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WA~ ETREEAC R fE b2 L7,

LB LTI, KIENSED T BB A 559 5 RO EZHIREICHON H VY . L HEME
JEERERL SIS OMERUI RS TldZe v, £ 2
T, T4 v T a—T 4 7B LD 2Rk
FEREE DIER AR ATz, BN ART DD
FEEE N EFIAT 5 ETH DM, KRG =
VR A A LT, SERNAY AR AR S A i
MTELHERHL, ZOHELYTI/n
VLAV DORESORY AF L URIT IR ET
FERiFI A H A, 10nm L-ULD Y = kL
FIaE A L2, B mICEE O LT
ThdDANTA THEEEERT D BT
B LIPS N o DR Rl N R 47 G
7z, (¥ 4-6)

IR ARSI i

4.1.2 ATV ELOE Ak
P

A VAR EOE kRS
DNTE, T TV REBLOA
AUT ALy O ILFEIRFZE T, fE 4
OERAEE 2LV R EEE(L ne-Si B
S ICHEE DR R AT M, BRI
LT 12 A, 2 SE T 1ot o
o e A B 46 MOy BT (T 3= 2
5%1/\%%675%:1/720 ﬂéﬁk L/7LC ne-Si }\/ b

Fo. A NLT T D S1 )/

TARICEALTIE, 77U v VRN LI SN2 O ELE SR N 2 36 Z 7o 72,
FIANZ SiO Z L Lz Si R EICH O U ERE~—h—4EEL TBE, TRk
2 Si T/ UA Yo ER T 5, flgth, EEME MBI X0 (LEME ATV,
ZTDOT—=ZIIHASNWT, BFE—L IV TTT7 412k 0SiF ) UAYERATEEOX ¥ v
¥ nm O Au BEREERLLZ, ZOTFT AL RATBWTERIR TRy 7 F— MEFICES
V—A R A VEROEFNBH SN TR, 20T VA VITHFEET H < CHUEEICE
KLTWAHDEEZ TS,

o

|

20.8kV ®ia

4.1.3 NEMS AE U F /34 R

X 3-3 127" NEMS A€ VU RFEBUTANT, 3 RILARERIEMNT 2 X —AZT /341 A
PERED T ZATR o 7o, FRHTIZIX, FEBROIFERATE T FG IO 2 A ML AZZE LT
TNERWZ, ETT AL AR =V U T OREHIZHONT, FG ORS L, g W, B
T. WIEN GEREBEOEN) Zo 2T 2720 b IR I X A EY I 2 L—3 3
VEATOTRE A, AL v F U TNIMEIR ) PslX, Psoc LATZ3 L70 D Z Ebnoiz,
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X LWTZ %R USSR TH/INTIUL Ps 13E DD
W EEERT D, A v T U THEIZOWTIE,
FERICABIE S BT LY FG (CfiEE 52L&
BENLORFRISEZTR, RESOEMIZL Y A1 vTF
THEITHELS 0, MEERMOBE TH L= 1D
RKESICHLRBINDZ EERH L, ®IZ, 7150
fifthr & E e ST A2 M A A T2 3 &nﬁ@%%yQ
a2 b—yaryEHw, F— MEEREICE D FG OF
ﬁ%X4/%/f@¢®mﬁfmﬁ%ﬁoLJG®I
RO LN, B OERHOREILY, H+V T
HoTAA v F v 7 EE % ON/OFF mJRESM 20 7- L

FEETIOVUTICET R OND Z ERbhoTz,
Fo. JIFERIENT, BERMEITICT AN A RY 7 |k
JEEAREAT D 3 D DB A H G oW T B B fRAT R
WEBFE L, REFLIET A R LT, 7ua—7 4
YT = NOEMIZ LY F ¥ RO EFREERHEIC &
DEREOE ATV AR LDLNDEINORIEL D MR A]
BEIC o7, ZOES 1.5 um 75 50nm £ TR —1

YT LB E T OZER S KEbT 5 &L K 47 IR
T Lo, BEBEE A —V T TEDL I LN
otoit\x4/?/7kﬁﬁﬁ®/\;V—V5
VEATW, A — FE 250nm TIEZAA v F o T E
15ns, ©—R/LX—HEIT 0.2 n"ELNTZ, (X 4-8)
ZDX9iZ, NEMS AV X, AA v F 7S E
BENRNO T, BIKHEE I THH . AT VREF
R[] & 100 BN O B RFRIFLER N FUAE LD & 2 AIT
HKROFENRH D, ZOEBLICEIVRTT LA DK

SMRTAREL o=, Z® NEMS AEUF /81 X
T LA LTE X DR IRO FIEICHOWT HH
Hil‘;gf'fTo 71.0

NEMS %€ U FEERNCBI L CTiE, 9% 0LIEES
ThHhod 28TV v URIEROIER 2 A 72, Si FK =
12, Si02/Si/Si02/Si/ Si0«/Cr & 725 L 5 7 fi @it %
BRI, 7oA NRE—=2 7Dk, CFa W A%
W B GME, RO 2FHO = v F o T AR D
BHHZEICED T VAP REO SifgET X —T1
FL.Cr 2> bua— 27— " NZERE2HATEFG & 72
HEN 0 EEED FICER > TWB 2 0T v Uk
EERZER L7, &1 mmxiE 0.5 mmX/E X 50 nm
» FG TiE., 13 ALoRE

