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Fig. 1. Schematic diagram of carbon nanotube and carbon
nanotube transistors: (a) Cross section of (14, 7) semicon-
ducting carbon nanotube; (b) side view of (14, 7) semicon-
ducting carbon nanotube; (c) the first P-type self-aligned
carbon nanotube transistor(’?; (d) the first N-type self-

aligned carbon nanotube transistor'3.
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sheet FET or MBC FET) IR K LR RS (Si
nanotube FET), —4E# £l iK% (2D FET), LU
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A, HAIE & T A BN, 2 5 Bl s £,
PRI L B A SR BE RN, A R Tl S R
EIWELERN . L5 G KF , RIS T4
e AR G F AR TAE f E FIRRFE: SCI0HT
FE R AR AR SRS 1 T A F e 2 ] A1 3]
0.6 V LAF B8 ShaSThAERE = KRR, SCH T kgl
KEIFATERER S, TERAR AR RN, A2
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Fig. 2. (a) Schematic diagram of an ideal carbon nanotube
array top gate transistor!; (b) comparison of the density
and semiconductor purity of carbon nanotubes prepared by
different methods, where the blue box area is the ideal in-

dex rangel!.
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T & 21 Cog W, VE AR AT 158 55 1 HE 98.6%
1 (14, 4) FHERE A 99.8% 1) SR B4 137,
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A Fa s B8 3 I0 1k R A B FR B R 2R T
K. HBLHF IR AT T 5 — A E B R CVD
AR RS A e B EE RS BRAS, FE A
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P 2 AR B A it 0 B3 1) Y U i R 1 4 iR
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Fig. 3. Process for obtaining high purity semiconducting carbon nanotube solution through multiple purifications!l.
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Fig. 4. DLSA self-assembly technology for carbon nanotube array®!:

(a) Principle schematic diagram of DLSA self-assembly;

(b) output curves of a carbon nanotube array transistor; (c) benchmarking transconductance of carbon nanotube array transistors;

(d) output frequency spectrum for a ring oscillator circuit made of carbon nanotube array.

D B ) 1A ) [ R B A KA P A T IS, BB 2
A RS AR A A TR . T bR
I il A B g KA R RETE 1V TAERE T A
A 1.3 mA/pum PAEFATHTT ., 0.9 mS/pm HIE{H
SR 75 mV /dec B SS (MR, FRIRH
% BE W] K 8.06 GHz, T UFE [A] RUS| #5452 I 14
FE I FL 6 0 B 0 e FE G R BY AT DU 2 ke A
HLFROR A Sy — e 28 FL R

e, B AR, BAR A AR TR A K
B REDN PR T 22 X0 A i v 3 R H 2 o e i A T
FE AR AR AR FEM R A R b B & A ik
SN YR 3 R B B 2 T S T 7 R FL B 1Y
L 2E PR S T SEPE, Arilchealiad AR rh KTy 5l X
TR 1) A A A0 Ut 2 3 L 2R PERE I T B IR,
I L FHOR B SR AR R AR T i — 20104k
R A 20, I T S A VAL B AR AE
TR m SRR IR 5.

BAREREEEFEMPERREE,
e fih P BE A0 A] S 14 i) R

XTI A A, HAki T R AE s B

3.2

PIEAL AR PR RE DL F A 1 PR, w2
T I BELRS AT BE /)N 1) 485 J -2 S R IOCABE B . AT ot
AR IE RN KA I AR AT 1 B R 19 42
T A | A [ 12 f g 752 )4 i, OEL Pt Fl A IS A 4
A Rl RS e P Rl LA B B 5 ik KA 4
Rl T 2Pk

TSR HE R AR IR, M EA]S
LB AR AT, RPN T T A& JE R RIA, ik
JGA [ 2 B 8 ks o) D3P A R 9 PR KA 58
BFARS, WIMTEE SR S LS R k%L
PR H A, W FRAE MIGS (metal-induced
gap-states). MIGS 1Y %5 B2 4 L 29 4 2 4 fuh 5t 1w
46 BREAR, At 32 AR B AL 51— J2 R A
+, AT B AR FRIAL SR RE YA E, T — 132
IR PORRESUE BN M R 4 HA T
HI MIGS Fl2f: SR KRG TR . TEAR B BL A &
AR H T A T P A P RURE R A R ) 42 fh e
L 82 AT TR TIOKR RUBE Y, DR IHORE LUE 12 i85 1
Fefih A BHAER. TR S SRR, KRR
TR 2 R W 4B A4 1 7 OR BRI HE A 3 43 11
HLRH. SRR TORAKAE 41, th T RRAR A (11

