SR} MR} 2K} (Molecular Electronics) &1+ Zgk

- Oj&t& -

Yale ti¥}
AR 4+

TLME

# A 2] microelectronics AF-2 2 &2 2 Moore £
3 (19 DI Zo] 4B F7he duhv g2 237}
£ A9 g + e7t g 1WA Ve Bt
T glom AL WAdE AFst At (1] 8
At ol A& J AT 57 FAE 10-159¢ Tl
A O E RALR G S5 Qi) T o]f 2
£ A2 £247F 2B hE| o] Yl nlE £E7HA] =Y
B9 ofAbs Aol 9F B dE B LR A
A2 2247F Aok o 718 4FE dolvEe ¢
2132l zrghoA 9] 4, 1 2o YienlE &
of Aol MAl axte] EAE AAEE A71H EA
& Aojdfof 3t 7] @Al A Fo] Ut [2) Bt
oty 2}, CMOS(complementary metal-oxide semi
conducton)E WO 2 3t ¥l A 7| HAto] 2)3}
9, 2¢ 3094 W7 1Y A3 E4E A 3t
AHZo Fast Myl Ald ul§ £3 F43] F713)
2 1 ko] A& Moore 2] A 2 §{ & oletx RErt
19 2). #A 9 A3 A7t vl = FEF
A48 79201090 HH, 22 A2E 4% AlE
d]-g-0] US & & £ $50 billion(302 et 4288 7
LR-R Fg 2 =

A AHEE T Qe lithographyofl A% REE A
LA 7|e9 TAE &31HA, o] E FET
£ 9= AN g B2 A2 4 A (molecular
electronics), %FAF # ¥ El(quantum computer), H A} A
¥ a5 2L 7] A=t 28 3
ol 2| gt & 7}2| o] tfA| 7| &-EH A2 E CMOSE vt
o2 g 7leite] AT, v, % M4 AP &=
ZHojA 2 A%g o & v ITRS(International
Technology Roadmap for Semiconductors) = 3 o]t}
[3]. ol m 3ol o 5teH, EA AA} 28] A= 1A

10°F g
F DRAM o
108
§ F | Doublingtime o
g L iBmenthe [ Fanian Dragres
- B0AR6 Pentiym Pro
108 (W
3
é E Processor wzee O
z!105z {3 803480
(=4 o
wh D s0ae
E [ a0
T
1872 1976 1880 1984 1908 1902 1996 2000 2004 2008
Pate
T8 1, Moore®] HAl Btz A HXL AKX FHE
geE A%
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18 2. Moore? H| 2 ®A|: dte | Mu| B8 &7} A

Emerging Technology Parametrization
} 3

38 3. 4@ CMOS 7|t Cl@ DEAE 7|eEn
o ol& HI=(International Technology
Roadmap for Semiconductors, 2001
Edition)[3].

A, A8 AER A4 G 7HE Aojgt
I o 4E 3 gl

B2 AR 22F A 718 L f7] #AES
microelectronics H A A2 o] &3 d] 3leH, 2|
W10\t o] 2 AT AEH HEE FAA,
A9 7eg o R v & vl o] Aol df Al
= d&ol A o, 1 4¥E 7HsA e el o
3 7k Qlom st A7 Hoox e AA
o] T}H4-6].

22 Wi Hor s Uk AKX

B2 HA A= 19743 Aviram3 Ratner?)
D(electron donor)-(barrier)-A(electron acceptor) % 4] 2]
o] 7] EA7} obA] wte A A2 Azbe) Sy
Q! pn junction ¥ Y r}o] 2 E(diode)2 AHEE <+ 9
th At Al AlRFSHETHT]. 8HA| L, o] B3t o] &
3 AQtite e, @A 22 A3 Ao oj3g
o2 AYH LR FHIE HE A 7170 20
E U} 2| 2of A oF, Langmuir-Blodgett ¥4 2 2 A
e {71 4 layerof| A] tho] 2 = #Abo| 7Hs3e)
£ A& B FcHS] Bl3h A7, Reed Z1E 0
A= &4 break junction 7] & & 0] &3+ self-
assembly 41 © 2 A 2HE shtl(FL 3 Ao &
7| BA AR ARE BEA S SO AL R
AFUTH 9] L o|F R, AR 7] EAER A
A, ol 2 =, A9 R (switch)[10, 11], ¥ &2 g
(memory){12, 13] F THFSH AR} AES AHH L
ZFEEHIT