WM TH o 7208,
FlomolE LBl sn-, @
ZOBHRIZER S NDH#NDY
AL, AL BRI B t

FNIC g =

WIZNE S 3L D A N L AD, =
FEFELTWD Si 274 — =
v bTBHZETRBERD
O ThbEBELZLND, F
7-. FfEO et 22k,

WEBIZ ne-Si Fy FE2RE L ¢ SEM 5 &
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Buckled bridge with SiNDs
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72 FG #EDERUC b L L72(K 4-9), F7-. WELEMZH S 7V v DREE RO B
7R EMEER FZRET D720, N0 2o LICERAMHOERE Y — NEBAEL WD 18
TV OHEEEERL, ' — NEREICH D RE SOBIEE T 2%, SEM TR S &
W) EBRZARD IR LT o7, X 4-10(a)1% 36 V EIINE OBLERE R, (b)id 37 V EIIN% O
FERTHY . BEAIMC LY FIfM S FICMIcZbd 5 3 0 ROk 2 EEE N3 5
Z eI LT,

4.1.4 F I A=V F—NHEEFS FT7 A (SET-NEMS)

Fo, SiF/AD R LY b= ZA0FEBIITT, HEHTREL D 1ODT /A A
X, AB=HNVTR[ENRF— R 2 b OT XA A Th D, AIETIH, T/ A D=h VT —
' MOSFETMOS-NEMS), B X O F /) AW =h NV F—F HEEFFT LV AHX
(SET-NEMS) IV FEH L. 3%k tT A v I 2L —4% & SPICE B8 S = L — & Z 7
BB EERIT 21T > 72, £9 NEMS 7' — b & &7 /A ADOEERE 21TV, 3 Kot
FHIC LY NEMS %7 — MMIH %972 Pull-in BEZ RS 5, Z @ Pull-in R RRERD
MOSFET < SET 2172\ EkEA MOS-NEMS. SET-NEMS (2525 Z L2 5,
MOS-NEMS @ Ir Vg ¥t D
B RIZIX, MOSFET DO

8 |

Y S PR Aot — ‘ {\

DAL v F VI BBBENT.  cuedomm ——— I

%72 .SET-"NEMS (BTl Oad g, /

Pullin O %=L 0. SET I2 84 U b

BI1F % 7 —n ARE ORI & 8 |

MAELERCTED L RWD ot — |

(4 4-11), HET7 /3 ALY E(pr———*;*\__ MR A
HEMORELEZ T AT, FF V,=or A5 - 05 0 05 1 15
PEDOZEE DK E  EFERIFK IS H Vo2 (V)

RN B o 7275, RE 0D JE 5] 4-11 SET-NEMS 7 /34 2D 7 —u U ZH)

EEE L LT GEITE,
[E e B O e Z T 2, ZOREZIEH LT, o SET-NEMS OERMEIZ LD |
ZHREE= 2 — RS — BRI 2R TE 5 2 L2 LT LT,

(2) 15 S NI AFZEER R ORI S % IR S 5 2h 3

AT OREERIEICE L CIIRERERN b 72, T/ fmv ) arokitid”
T A< MO RGERIC LY BEED Snm AR L7z, AHHIEICE L TH, BB DM
ENDT Y ) a o Si JJ2@EE L TEE SN D Z ERDnoTz, EER 2 Kk
TEEAIE DO ERNCEI L TlE, F /LS U 2 v OREHEMEN 2 BRI R LEE 2B
WET Y a SRk (v ar A r) AERIL, LB BEYEIC LD, lem
7 DFEMRAETIZIE > T 2 RITTIEDVERNZ AT L7z, KB LB BEEE N HAUE, KimfE R
~D 2R TTERMEOH K L FRETH D, SLICEEEEMIEOEREBE LT, T4 v
aO—F 4 U EERBRR L, BN EE AT D 2 LIk Y 2 RITIEN AR 2 B RIRE
R LT,

ok DO EERBESIEMICBE L TE, Y7270 bbb X D5 A7
— L D& BRI BT HFZEIEZ VN, 10nm LL D ) a & Ry MZEET 50581
RANIGEIN 2, YU ar A7 2Tyl a £/ E 7 Lo 7 VR B
TERT D AF5EIE, ALBESEiR E AN R EBE R F O T HEREIR O 7 L — 7 TiTbil T\ b
B, mIIRERET LT U ar ik, £72, Kovio 0o v a R L—p_y
F ¥ —2t1A% Printed silicon & W) FEMA B L7z L BE LIZBEMIZAHATH D, &
IRV ZRFED, Uve R, Kortshagen D7 )V—7F 703, 77 X<=TERLIZ> ) aF /KL
Fm RS IAIE CHiItE 4 % /715 T silicon ink ZER L2 L HEL TV 5D,
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BEREEATHV ) a &Ry M e
FIRIEANT TR C & UL, T O RITRE R & Spin-coating Inlget-printing
W, BETHET. NV AT 4 v 78RS
DIIE o “%MMf% KR e &%
< DGR FTRETH 5, FHIRIFIE L L

i[B%&\T4/72—?4V7%®M
1Z.Dip—Pen Nanolithography {EHHIFTEX 5,

(¥ 4-12)

NEMS AEUFNRALAADY I 2 b— 300
X DMEHEI A — 1 U T ORREESRC AL v T
v TR E D T 2D T, ZORER., B
fbrVarficr  fEms Y arzaE53 5
BAEORETIZ, 7u—FT 4 v 7 —FEN
100nm % CTIXERA Y « T 7H 10° Z#ERF LT , New application
BO. BIEBEIX 2.8V, A1 v F o JHEHIL a—