068503-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 068503

—2E/VARRRRRE, S 4 FR A B fk B S,
A MIGS 51 AR M 2R3 2 50 8 LA L9k,
LIt e 2 S i i GEe e, PR HATE Y L A A
R BEARAR /N O FEX AR O T, BREIRAE T
Jigs LI 22 T 14 5 ik 5 42 T 2 ol A 9 DROR B 22
RIE, ARG TG R b i) KR ETHLEL
G 131 mT LU R S e R <6 i o S B S 4 oK
B Ak e AT, AT 2 S A KA IR T
PEFIAHELAE FH 5 B AN[R], R 22 42 fh 5 A7
TR 2 L AN S A 48, RH LA FAd a4
Ji& 2 AR BIR A R AT F) BB 45 A DA T 52 Wi 426 fk DX %)
THTEIX 20 T IEARCR A, 28 b, JATHR 20k
BB T (T ) SRR Al (IhalF) , Saaik
R R EAHELARE I A i <5 e o 703l 52 B
N ZUFN P AU R 2 k. 2o R I A HR R, Aot
REEHINE TR T —ERGERIRIAKE CMOS £

A (1 5)1031, 4350 FH 42 s Pd 5280 P A KA 42 ik |

48 Sc 8 Y B AL N AU RKER 42 fih, P AYAN N AU
AL 2R R, 23 XS LIRS R T
i 3000 cm? Vst FEHEFHEZIEE T 0.6G).
FEAT R K AS 4 Y 42 o 1) i - P S A R (11,6560,

4000

(b) — p-FET

3000 |

2000

1000 F

Mobility /(cm?2-V~—1.s—1)

B 5 BRAKE LB IR CMOS FiAR B (a) LI4)E PAfE
PRI, LLAJE ScfF o N AL AR Y B 40 K 4 CMOS
IR (b) BRAIKAT CMOS BB R4

Fig. 5. Doping free carbon nanotube CMOS technology!5!:
(a) Schematic diagram of the carbon nanotube CMOS with
metal Pd as P-type electrode and metal Sc as N-type elec-
trode; (b) mobility characteristics of the carbon nanotube
CMOS.
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Fig. 6. Different contact configurations of carbon nanotube transistors and the scaling trend of contact resistance: (a) Schematic

diagram of molybdenum carbide end contact/®); (b) the contact resistance’s scaling trend of molybdenum carbide end contact (red

straight line)®; (c) the contact resistance’s scaling trend of metal Pd or Sc as side contacts®; (d) schematic diagram of metal elec-

trode side contact and transfer length of charge injection!67.

068503-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 068503

A 0070 e B 2% 270 Bl R 00 o fk
SR 50 AR UL OB A T4 38 B8 fid 8 (524
R0, R T AR R 5 N Rz . [Hi%
TERABRN T ZNE B S s p il
TR e 10T, FETOUMEES R o, S T SR
] HE A AT B P A 2 (L P T AR A
FEPE R E—L R NI, L 2 B T 20 AT
A R ERERR AR CMOS #F. B 2= M 4
XFRENKAE B T AL MY BREA T T 242, (ot HG
A2 (R 1] R FRLAT A B S T IR A AR 1, DA
1117368 2o e L T A P ARE Y TE ) B K BES, 2524
FBUEGE MOS S i B A B A AR, i
LA F T REVERSR Y N BUGRYKE A RS . e
Mk [72] 7R R DU R G R AR5 e
JEARRCAL Y ALO,, SCHR [73] 766k 2 i U2
EIBACIRIF B INARBLAL ) Y50, TEIXIEHA
ASE I BE PR 2 R A S A
FRRCAL R T B R ES 1, I H A 2 /Y IE [ 2
Aoy MRt T, R B S B VA TE T A N TR
ZRANE. SCHK [74, 75] WA AR S -5 A S I
ST YR A R LR R TR S B B LR
WBOR, B FE— 5T BEHLIE 2 LAy R 4 42
AR AR PEA T . AR, JE TR B B 2 T
SR N UG AENE BE L 22 T4 fik <5 o D1 Ry
SACI ) T2 ) 3 PO R AR A F, X A 1 i
HonT FEPE RO T AT LAl R R
e PRI AR AL S T A ARG PR AL, S 1
BRI T BOPEREDL . BR Tt fni e
B2, FAL R R — PO BRI RR N 2
P AR E M 0T A A P A TS A ) B
FAREL)Z, s e KA, AT
IBALARETERE R B T R 32 i R 2 KA R IR A
A AT AR (0], R SR Y AP AL R T 2R A
RS A A R T 2K R 58 i, 5 Tk A e
BRI ORI, ARk P b bR v R
FEE R EIAL IR T2, G AR e PE s RE IR
Tt