A A} 224 77 #2449 2] 7| Estu g
ol R A 7|2 ot Q). §3] i
Aar 224 §7] 218 2.3 7|7 B9 249 3
A oA 7le St ARl AF B0 Aujgo
BT U2 A7|Rtgolu A8sHA Azt wjgo) 7}
Foch BAb AA; 224 1A s opy g} A
H-§, LAE 7|82 Z54E A4 Ay dolA 1)
43 240 A4 2] 71g9] EFHAET L o
A 71e 7He LR 1 A7t S AYE
3 §len, Science &A= BAF HAL 22 RobE
“Breakthrough of the year 2001” 2 2] A 5} c}[14]. 8}
AR B BA HA A} ATt o A 3] microli
thograhpy 7| gl &3 &9 3|2 vjAlof oj&3ln
Aen, £7] BAEE AYAE Yeug 27)9] o
o E3) 1§, A AL 7]€< e-beam lithography
of &3t gl AAo|rt o] =RoME Bah A
Ap 22pe] F o] AT Hekm g8t 9lojA e
A2 Aol daAl 7| estnA gt

2. Molecular Self-Assembly

7} #A} layer+= self-assembly ¥4} 2} Langmuir-
Blodgett ¥4l o 2 &3] & & E}[15]. &3], self-



assembly "H2(TH 4922 A= E §7] BAES
7| % Wsubstrate) EH| HHE layerE ©| A HE
9], o] & self-assembled monolayer(SAM)2} 11 HEr}
[15, 16}. 7}, gold substrate-S alkanethiol -§-7] BA}&
o] & &9 &of g F E AJ7te] AU, 19 59
A} B o] | & scanning tunneling microscopy(STM) A}Z]
ANMAY (J3/3)RI0° +29 FHH E2 layerg ©]
A dcHi6). o] F-2oll, 57 £29| thiol 1§73}
gold 7| Aot o] 584 ZHY & (chemi
sorption), 12| 1 o|% 25| AFZ Z-E-(van der
Waals 3)) 0.2 o|o} Zr-2 Hg g 728 o|F A "ot
Fourier transform infrared spectroscopy(FTIR) 52} -+
232 alkanethiol #}+= gold 7] % {2t oF 30° 2t
B BA A2 E o] A Hrh Xt EitH17)
Alkanethiol(CH:(CH).- SH) #-7] 24+ 743 A3
7t @o) & /7] & 9 shueld], doj= 124
ol g Azo|w, i 8¢V 2] HOMO-LUMO energy
gap(HOMO:highest occupied molecular orbital, LUMO:
lowest unoccupied molecular orbital)& 7}% insulating
Ao #2112 A Q). Wi, &9 conjugated
Aol BAEL porbital 2 AZAE 0} 2, elec
tronic 327} delocalized o] 91o] A, alkyl 4] o 32
2" BAEE TN, alkanethiol) A =4 o] Fol

(a) ‘

ACTUAL SELE-ASSEMBLED MONOLAYER

backbone —*, Z
functi l__,, mteractions
end group chemisorption

at the surface

a8 4. (a) Self-assembled monolayer (SAM)?} &
dele Eg 498 I8
(b) ZIMB fioll HYE SAMEe| HHE

U B 83 272 ALgE7) 7} ol B,
o] &} %} conjugated ¥ 4] 2] E 2} FZof red-ox(reduc
tion-oxidation) “1-g-(group)& H7}8HA 1, theFdt 11
F& A BRE detA o §4 Ao 2N,
+7) B2t A% A7) A BEAE 7MAAU, &2
B4 BN gt vh AHE 3 E AofE
= St 3t 92, Reed A ¥4 1F A polypheny
lene 4] 9] §7] Batof tjfst 1 5L gty og
A dotsted 293 EAE B3 o1,

H| & STM -7 Z7}7} alkanethiolof] B] 34, conju
gated F4] 9] 7] EAE A= FEstA B
AEA Y2 = g ot 1 6o A9 o] B HEH
{4-(phenylethynyl)-phenylethynyl]-benzenethiol self-
assembled monelayer7} A 41&-& & 4= cH18].
183, gold 7| )W 5 v|REe] ZHE B HAMK F2

EELY - b K1)

I8 5. Au(111) BHol 4E octanethiol (a) self-
assembled monolayerE B2 STM ARl (b)
A HEE (c). Reprinted from[16], G. E.
Poirier, Chem. Rev, Vol. 97, p. 1117(1997).