Ans HBEZFLF =13 0. 23] LWV RHEZR 412 U v 7 HIRIEG

Lico AA v F L 7O AT EMOBE %

#bﬁw EMDH, MORERMEATY LKL THELIRHEZ R AL —THY . BN

ZERPIZTBES I TN D Z e D, AE URFIEM S 100 4 L~ v o RHRF IR T
%é:kﬁﬁ%ﬁ%@f%éo%@%H%%\%Kfmtxﬁﬁ\%EWﬂKi524y
FUTDOEMR EFEDTE TN, 7a—T 4 77— M AE Y OERITIZIEL 2o T2,
BEEER LTV AX Ty K=k v VarvF /) Ry hAEV 27 K THE
wtHZ T Lz,

NEMS-SET B 2w 7 F A 2D I 2 b— a3 K ABEHNT LV, B B
RED 1= O B DO % 2 T ERL N REE & S C& 7= SET T34 A IZxF LT, Af@h7
— b SET #:& 12 K 0 BIRIRIE 72 CliZe< 7 —u VIEEEY A WEE L LT D 731 R
B AZRE LT, ZHIERBEL=2—T Ry NT =7 T3 A0 — VR8s A
YEThD,

4. 2 FPAVVaUREEERLEREIER IV —T (BT KT T —)

(1) EfE DN
421 Y ATy RF—h-VarF /) Ky b AEY (SGSNM) DHEZE & @ifERGE

NEMS A EUDANRY —2 3 E LT, HHARXUT v K=K (SG) #HT 52V
avF /7 Ky hAEY (SGSNM) %#H#EZE L7-, SGSNM DL | D EIA - EEED
FHE AKX 4-13 12~ F, U—K7 7 h& LTHWS MOSFET O F v /L EiZ, FabHixE
LT 7ua—T 40— FRERDVarF ) F/F(SND)#@E%S%LTb\éO
by = MIV ATy K= (SG) ks 72> TV, SG & SND DR

T Xy v LN RN TEAET D, SGSNM Tlid, ERAEMEICE VT, SGICADT
b A VEELVIERWABEEZHML, SG 28 Bk 7L - 4 LIZIREET, EF%
SG 215 FG ~F U R NAEANT D, —FH, WEEBECBWTL, SGIZIEOT )L - A VEIE
KO RERETEEZHIML, 7 - 4 RETETFE2 FG 206 SG 125 &<, ZOEA -
HEBEOKR Y IR LICE Y Bz NA B Lz LTH, BREIREBICBWT SG 7L -
TTORLTWAED, ZT7Xvy v 7NSG-FGROV —27FERE> Yy N7 U T 5,
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(@) YRRV TYR-4—b (SG) I7 Xy

L& RV
o]
)avr/kvk
(SND)
T BRI
VSG < _Vpu"_in ‘ N 2 ". e_'L‘l_{VUIIB removal VSG > Vpu||,|n
R -t W
RN RvE-ToNoX-EoXvEvE-NCE-X-Xe [ H P——
i i Pull-in
| Pull-out Volge! P Voluge N/ N N+
N / P-type silicon AN

4; 2 0 2
Voltage (V)

X 4-13(a) SGSNM DT /\4 R#EERHKE., (b) SGSNM DEsA - JHEEE,

SGSNM DEE « fET FIE L LT, SG FL - A 2/ T 7 NEWEIC L A4 — NEEZL
D 3WILIENT & . SG—FG D ko FVEFMHNT, 3 L OFiAH L MOSFET €7 /L%
G T EAME R IEAT A R ToNA T v RS a L— 2 25 LT, 4-14(a)
DA TV REMEIRET L TlE, SG OF )L« L)V« T Mt % . SG - K
WO ERE Csa & RS IEA N Uiz b o RVERE A b 2K Brlc &
DWERLTBY, TNbEZEER T2 %7 hEF /L% SPICE ¥ 2 = L— X ITHAIAA
72

program read erase_read
St UL RIS R

(a) B s O —
voltage l—h‘ 'h" ) ‘
Vo) | [ md [ |
Vse ‘I.Uf.
s Readout |-| H f H ‘I
' SRR S N I
Cse(Vse) Vgp (MV) 0
Vy 2 = -

}

Memory

node 0 i: ‘5 ] “
Ve (V) 3 LJ——“J ,"' \ \,4""_._.-
V & A v
sb Readout 04 “q o
-~ -~ Current 0.2
Ios (HA) 0 ‘0 ‘0’

0 10 20 30 40 50

Time (ns)

=
..

4-14  (a) SGSNM w/LOZFMEIBETIL, b) N, TYy FEEIIaL—2avIt&
57— R SGSNM E)LDEA - BHE - BHIES KT,

ZDVI 2 b— g UE A VT SGSNM DO ESA - i EEIE A AT L 72K R, SG
1.0mm, F > RAEBEIEE 7 nm OFE I LT AEY ) — FOFEBERH ts~1.7 ns
Z1%7 (X 4-14(b) . ZOFEFRE | BliEk 3 ot H IRERMNT 1S WA S - 72 SG O
BV« A VENEIZET 2 B touin~0.8 Ns 225, SGSNM DFEIA « {HEFRRERIX ts +
toulin=2.5 NS EBAED T T v v a2 AFE VIZHARTHR SHENZ L 2RI L7z, F1FR
IZBWTIE, Y —R « RUbA UHEIBE TR S FEME MOSFET K (HSZHHFZ L
— 71 kic, Y7 b 2k Southampton Nanofabrication Centre ® MEMS 7' &
T AT SG TS (X4-15) Z & T, SGSNM 711 b ¥ A FZiMET 5 Z LI
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L7,

SD formation Thermal oxidation Gate pattern Anisotropic etching
& SiNDs/Si02/metal lithography (mask1) (RIE)
deposition
N+ , J
. e
Contact hole Contact pad Isotropic dry
wet etching deposition and etching
(mask2) liftoff (mask3)