X RRAKRE I Al =, bR 1T A_Eid
PR, 9P K26 — 0300, Horbou) gk
G A NN UBEE S e sl E It DAL 2
MBRETE AL NI | 42 I8 -5 PRSI IS PR Y — 2
FHAEBLGE, AR BEAT T B0 E . B 5, 70O 42 fk
Hh AN [ B R R S TP TR RIS ) ) JSUIRE T 22 2

A3 R ) 4 SR N 7, DT S 80 A8 & A T AR R
. MG A R, AT AR S HL AR 45
F DB/ NHTBR (10%—30%) FH-FEARAEHT Al -, HL7E
T AR RBAE FNAIE RS 1 B Tmi Ak, 1R F BEA AS FE%
5, FE A e AR 25 T R 7). A B DA AT i
TV BB A e, DA TR 184 R 5 1) 70 I B e VB
FEARMIHERCR. IEAN, 7RSS & 23l
Wit 5 e AT BE AR Ak, 4B AL 1 TR IR A BT AS
). BRI, A a) B8N 31— I S B B
ITHY, &)@ iR S R R (G T — AR T
), A 00 30— T Al A Ay TS B 1T 42 g 78
X4 T AL T AR A T R TC RE S BRI I A
R AR Rz Ak i B, PRI L T R . (R
/N5 R 4 R IR A A B R i B 2, 5
SRR R HAR . &R SRS L AR SR
FAH B AR RS B G, A Tl —2 RGETFE.

SRR, BRANKAT 4 1 i RUER A A%
gop- AR A TR B — BERE, 240
FEARR T E e RE I R, N — 2B Hioy B4
HE Rl L B T2k L & i Al R NOAY
FE Ao 1 T SR B T A R R 0 k20 K A5 4 ik T S
U =5 . FRATT BT A LB 4 CMOS
HOR, SR ZR W ELAT M RE A R T S i k2l
KEEPEMTZ.

3.3 KR ERFEEMSHIILNLSHE

i et — T AR R T 28 Y R D FE T )
B S HUE B PR K X (the natural length), 1%
SRR GO0 fn A TR R VTR T R SR S i >k (79,
PRBL T WA FR, 37 R0 A FRL 37 0F V) 3 28 0L 1 32
KFR. — Ok U F AR 8/ N B2 0 i
[ (B AZ RN T AR e s 2 BRI HL i
BB RN DR T 6 451 B AR KA REA
HH BEA S R E RN, PRIR/INI A SR A A
TRARE RS 4iisl. XF T2 MaE, B RET]

™, 5 h— A N A
FRE2m AR = | ﬁtstox FoR, Hhe Jpk s
0ox

PREG A AR A B R R ¢ g~ S AR i o
OJEIE . N WA R AERE . w DU B, X TR —
KA MES A AR BT 25, S B W RS
JEB/IN, H A AR BER N e g KA A S — Fif
HWEE SRR, R HA 12 nm, AAKE
A 0.2—1 nm®, RIRE G T Ak e IR AR L
H. SR, SRS AR AR R SEBR IS,