(8) (b

5H
I8 6. (b) Aut1tt) B0l HHE 4-[4 ~(phenyleth
ynyl-phenylethynyll-benzenethiol
{a) self-assembled monolayer® =& STM
AFHA: 300A%x300A), (B9 C: 804 %80
A). Reprint from[18], G. Yang et al., J,
Phys. Chem. B, Vol, 104, p. 9059(2000).
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b8 46 A—" " v

28 7. (a) Break junction 7|&8| H3E,
(b) Benzene—14—dithiolate §7| A2l H
B-HY EY B,
Reprinted from[9], M. A. Reed, et al,,
Science, Vol. 278, p. 252(1997).

£ o| A "k 17} H ATHIS]
3. At AL AKX MUIN |/ 7

Ao Ba} AR a7 71e2 f7] EAEY A7)
2 B4 AFoARe ARSI ot A7 A EA
Aol A 7H of B A2 &a Az ot A&
o] BAl Azl Ao AV A B dre F2 A
oh-g Aol F9& o w3 AF Al HBE
&g, o33t W71 BEAE H457] YA 12
Uinlg Zdolo) §7] £ FE 4 AT
(metal contact)& THEo] Fojof dtt @A B2} 24
EA Ao 3t 22F FAl(estbed) o] Tl B
2 AT HI YT, vhFSt &2 FA o] &A47F
g qict. otdfioll A A7 &7 self-assembly
Aoz Aztd B 7pA] BAp Az L2 FA T £
= A7 EAof disfA dgstazt gt

3.1 Mechanically controllable break
junction
B Az Ao A7 A AR HotEE
Aoz Reed 1ENAH 18 7o) A MY break
junction 7] &-& 0|43, Ax4E W htE-L
2 7J¢]) benzene-1,4-dithiolate §-7] 2} Alo]2 A
B-HY E4L 2438}, Coulomb gap -2 A9
Fermi level @} molecular orbital level7+2] mismatch2

24 (i HOPE - Y 2K

HAE 5 e 0.7V 7HFS] gapol US& BT
tHOL o] AY AT Aibe FA Y o] 7R
Aol BSITH19). £ ohyt, Hid 7= o
g AN FAR §7] EA4EE o83t A
F-A4& HA8AH20,21).

3.2. Scanning probe microscopy

Scanning tunneling microscopy(STM)&= 22} v &-&
ARe 2 HE ¢ Qthe EY SR SAM A7 &
3} AHE-E| 3Tk STME ©]-&-8to Weiss 1F A in
sulating 2| alkanethiol SAMj| 4} <] ¥l benzenedithiol 7|

NKVYIN (nA)
abhonasoon

05 00 05 10 QQ
Tip blas (V)

T8 8. Ltk SXl/octanedithiol/Au #+XZ C-AFM

YHer EHE HR-NY A

(A) &8 49=

(B) tHEH CiA 7ol MB-Fe =M

(C) (B) HIE HSE LIFUE.

(D) L= %8| histogram. Reprinted

from [26], X. D. Cui et al.,, Science, Vol,

294, p. 571 (2001),

12345
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9] conjugated ¥2HE 0] alkanethiol AR T A&
Aol Hojuyths A& RAFQIH22]. 121 H%
3 4tel A% 4 0 2, phenylene ethynylene £21-5
o] 2913 FAS HAL AEH o= Ayt
[23]. 3+, Reifenberger L& 4] xylene-dithiol(HS-
CH.-CH,-CH,-SH) 47| B2} 2 gold v A
/xylene-dithiol SAM/Au 72 ¥ 4]-& A|&ste] shit
9] xylene-dithiol 7] £4+9] A8gh-& 18+ 12MQC.
2 of| 23} tH24]. 18] 31, Lindsay 1F N A & ¥l
3k Ui 9] A}/octanedithiol/Au 2 & A 33ted con
ducting atomic force microscopy(C-AFM) W o2 A
2 AGE 2R3, AF-AY F4o] 71 F
Aol A4ui7t H& A, 3119 octanedithiol
7} 82}9] A3Hzko] 900+60MQ0] HE A &3t
(2% 8)[25].