4-15 SGSNM LR #ETOwR 70—,

422 VAT v REAF Ry MBI AEF - 74/ VHEVER O

NEMS £t & B+ b 7 > P XA Z(SET)ET & A LT, SET OF v X & AT
v R L L7 NEMSET # 1 (X 4-16(a)) #5% L7=, NEMSET T, WwEE &7
LEA Ry BREHIZERW G L D720, 6k SET Lk L T, ®%$% FERR
MDA A E Cop PRI (X 4-16(b)) . @F ¥ RAEEKED O DORRILIZ L HEFHD
Foh~HEMN, 7o EREx RN B D, NEMSET Of%EHIH - Tk, 3RITEEMR
Br & BB ME AT 2 AR bRy 2 2 b —2 a3 VATV, Cap DEF Ry b —
FERR [ BB AR A 2 T BRI L 7=,

185
-8 ¥
-
175 2
170 &
§
1655
£
1603
155 &
E
150 2
6§
- : 40
100 150 200
BOX layer thickness (nm)

4-16  (a)NEMSET 0 XEH & (b) HFEE —ERHEDBTE L HERED g, KT K.

FAERICIX, B RREEEICEY, SRER—7L72EXZ 50nm @ SOl _Eiz, B 90 -
150 nm O&FRYMNATL5F /7 Vv V%ML, &Ry h2flfA 9% NEMSET (4
4-17(a)) TlE, FNnEnoOEF RNy MIEEET 2@ 067 —MZHIINT 2 EFEZ2 A A —
TTHIET, MEE2EETRYNDOEMLZERIES KM LT b RV 2 — BRI

7o BT, EOEM 3HE FATTL DR RV BN E — 7 A& 72 K% (anti-crossing) g 5 (X
4-17(b)) % WAKIR CREMINZ AT LIRS B, e — L U Mo BE N R 7 A E e —
ZITMZ T, EHEOY 7T ERE —7&28HIL7 (K 4-17(c) . AT yRREDOL Y=
BT HPHCIASD 7 4 /B —ROBGREH R ATV, BlllSh e 7T —27 D)L F—
ARG IV E RN AT o T e, ZNHDOH T —208 RN CIAD 7 4 ) AT L
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DT 7o AR—7 R SIS B LDV BRI LD T 4 /v T AT YR b 3
VU ZIRERIL TWAZEZ AL LT,

Quantum dots

200 nm

0.04 0.08 0.12 0416
15.8kY X15AK ZA@nm B—FBE 1 Ve (V)

aeE—L 2k
700 ——— poziyo sy

(©

500 ¢ i TAHIUHNFELL=

= 400} / \3F§$¢$I~>?~U_>7‘

:_ 300 / : j\\ |

200 | . _

iy ,// N
o lusms A o S :

-200 0 200 400 T 600
2BFRUMINBEFTIRLE—E eV,
AE [peV]

4-17 (a)SDQDSET @ SEMEE, b) BRI SER{TIATHD b RILERD T —
FEE1 - F—FEE2/&FHE. XUV () F o RIVERDWMMIE LR
() ROEBERNIZA- =T 7oy k)

4.2.3 FARr—nNv U a2 EEICBIT DT ) T ) L ARRED R

ﬁ%xﬁ—wifﬁ@%ﬂﬂéhﬁﬁﬁﬂyf/%EWWT@7j/yH77$A4%%

fREAF 57202, JEE 3 - 10 VYV B EBo ) a @i s  BEE < 1nm=3nm DT/
AN ﬂX‘afﬂ%ﬁﬁ GOFTIC L 2F —FE - 74/ VB I 2L —vark
1To7-, BFIRRE 21X LCAO HEJEIZHESS DFT YR 2 L—X SIESTA %, £7/=27
F ) v DIRHTIC i% ﬁﬁ HEBEICFESS VIBRA ZEH L, ZhEERTKOZY
v Rayv B a—4% TSUBAME Tifidlfbd 5 Z & CREBIHIGHR 2947 L=, KK
FHE Lo U 3 UEERIZS O CE, Bl EICER SN KT L A ~—FNTEIK LT,
T )R KXy v TRRAETHZ EAPO TR LT (X4-18), #EEOE LI ME
B A DR A JE 0K > T, 2 DO KM EDOKFE S A ~—FI| O A BRI TEE D
WATMIZ 2 ENDN, ZHUCEIK LTI+ / o RX Y v 7O G, HikKm
N1 -1 015D (EEE) . HHV0IXA-10)E (L 10D (FEJE) 12Xy S
A ERbhrole, T2, FEKEZKRIGE LB YV arF /7 Ky bTHE, Ky MRz
BOWDE L HIZ, ORT RV —FEROFTET 5/ L AREER E OZIR N, @& K
T4 ) X =R T, BB E A, RIS ié/7%%%%~k@%@ﬁﬁ
B DHZEEWLNC LI, 2L ORI, v arv) s @Gk s 7
+ ) UEE AR TS Z L T, 'Beyond CMOS i8I COHri=/a ¥ —~< /L~ A b
R ARV — RIS O 2 B CE DR Z2RIE L TV 5,
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DFT simulation : Atomistic eigenmode
electronic states simulation: phonon states

o [meV]

15
80 110
60 +
40 i 5
20 '

ulk crystal

0 5 layers 0
[110] r [1-10]

