmO O8fs) ISHpiEyYs U ars
7 a o= Ra 2T IR S . BURTERY:, 200143 H 1 H

2) T.Shimada, “Electron Transfer Characteristics and Potential Applications of
Silicon—Based Nanostructures” , Sixth China—Japan Symposium on Thin Films (CJSTF
VI), Kunming Yunnan, China, 5-8 November 2001.

3) Toshikazu Shimada, Masahiko Ando, Shinya Yamaguchi “Potential Device Applications
of Neo—silicon and it’ s Material Characterization” , The 2nd CREST symposium on
FEMD, Tokyo, Japan, 25 October 2001.

4) T. Shimada, “Electron Transfer in/into/from Nano-Silicon Materials from Device
Applicational Viewpoint” , 19th International Conference on Amorphous and
Microcrystalline Semiconductors, Nice, France, 27-31 August 2001.

5) T.Shimada, M.Ando, S.Yamaguchi, A.Kojima and N.Koshida, K. Takai, Y.Tsuchiya and
S.0da “Potential Device Applications of Nano-sized Grain Silicon” , 20th
International Conference on Amorphous and Microcrystalline Semiconductors — ICAMS
20, Campos do Jorddo, S.P., Brazil, 25-29 August 2003.

6) mEFEIT. IR ffth, HEEE, IBHE—. KEE, NHEEEL  NEMSAE Y T8 2D
FEHUZ T TR R E O R, 2 5 1 BUSHY B FBIfRE S a2, 2004453 H 29 H
7) Y. Tsuchiya, K. Takai, N. Momo, S. Yamaguchi, T. Shimada, S, Koyama, K. Takashima,

Y. Higo, H. Mizuta and S. Oda, “Nano Electromechanical MemoryDevice using
Nanocrystalline Si Dots” , 2004 Silicon NanoelectronicsWorkshop, Honolulu, 6-7 June
2004.

8) Y. Tsuchiya, K. Takai, N. Momo, S. Oda, S. Yamaguchi, T. Shimada, and
H.Mizuta, “High-speed and Nonvolatile Nano Electromechanical Memory incorporating
Si Quantum Dots” , 27th International Conference on the Physics of
Semiconductors (ICPS), Flagstaff, 26-30 July 2004.

9) T. Shimada, S. Yamaguchi, M. Ando, K. Nakazato, N.Koshida, K.Takai, Y.Tsuchiya,
H. Mizuta and S.Oda’ Neosilicon—Created New Applications, Seventh China—Japan
Symposium on Thin Films (CJSTF VII), Cheng Du, China, 19-22 September, 2004
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RN« B iR B34 [ Js L OV A SE8ERT,
HFEH : ¥Rk 1 34E1 0H 1 H
2) FEHAFE ¢ LD,
K OLF - TEWMFLESE T MO 0LEHE]
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