3.3. Nanopore
2% Ha)oll A A8 E 49 Nanoporezt il £+

() (b)

‘ ON {‘

(c)

lea = 1.030A

12

1.0

0.81

06

0.41j

Zf1T=50K Ty = 1pA
. Y

I(nA)

Voltage(V)
12 9, (a) Nanopore AXtel HHE &,
(b} 2-amino-4~ethynylphenyl—-4-ethynyl
phenyl-5-nitro-1—benzenethiol £7| X}
(c) NDR EAE =0ixE ME-TY &% #
3}, Reprinted from [11], J. Chen et al,
Science, Vol, 286, p. 1550 (1999),

27} % 4§ 0] 85t Reed LF oM g £2
Az} £21e) BEAE A3Hlth &3, nitroamine re-
dox center”} & 2-amino-4-ethynylphenyl-4-ethynylphe
nyl-5-nitro-1-benzenethiol #7] &2} o] 4] negative
differential resistanceNDR)2. 2 AW EE 293 &
A ZAAHIE 9b)I[11]. #F ok 2} vl &3t
F71 BAER o2 @A FREATHI2L

3.4, Electromigration nanogap

Mechanically controllable break junction 28} H] &>
34y F2E 29 109 AY TYqM BoAE
BE2} 7o) electromigration ¥ © & nanogap 7+3% 8§
A9} Azo] 7bs3keH26, 27). B3] o] T2 YA
gating A& H7HE 4 Qe AHE YT Lo F
2o A F22 4Fg @1 Yo 4 E £,
McEuen/Ralph 18 9| 4] [Co(tpy-(CH.)s-SH).]** 2t
[Co(tpy-SHY:F 7] B9 A7-AY BAH& &
st e, At 22 70 (Co(tpy-(CHo-SH):F* 7]
H.z}0] 4= Coulomb blockade FAH-& HUI(1H
10), & [Co(tpy-SH).)*" 57| 24} 4 = Kondo
effect-g HYTH B]S8 7|4 2 Park TFoIA = [N,
N,N-trimethyl-1,4,7-triazacyclononane)-V:(CN)«(m-
CNJ)] 57] B-=}o]| A Kondo effect& 1 o] 3= tH?28].

Vg=71.0

0.8

~1.0- T T
~-100 ~50 0 50 100

2% 10, Gate FY H8j0o| WE [Coltpy—(CHals—SHRT*
f7] BXN &HE HR-TY 4 FI. Gate
HMel2 ~0.4VOAM -1.0VIRl, ZHI2 015V, ¥
2 A9l 13le electromigration nanogap v%&
9] AFM AMl(scale bar100nm), OfH% 48 1
g2 N MYE Reprinted froml27], J. Park
et al,, Nature, Vol. 417, p. 722 (2002).
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3.5. Cross—wire junction

Cross-wire +2& 19 (a9 A2t Zo] 3 HA
o 7E &3 A713& dolA 1 HAl°] Lorentz
Yog 3o F Mo §7] B& layerE Atolof
FI HEZEE T2 FAloltH29, 30]. o] ez
Kushmerick et al. 2 dodecanedithiol(C12), oligo(phenyl
ene ethynylene)dithiol(OPE), oligo(phenylene vinylene)
dithiolOPV) 5 S 3t 7] RAES AF-HY &
g A, B2} TR0 T2 R4 WHE @
TF8HETHIE 11()][29].

VO 02 0 08 0B WD
Votage (V)

a8 11, (a) Cross~wire & MY%E,
(b) MZkX| R7| EXIML ME-HMet &H F
2 Reprinted from [29] J. Kushmetrick
et al, J. Am. Chem, Soc. Vol. 124, p,
10654(2002).

H] 523} cross-wire -2 2, Heath 1§ o) A &= Lang
muir-Blodgett ¥4] © 2 |5 catenane 7] $ALE
& cross-bar 7% Ato|of] AQlEte] A9 AL B
o] ES1THI0]. ol =, Williams TFo A 2 2 8l
cross-bar 2 & ©]-28} rotaxane §7] BAE R 7]
o £ 32 E FASIYTHIY 12)[13]. 19 12(b)
+ e-beam lithography £} nanoimprint 7] & & #| 23t
A3 cross-bar 3|29 AR E0]0, 1um X lpm
A Qboll 64bite] 59 71 L2464 Gbitfem?)E
o] £99)r}.