X 4-18 E—RE - I/ 3al—2aviEnEXE (ER) &, 57
FREL)AVBEEO I+ / UoEEER (TR, O TRLUE=E
BN IA+/ UV EXry T,

(2) & D NTZWFFERCR ORDLK DA R IITF S L D0k

NEMS Z 'V a5 34 ZAOWNEBICH AT Z 12 L - T, WERDEFT /31 ATIEFEH
N7 B TR ECHRE A IRR L L ) L3201, Z< i ICEL T d, R4-1
IX~A 27 A 7r—1TONEMS-MOS A7V v RFZFEED-HLDOTHDLN, ZTONRE
BliZ, MOSFET /%7 — &M% al@ifgid & L= A5 v K7 —  FET(SGFET) T
D . MOSFET OHRIRAREZMZ DAL v F L T v T PRAEZE LTHIERNED LTV,
ALy FICHUAMT S, REEFRMEA T Y 0, BEERE ' oIS hNT 7o kk 2 7056 1R B
DIEEINTWDD, & - RNEREMEDO NEMS A€ VI L Tid, AFZEREN A FhH
T 2FEFEDOAEY BB EDOPFEIALEMT O TS, KIFRIZBWTIE, vA4 717X
=)L DFEAREE T OISR « EBREZED =N, ) A — b D B Z LT
XV, NEMS EfEsEom L L& He 280em ERMIfF s b, 20— T, NEMS #
WEOREIREN, WE - BBERESCABILAEDIC L DHR R EICRESLELAINDTED,

FFE OEEEZHIET D00 T ) A — AR = U TN L D, Ei

Ty T INT = VAR I TR EDRA AT — NV ORETTORENRKREL D L,
BARP R A — U o TR OBBAEA RRME E 72D LB 2 b, PR e xRN EE
LB, TWHIENEMS @GR &0 REZ2iETH D —7, F 7 ICT 7 /341 AW -
BAZEIZ BT D H 7= e B 2 Al 0 T K& 72 vl REME 2 LD TV D, S BT, ARiFZEICE
WTF/ « 7 hAARr—LDy ) 2 NEMS #EICk L TE LN WM RIL, 5%
?’Beyond CMOS Ik CHO ) /L7 ha=7 Aff%E - BBICBITLT 74/
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YU =T ) T OEEM L AREME A SN Uiz, RV U o B EEEORm K > b
IR LT FRHENSHA L7 4/ VN FEX v v OB T + /) v EFLDH
%, BAED ITRS THREEREO —D L LTHITONTWE T VERBT AT LDV —<
NIRRT AR s ZRAFR—REHINCH T AR A — 60T S —F L LTAEK

DIERPLVICHIFFTE D,

%= 4-1
Switch
Suspended-gate MOSFET

Memory
Self-buckling FG Memory

rm £l ™
Y. Tsuchiya et al., J. Appl. Phys. 100 (2006),

SG Si Nanodot Memory

N. Abele et al., IEDM 2005 M. Ramirez et al., ESSDERC Fringe (2008)

NEM-MOS /N4 TV F - R4V BT /N\A ADRFEE T DHE

Sensor
Resonant SG MOSFET

4_&‘? é;%\lOSFET
wwi [

F. Hassani et al., submitted to SSDM2009

Vibrating body (VB) FET)

[

I Drain—— ;;Qf\/
ot 415
Gate1  Gate2
7 v
(channel
Source I -

D. Grogg et al., IEDM 2008

® Seriously non-volatile

® High-speed
write/erase operation

® Conventional silicon

® Abrupt switching with a
subthreshold swing S
< 60 mV/dec

® Very low leakage

® Power management process compatible

® Extremely high mass
LOD of sub-attogram
order

® Co-integration with
SOI-MOSFET circuits

4. 3 7)o e AU TAT =T

4-3-1. Conduction in 3-D’bulk’ films of size-controlled Si nanocrystals

The macroscopic conduction process in 3-D ‘bulk’ films of
Si nanocrystals with controlled nanocrystal size and separation
(Fig. 4-19) varies strongly as a function of temperature. The
films were prepared by prepared by plasma decomposition of
SiH, at Tokyo Institute of Technology (TIT). From 300 K to
~200 K, conduction occurs through space charge limited current
(SCLC) in the presence of an exponential distribution of trapping
states. The trap density is found to be similar to the nanocrystal
number density, suggesting that nanocrystals trap single, or at
most a few carriers. From ~200 K to ~30 K, the conductivity
follows a In(o) o 1/T*? dependence, attributable to a percolation
hopping conductance mechanism.

I-V measurements were performed using Al/Si nanocrystal

Fig. 4-19. SEM image of Si
nanocrystal film. Inset shows
the measurement structure.

film/p-Si/Al ‘mesa’ structures (Fig. 4-19, inset), with current flow vertically through the film.
Devices with contact areas from 35 pum x 35 pm to 200 um x 200 um were defined by
electron-beam lithography and reactive ion etching. The films were 300 nm-thick, with 8 nm £ 1 nm
diameter nanocrystals (Fig. 4-19), covered by thin (~1-2 nm) SiO, shells. The nanocrystal number
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density Npc ~1.2x10"8/cm®.  Figure
4-20(a) shows the forward bias I-V
characteristics of a 35 um x 35 um diode,
from 300 K — 40 K, on a log-log plot.
The inset shows the characteristics at 300
K on a linear scale. The characteristics
are diode-like, due to rectifying contacts
at the Al back contact, and/or at the p-Si
substrate-Si nanocrystal interface. For
applied voltage above ~1 V and from
300 K to ~200 K, the data lie along
straight lines, corresponding to a | oc V™
dependence. For this temperature range,

Current (A)
=)

-
<

1 267
- 200 K

280 K

@)

(b)

100

0
Voitage (V)

Fig. 4-20. (a) log(l)-log(V) characteristics of a 300 nm
thick Si nanocrystal film, from 300 K — 40 K. (b) I-V"
fits to data, with cross-over point V..

m increases from 1.8 — 4. This leads to convergence of the |-V characteristics, towards a ‘cross-over’
point V.. Below 200 K, the curves do not converge to V.. Arrhenius plots of o show that above
~180 K, transport is thermally activated across potential barriers, with activation energy ~200 meV.
Below 180 K, the data can be fitted to a In(o) oc T2 dependence.