068503-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 068503

A S IR AN KAS (1) R AT ), 2 A S —
EIEPCHIMEEA T2 5. RIS AR & P
A, AT LA B XA B Y — SE AR B A
T 20 A T A AR T L T 5 ) 32 B0 3R T PR AT
B TP (WS S5 B DT XA I E i o B
BifL BIL [ 2 F o B I AR, PR i 4 2 A 5 2 TN
“alivge (B4R R AT 25 BE AR OB BT LR, Bl
KAERME—Z sp? ZAbn9mR 1, AT FEHE 554
LI SRR, PR 58 32 1Y AR S5 A AR R T
W2 bR R RS, (B fdiaeas Jo ik SR Al
i i 2 UT AR (atomic layer depositon, ALD)
AR I B A G, T TR B T 2
JoT o i AR B AR BT R G O, R I A 242
T 2 —Ahid H TIErER M B AR K T2

S UL B el BB, BRANKAS CMOS a3+
FIEE 2 AN A0 [R) SR 2 An ] 34 1R il 3 v 2% HL AR
FE 1) MOS M54, Bl K E e E a5 i i1/

A, F AR T B LA 44 s e e s

W TR AR AR S AR TT 1 Wb BB B Ly
SR AL, LB <5 T 0 1 ] P s el 42
X VYT L. AR LA L U5 T T, [l 8544 5 6]
SCHE T AR, 2R UERS MRS AL, &
LERBERRL A RN AR PR

3.3.1  MEEMGGFH R Rt

WRANASE CMOS a4 B AR TLART 235 44 2 52 e
i L A A P TR SR (R B, RO
M} SS —BedAIR) 1y ELEHERZ— 6 Wi K mE
JE M TR R SR AE R T2 KA. &
B LA 2549 A DU 3
Tt (top gate, TG). M (double gate, DG) I
I} (gate-all-around, GAA). Hodr | JEEHE 25 #4 7F
IR A A VB R DL, AR A AN R 22 e
BRI L EEAK ALD, FIE T 22X EEEAR, (Hif
A AR Rt I B2, I EL G 3 LA 8%
KA SS Fillnlis, W2 Re & 4lifk T 2 R D ikis 3=
AT 2 BRF 1749 7K S04 2 o 1831, UM &5 4 W) 22 4 FH 5
P REIRAE B CF 0 i 3 61084 e b B AR i it
FLAS A RE 7. (H R TEU D ReE g 1 TE 2R 1w L
A B A B A RO s, B as K2 0258
i ALD T 205 & AR R o AT 2 s e 841
FIFHAS Fh oy &t s 2R A B ALD AR 1)
T 1. 3CAS ATkt St o T A B R sl 5 | A

(back gate, BG).

TAR kA BUZ, TR T 52 B bl e 25 Fpl42 fig
I3 RS A BT A A R 255, BLaH
B RMHERCR G — 2D R A [F, [RIAE AR OO A
JoT A A T2 T S 17 PR 5 A WO T 2 M B A
R IR de v Y BRAR 2 ), HOME S AN AR T 2]
TERRAE R M HIE A KIS I BT, I XS B HES )
7 T PR AR e R, H AT/ A8 E AT T
7 8586 SCRik [85) ST T Z0ME LA RAARA A o S
A EOT, SCHik [86] B NO, FikbH# 5 12 Hif T4
AR, HL b 5 e B A PR 2R e ek A 3 B AR Y
W (AR, 256 KB HR A M A5 44 1 v e
P, Rk, H TR s i) BB 58 8 AL T IO B
B, HATETUM T2 FA TR, ARt — L%k
B 2R R DU R T 2.