4. BA+ MR} A H519] M

A AR 42 7] @0 &S AsA, TR

26 1l Ej0118 : Lhe AR

(b)

% 12. {a) cross—bar 8|2 X MUK, of2fZ I8
£ rotaxane 7| Bx},
(b) ®MZBt crogss—bar 871 8t 719 AX} A}
ZHE. 1emxipm Ol 64 bit dE9] 7i1H &
g ZEStR QU Reprinted from [13], Y.
Chen et al., Nanotechnology, Vol, 14, p.
462 (2003),

= 38 7H7E U Ui 229 EAT @4t o
3 SRS 037 A= ojof & Aot 71 HA)
HA & 7] BA7F oW F U oz A3 Ay

= 719 2% ARE ety eA ) giEA o
AFEL =40 Ha Qle AAolch F83 o]
Sk ofy e}, Ui Axpo] HAo o3t Al A
(reliability) & %24 (repeatibility), AtZ-&(yield) & 3}
FAIR & gl F 8% Aot} &3] a1 Hap &
2ol 8713 AY o] B AP =
17F H ol 2] o & AP Ao M vk Aol Hof



A3 Q7] gon, Aol 22 AEA YoMz
Ab ghEo] o3& AAojr}. o] ik AXE o] F
g AR 229 AFALE ojEgo 2 7)1
th o & B0l 4 A2 2214 A7 H B4 S 33
3t7] Y84 &3] 12l E ZolY §7] £29)
FE 34 A& g Folof dte=d], il
BAEe F Y 8% AF0] AR HZ3}E short
circuit &4 7 YA AL, ol H F L) F4 A=
Apol o} 7k o] f-7] BA19] dolrrt ojA A7)+
open circuit A7} A}, o] 4bE-E(yield) S
AABHA A3HAI7]= a9le g 283t 9 h3l,
32]. o] 2 I3t FET A% AZ A7 B0 2
B2 AR &2 Aof thabe] 4= A (reliability) ©]
ozl = Y102 283} 9}, o H 9] M4 ofj A
4 24 B4 a7 AFe g 24 34
27WHR AT, oF A = ZHH BT Al =] ukgh uh4 o
A= I YA Y= A Aot

EOE EAHLRE BEEHT ¢ e 7] E49
A713 Aol REF Aot} o & Eof, 77 £
Aol A A& Bl A7 Z7)7F choFdt 22 4o
A g e g A E Ut o) junction HA(1E]
I Z2 7)ol gt 2 2ol 4] 71 Q13FA U, junction
& A Aol Arle 34 A3 YR 7)UE
Utk 223 E 2 Qe #7 BARE MR g2
A7} 5 of & alkanethiol 228 € < Sl 32
o]] Whitesides “15{33], Frisbie 71&[34], Reed 1%
[35] & o8 RolA d+7F &3 et o] HF A+
AAES vIF 22 HH, alkanethiol £2}9] ¢, &
To g 181 249 dojo mE HF-HAYL Y
E4 B4 42, AF-AY 4L 44983 H
g Aol 8 dAdoln, 1 99 W7 A HAH
71& EQECNAE . 58 HFol dig
electrical barrier height, Bl &= A 2} 9] effective mass,
B & 8 #4}2] decay coefficient (8) 3L, B & & current
density %) R 15 1 ¢lcth. Alkanethiolof T3l &+
A= f71 £2E o] 83 2L 22 49 Z
% AR 2 AMGE 4= gl e gt 7l et

198 BAF AL &} Hofol A o E B2 ¢
T7t Eojop g RHEC 2 @ 712 &l EAH, () F
& X+9] Fermi level®} §+7] $219] orbital} $] %]

#7), % energy band alignment 1%, (2) AF- AU &
Aol 98 7= 34 233 §7) 49
interfaceo]] i3t A+, 3) F-8F HA 22 EYE
A F7) EA-E i3 A oj23 aea A
A A5 FE&EE U

£ B2 HA} 2219] A-E3HE A= Sl Al
A7 ZAEEY FHED of e}, BAl 228
vl o 2 A SFE architecture[36, 37158 7] & Ao}
ARY 7] EA 2ZEE AAR A&Y A9
A A 8} o (interconnect/integration) 7} A4 A2
A 5 UEF Hgstojof o Aojct.

5.8 &

B =204 3273 2ad 2 7HA] {71 82
AL el 2ok 1 A7) 3 B4 diajA 2t
3| AW BT EAF WA 23 B2 dF 7HY
Bt opey, vjef o] FAstel thet Tt S A
wopolrt. spAIR, g4 £ #H 43 7
£, energy band 72 o] 8}, A AR A/AMSE F
5 ot E Eolok ¥ B2 HAEo] Hol U 2
7) A o £ 8t A& ¢l 77t Easieh
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