The characteristics from 300 K — 200 K are explained using a SCLC model with an
exponential density of traps. Free carriers (holes) are injected from the substrate into transport
states in the valence band in the nanocrystals. An exponential distribution of hole traps above
these states reduces the number of free carriers. The total number of carriers available for
transport varies with temperature and applied voltage. Assuming constant mobility, an
exponential trap distribution, and a free carrier concentration much less than the trapped carrier
concentration, the SCLC density follows a J-V" dependence. Here m = 1+(T;/ T), where T is the
temperature and T is the ‘characteristic temperature’. T; is a measure of the characteristic energy
E: = kgT; of the trap distribution. Figure 4-20(b) shows I-V" fits to the data, at 280 K, 240 K and
200 K. The data converges to the cross-over point V. and the slopes give the exponent m. The
values of m give T; = 1670 K and E; = 0.14 eV. The cross-over point is given by

V, = (eNtd : )/(28580 ), where N is the trap density and d is the film thickness. Using V.= 17 V

from our data, we find N;=2.3x10"7 cm™. This value is very similar to the nanocrystal density
Npe ~1.2x10" cm™, implying that only a few carriers are trapped per nanocrystal.
Single-electron effects or the existence of only a few trapping states in the nanocrystal/SiO,
shell may limit the number of carriers trapped per nanocrystal. Our experimental values of T;
and N;are very different from amorphous Si, but are comparable to CdSe nanocrystals of similar

size.

We now  consider  the
temperature range ~200 K — 35 K.
Here, the thermal energy is
insufficient to ionise carriers from
traps into the transport states.
Conduction then occurs by hopping.
Figure 4-21(a) shows In(o) vs.
1TV plots at 4, 6 and 8 V, from
200 — 35 K. Here, the data follows
straight  lines, implying that

Inc (Qcm)*

R
i

N
[ee]

)
N

)
N

w)

3

0.08 0.16

0.12
1/T1/2 (K—1/2)

O expl— (To /T )% J where Tg is  In(o) vs. F"? plot at various T.

a constant of the material. This
behaviour, also observed in

.18 R
450 500

550 600 650 700
F2((viem)™)

Fig. 4-21. (a) In(o) vs. 1/T" plot at fields (1) F = 1.3x10°
V/em (2) 2x10° V/em (3) 2.7x10° V/em, from 200 — 35 K (b)

metal-insulator nanocomposite films and in other semiconductor materials, may be explained by the
percolation hopping transport model of Simének or by Efros and Shklovskii variable range hopping
(ES-VRH). The percolation hopping model considers thermally activated carrier tunnelling where
the activation energy E, for hopping is caused by the energy difference between the first electron
level E; on neighbouring nanocrystals. E; is the sum of the single-electron charging and
quantum-confinement energies. Variation in the nanocrystal separation and diameter leads to
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variation in E; and therefore in E,. As the resistance between nanocrystals varies strongly with E,,
the nanocrystal film may be modelled as a random resistor network described by percolation

conductance. This gives T, = (ZP S EamaX )/ (kBa ), where P, is the percolation threshold, Spax

C T max

is the maximum particle separation, E;max 1s the maximum activation energy, and « is the carrier
wave function decay length in the SiO, shells. We find To ~ 1.15 x 10* K for our data, in good
agreement with the experimental value, To = 1.23 x 10* K. In contrast, the ES-VRH model does not
agree very well with our data, with Tp much greater than the experimental value and a very low
maximum temperature for hopping ~5 K. Our results are similar to percolation hopping transport in
Ge nanocrystals of similar size.

The electric field dependence of hopping conduction through the nanocrystal films has also
been characterised in detail. We find that the hopping conductivity o follows a In(o) o F'"?
dependence for F > 1 x 10° V/cm. Figure 4-21(b) shows the field dependence, as the
temperature varies from 40 — 160 K in 20 K steps. We demonstrate that both the temperature
and field dependence can be described by a single equation, using the concept of ‘effective
temperature’. This considers the influence of T and F on the hopping conductivity using a single

!
quantity, T (T,F)= [Tﬂ + (AF )ﬁ ]/ﬁ . Here, the factor AF has units of temperature, and f is
a constant. Furthermore, A is proportional to the hopping length. Hence, with £=1/2 and AF<<T,
we show that o oc exp[— (T, /T )% +(F/F, )% J , describing our observed data.

4-3-2. Current percolation and single-electron effects in 2-D nanocrystalline Si thin films

We investigated single-electron transport through a 2-D multi-island system formed by a
nanocrystalline Si (nc-Si) thin film. The measurements were used to identify, at 4.2 K, the
location of  single-electron

charging islands within a 100 l2 (PA)
nm x 100 nm film area. The 4 8 1100
film, prepared by low-pressure S 2f
CVD, was 40 nm thick and \'%T’ 0
heavily-doped  n-type. The =
grains were ~10 — 30 nm in size, > -2}

-4 0.00

separated by ~1 nm thick grain
boundaries. Novel, cross-shaped,
single-electron transistors (a) (b)
(SETs) were fabricated in the

film, where four terminals Fig. 4-22. (a) Cross-SET in nanocrystalline Si. (b) Grey-scale image
connected to a ~100 nm central  of current in terminal 4 at 4.2 K, with gates 3 and 4, and gates 1 and

region containing ~10 grains. 2 operated in common.