3.32 MAMEMHHEERFERTE

B AR A A 502 AR B A AR K OT s B 5
T A R H %, HE 2R =28 slifb iRy,
LB R CMOS Ml A iz . Bl OR3P 7 T4l
A PEA N BUGRE rP B B L, 8 I A R A R T o]
#—J2 PMMA S AR SRR B/ BT, 7] A R
s K SR R 2R S B, AR AT A1 Tl 0 e
ST B 4 P A Y T SR OO Wi B e
3.2 WEAHEH, FEADPRIIH N BIRYUKE &
PF. FETHHEB RN N SIS BARTEVERE i 22
TR & Bl iy N B g4 7270 [HHAR s T4
AEWIHI A B e ] P ey X 28 k- i ) 4 AL,
XPRRAAE S BT —E S B L. ik
YUK A B BHE 2 AR 2 CMOSHER4F1Y
MR A )2, 5 L5 75 IR A i e P B | A
IS DU SRR R A S A SRR AR, Hobp
VEFEN T B OCTEA R i H 8, 2 T B A
R, HA K OT RN R B S sp? 2L TS
P 2R T ME DA A 3 — X o 1) 5 (6881, 2 B 1Y)
A ae EMA BT R RN 2R 2, b LU BT S Y
A: ALD T 2E R SR A gh 030389 S A g B9 Ak
B 1901 4 J PR AL T 20 A A 101931 A i A
BRI WA BB AT 275 [ 70091 Hirp 454k
AN R TN R TV S8 7 SR DS PN S 2
B AT A 18, 25, 2718638189900 (1 45 S iR P 7E
WA TE TR AL A A KR | T8 842
SRR AR P, RS BEIE iR R
2 A2, (HAEARAZ AR A L B (R A

068503-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 068503

16 SEBRME—RAUH 12 2247 1=, 3f H % & 3|
4 @ S FEAE T 5 nm BT SR AR KA R 1Y
ARSI, 1Z T80T RE SRR AOK R ik
f P s R B A — Rl L TR g, FEAR R
BT A B AN [R5 s A0 e 25 R B A e FEL 3E
85, WY A AL A A X L ) R SHE R A R 5ORT R
B AF T, PR BRI TR R N 25 A 2 T AR
KT 20EA i 51 R Fe 5 W Z ik
S —FRhR. XTSI T, B IR R Rk E
PR, Tl AR ERAE kM BT 2 A HR e
B, PR S 24 A 6 DNA B | G
SE IR T2 | fb2E 3 A B S5 2 R B ik
DIARAEIE A% Hhons 198894 i & i ALD 1.2
SEER R AN B E e T A T2 Y ) E T
MELI ] T 25— PRl e, A HLA A
LR BRI R VR ). A B T2 h & o 2
P 5 i A5 2 TR 75 T 38 2 368 S A5 11%) 235 40 SR o
L] e N e WG € L NN i s
M EE R RO BERE, BOTATRIHOR B
JER B R 2 4+ALD & kA2 B HE
PRt 16:93.95:96] YE3x —5 kv, v B4 52 1 BE AR
FERRAE RIS R ¥ ) A, JF HA R AT BE & R
KA A BRFNBCAR A B g 2 B, DN AE S B =7 A
A | Hh S AR BE RS 1 [R] BN A
25 T L A T A AR S AR AR . X T B A ]

I R, A0TSR T R AL R O S AR 5L 18

AR PO AT A R kA T2 S I TS ) iX
YT 2R REE T UL E AR E A B2 2K
M FEABIE LA DT, a0 AR FZ B X D i A
AT R B (A HL 28 3 RUBE T 9 T A K R 19
SR ELA S BRI T R B 2 S0 PR 0 (L Bk
e 2555 5 e TG IE TR 50 1. 3l A TR S5 2 1R B ek ik
BRI S, HATIE B AR EAA B R AR &,
BB — S BEA R R A A T 8 . 78 v 8] 4 B
JEW AR T 207, B2 ) S0 ) 2 1) 38 <A T
1 (physical vapor deposition, PVD) ik 4 @
2 PR E AR T2 0399 {H i F PVD A 7R
PUREL B YOK RE T A BB I IR IE 8 21
XTI EARME S B g B B AR K. 56T ALD T
2o )Y 5T 2 DA SR T Il B A T R T XE LA S
B FHRTGR A SO AR o, BB XM & SRRk T
2, MBI AT CVD 5324 S8 b [R] 4 5T 2 1)
P o B 0, (HIX — T2 H AT A8 i, BRI

A ) S A A 2 D v ) A Jo S L B e
AINEAR RO R 20, BA fL RIS R e
HFR TGO A BUR T EMIRATAE R 2 Bk
W%, 5 BTT R R G ST LA i F RS
AR R A A KT i