Four side gates controlled the

device current. Figure 4-22(a) shows an SEM image of the device. Single electron oscillations
were measured in each of the four terminals, as a function of the gate voltages. A typical
measurement is shown in Fig. 4-22(b), where gates 1 and 2, and gates 3 and 4, are connected in
pairs, the current is measured in terminal 4 (grounded), with 3 mV applied to the other terminals.
The single-electron oscillations form patterns consisting of lines across the plots, which can be
used as ‘fingerprints’ of specific combinations of charging islands. The patterns were associated
with electrostatic coupling between quantum dots formed by the grains. Coherent electron
coupling effects were also possible. An analysis of the patterns was used to identify the number
and location of charging grains. Four charging grains and six bi-directional percolation paths
existed in the device. The results illustrated transitions in single-electron conduction from single
island to 2-D, multiple island systems.
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4-3-3. Room temperature single-electron effects in 1-D Si nanochains

We demonstrate single-electron devices using
single Si nanochains. Very strong single-electron
effects are observed at room temperature, raising
the possibility of practical applications. The
nanochains, prepared by thermal evaporation of
Si0 solid sources (Sec. 4), consist of 1-D arrays of
~10 nm diameter Si nanocrystals, separated by
Si0O, regions. Figure 4-23(a) shows a TEM image
of the nanochains as synthesised. The nanocrystal
marked ‘A’ has a diameter of 12 nm. We fabricated
SETs on single nanochains using Ti/Al contacts
and electron-beam lithography. This involved
dispersion of the nanochain material in IPA, spin coating of the
nanochains on SiO;-on-Si substrates, location of a single
nanochain by SEM, and fabrication of Ti/Al contacts by
electron-beam lithography. Figure 4-23(b) shows an SEM image
of a device. Figure 4-24(a) shows multiple step Coulomb
staircase characteristics at 300 K, from a device with a 180 nm
nanochain. Here, the drain, source, and back-gate currents Ip, Is,
and lg are plotted vs. the drain-source voltage Vps. Figure
4-24(b) shows Ip on a log scale.

Our nanochains form multiple-tunnel junctions (MTJs),
with single-electron charging in the nanocrystals. The
characteristics of Fig. 4-24, with strong steps varying in width
and height, and a low threshold voltage V: = 0.35 V, may be
explained using the stray capacitance Cy caused by
nanocrystal—substrate coupling. Figure 4-25(a) shows the
circuit model. Single-electron Monte
Carlo simulation may be used to fit the Ri Ry
data. With the number of islands N = §,
we find C =0.12 aF, and Cy = 0.1 aF. The
tunnel resistances R, vary within 50% of a
mean value of 82 GQ. The

Fig. 4-23. (a) TEM image of Si nanochains. (b)
Single Si nanochain SET.

2 3 4 5
VDS(V)

Fig. 4-24. Si nanochain SET I-V
characteristics at 300K (a) linear
scale and (b) log-linear scale.

Rn
C

single-electron charging energy of a
nanocrystal is very high, ~ 0.32eV,
~12kgT at 300 K. As Cy/C increases, V1 -
reduces (Fig. 4-25(b)). Furthermore,

Drain current (pA)

70

60

50

40 |

30

13" C, removed . -~

Pt C, removed

10 b

removing a single C, element within the
MT]J creates the observed variation in step
height (Fig. 4-25(c)), due to a ‘bottleneck’
in the MTJ associated with an increased
local charging energy.

We also demonstrate a fabrication

200 ..
4-3-2-1 012 3 4
Drain voltage (V)

(b) Vo) ©)

Fig. 4-25. (a) Nanochain MTJ model. (b) Effect of
varying Co/C (c) Effect of removing one Cy element.

process for Si nanopillars, of interest for electron emission, electro- and photo-luminescent
devices. Arrays of nanopillars were fabricated in nanocrystalline silicon, forming a 1-D Si
nanocrystal system. Here, a ‘natural lithography’ technique using colloidal Au particles as mask
for reactive-ion etching was used to fabricate nanopillars ~100 nm high and ~30 nm in diameter.

4-3-4. Si nanochain growth mechanisms

We investigated the preparation of Si nanochains using metal-free thermal evaporation of SiO
powders. The nanochains consist of 1-D arrays of Si nanocrystals ~10 nm in diameter, separated by
narrower SiO, ‘necks’ (Fig. 4-23(a)). Yields up to several milligrams are obtained, higher than is
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easily possible with metal catalyst assisted CVD. Furthermore, the metal-free nature of the process
leads to uncontaminated nanochains, consisting of only Si and SiO,. It is also possible to control the
nanochain morphology by adjusting the growth parameters, and to obtain concentrated and stable
dispersions of nanowires in solvents.

Si nanochains were synthesised by thermal evaporation of a SiO powder solid source at 1400°C
in a quartz tube furnace. Ar gas carried the vapour through the tube. Nanochains/nanowires were
synthesised in a cooler part of the furnace at 900 — 950°C. Depending on the growth conditions,
50% — 90% of the material formed nanochains. Figure 4-23(a) shows a TEM image of nanochains
grown at a pressure of 400 mbar. In different nanochains, the nanocrystal diameter varied from <10
nm to ~30 nm, and the separation from ~15 nm — 40 nm. A thin SiO, shell, ~1 — 3 nm thick, covered
the nanocrystals.

The number of nanocrystals in a nanochain depended on the length of the SiO, ‘necks’
in-between. It was possible to control this with the ambient pressure during growth. As the pressure
was increased from 400 — 800 mbar, Si nanowires and nanochains of different morphologies were
deposited. At 400 mbar, in different nanochains, the length of the SiO, necks varied from ~20 nm to
several hundred nanometres. In contrast, at 800 mbar, the majority of the material consists of
uniform Si nanowires, with very few nanochains. At 800 mbar, the SiO, necks in the nanochains
were only a few nanometres long. At intermediate pressures, intermediate values of neck length
predominated.

4-3-5. FETs using Si nanowires created by electroless chemical etching

We have fabricated dual-gate FETs
using Si nanowires prepared using metal
induced oxidation and wet etching of a Si
wafer. The process demonstrates an
alternative to CVD or lithographic
fabrication of nanowires. Large numbers
of SiNWs are formed (Fig. 4-26(a)). The
nanowires vary in diameter from 40 —
300 nm, with very large aspect ratio
~3000. Ti,Si, contacts are fabricated on
single, selected, nanowires. An aluminium o . . ; .
top-gate, combined with a back-gate, —_— v, )

forms a dual-gate transistor (Fig. 4-26(Db)).
In an n-channel device with nanowire Fig- 4-26. (a) Si nanowires using metal induced oxidation

and wet etching (b) Si nanowire FET. (c) Dual gate output
characteristics. Vig: top-gate voltage, Vig: back gate voltage.

_ng:ZV,Vm:OAV

diameter ~70 nm, the output
characteristics show current saturation,
with maximum current ~100 nA. A drain-source threshold voltage exists for current flow, controlled
by the gate voltage, and assists in device turn-off. The on/off current ratio is ~3000, and the
sub-threshold swing is ~780 mV/decade.
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* Atomically-controlled Si nanostructure fabrication
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Heterogeneous silicon - organic / inorganic interface

Advanced nanotechnologies for ‘More-than-Moore’
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UNIVERSITY OF

SOth ampton (\' N‘AINI’ZF(AJE RICATION CENTRE

CLEANRCOM

BYPFNUERE R T A (201043 H) ORALZ —

73



9. W

XAV arOEERIEIC OV T, Wk U a v B ER Y SE S L v
I, ENLHER L2 LD WnW T —< IV A AT, 2 RSTERBLY O KmfE(kic bR
YN L IRIFEMIEER SN, L L, 2RGCEBEOERICEKRL) Lo, 5t
HMORKERTHY . XAV Y a U BE 2 IROCEOBERFFHFHNIX K 2o T, T/
Ny MEOKEGZRICHR T 5720, REBILEE A2 T 5 50, BEEEEZ T H
THHFEREDONRPLETH D,

F 2V ay c ABZHAET AL RTHONTIE, Y Ial—ya k%L DOk
REZTDHZ EnHKZ, NEMS AE U T34 22N TIE, B O &0 RV ZHIE
FICHBE RN X =0 NZ &0, EREMNINL L TV D72, AE U LARFFRER] I 100
ELLERHIRECE B2, MORERMEATY &l U TRET RS LT -
720 NEMS A€ U OFEBRMFEIEICOWTIE, Bl L7727 A ZAORIEORKEMETH 5,

T REE IR 7R T 4 ) IR OW T B BRI, BRI B OMER A R, L
TIXFAELZR, 74 ) U R ¥ » T OFEA BRI L, FZBRIICIE S/ fEo
BT 4 CHEERICEAE R T =7 2BAIL TS, ZRODORET, -/ WS
BT DH LWEMSBTORIRICEN LA 7 FORENVEDOTHLH, ZNHDORE%E
JCIZ 2010 - 3 AIZH o7 F U RFECEHEY VARV Y L ERET 5, T/ A/
L7 ha=7 ZAOFEIZ X D8 LWER DO EZE T 25820 EHfFI TV 5,

NEMS $LiRE I E A BT 5, vV 2 U BEEREE 7 MR 2 B U 72 EREFEE, Y
VIO FEENZ TR o7, BL T4 VT 4 REETHLN, YU a PIoEAR L —
P UL TREFER SN TN D, FRD > Y a2 ERBEIRNEEAROICHIZHIRE S LTV 5,

INLOREERET DL, RFROEMRE L LTX, +oICEBEANEND & B R
L TW5, FITE 7B R LTINS, B FIEE OB RERNEN H > 7=, SORST
ORI TRZT TS 132 OFANEERBEAET Lz, £/, 77U vy
KREOHEELFBRETENHRITRICRA R L LTSN, HRLKTRR FZ ZED -0
RENA XY TAH Ly IR SN, S50, HLRKRE T RO LRSI,
Uy VRERY P T R R 3-6 2 HEHEL TR 2B 2 oT-, 2D XD
WCEBRM 72 AM AR B REAAC/R Y FREZE N HIE L TSR 27200 TidZe < EBE
OBFFEH Y 2 23 E B2 E BRI R & F2hE 3 2 IR 23 k72 2 L 1d. BAWOBFERICKE
BWHE A L7679 2 &k,

RiZlZ, 7ayz7 FOHEEIZY T THREW W SR BEUEA . TR OPITOE
EAZBE L CRER T ETAEW -, JST HEIo = LS, YEEs S, sHEES
FITEWEH OB EZR LT,

BZIZ, SORST 2 AT ) a v F—ADT — A RHCMAEEOELSTEHEBH T 5, Tuy
=7 FOFHEKIMeDIVUEENTH 5,

/-_\F'M‘

{EALERRIRT
{

K 9-1 77U vV RFECTHME
DF— ADZFEKZTEZ A,
(2005 48 H)

74



X 9-2 ‘&ILEEESFES CH
D TF— Lk,
(2009 £ 9 A)

X 9-3 ZFEXZO
WIRAE =G IS eea
(2008 43 H)

9-4
IN—T 4
(2008 £ 12 A)

RBEDO Y ) A~ A