7 PIFMILEYER AR B (a) T IR B A BIE
Bl ALD 3% S04 (29 3.5 nm)!; (b) 4 s 28 98 = ARk
JE R EALSZ (29 5 nm)

Fig. 7. Two typical kinds of carbon nanotube gate dielec-

trics: (a) ALD hafnium oxide with amorphous carbon as-
sisted nucleation (~ 3.5 nm) 1 (b) yttrium oxide formed

by thermal oxidation after metal evaporation (~5 nm) 1.
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Fig. 8. Gate oxide charge effects caused by various dielectric defects: (a) Schematic diagram of various gate oxide charges;

(b) threshold voltage fluctuation dominated by random fixed charges!'”; (c) a rough estimation of interface states density in a car-

bon nanotube MOS structurel®!.
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Fig. 9. Threshold voltage modulation of carbon nanotube transistor using different gate metals: (a) Discrete work function modula-

tion using single metal layer!'”; (b) quasi continuous work function modulation using a metal stack, the bottom layer is palladium

with variable thickness, and the top layer is scandium with fixed thickness!'4.
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Fig. 10. Three bipolar suppression techniques: (a), (b), (¢) Schematic diagram, energy band diagram and transfer curve comparison
of feedback gate structurel'*7; (d), (e), (f) schematic diagram, energy band diagram and transfer curve comparison of SCMOS struc-

turel'®; (g), (h), (i) schematic diagram, energy band diagram and transfer curve comparison of L-type gate structurel!%l.

*1

300 nm HIHE T AR 2 A8 O B8 KA 72800 A S B L A 0o

Table 1.  Benchmark of CNT FETs with different device structures at the same gate length of 300 nm[1%],
Structure L /(nA-pm™) SS/(mV-dec™) On/off ratio Self-aligned process Scalability
FBG 0.49 73 3.84 x 106 No No
Normal-spacer 15.85 85 8.91 x 10* Yes Yes
HD BOX 5.75 80 6.17 x 10° No No
L-shaped-spacer 0.38 70 1.73 x 109 Yes Yes
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Fig. 11. Scaling down limit of carbon nanotube transistors!'”. (a), (c¢) Cross-sectional TEM micrographs of P-type and N-type car-

bon nanotube FETSs, where the channel and gate lengths are respectively 20 nm and 10 nm. (b), (d) comparisons of scaling trends of
gate delay and EDP between CNT and Si CMOS FETs. Blue solid line indicates the experiment data fitting for the P-type Si-MOS-
FETSs, whereas green solid line indicates the N-type Si-MOSFETS, the blue and green stars respectively represent the P-type and N-

type CNTFETs. (e), (f) SEM top view and transfer characteristic curves of a 5 nm gate length carbon nanotube transistor.
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Fig. 12. Dirac cold source transistor based on carbon nanotube channel and graphene electrode®): (a) Device structure and energy

band diagram of DSFET; (b) mechanism analysis of sub-60 characteristic of DSFET; (c) transfer characteristic curve (red) of

DSFET; (d) comparison of SS and Iy distribution among different sub-60 devices.
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Fig. 13. Fabrication of carbon nanotube CMOS devices and circuits, and demonstration of digital logic functions: (a) Output char-

acteristic curves of highly symmetrical carbon nanotube CMOSP!; (b) micrograph depicting a carbon nanotube 4-bit full adderl®!;

(c) transfer characteristic curves of 120 typical top-gate carbon nanotube FETs, Vi, = —1 VP (d) functionality measurements of

the carbon nanotube 4-bit full adder at a Vpp of -2 V B

068503-21


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 068503

WA — N EE LU I T 054 4, JEr B PR RE AN
RGeS 120, T2, % A BAERR G KA
LSRRI T 2 AT TS
J1, P& T EEEE J BREE IS B RINSE BOR | #
MBS 48 St TR S CMOS (1) MIXED #%
AR TUAR RIS IR 4 B RS 1) DREAM 4
R, BT 2019 4E LA T RERE FARIKE 16 11
T RV PR ES RV16 X-NANOM22, % 4bHi 2% 5
A #at 14000 TS CMOS, 3817 32 /i RISC-V
PRifERE A48, v LA THE 23R, et | 2747 11
DL KB SR, AR B 5 42 10 i I 4T
(14 ] 5 3 AT DAXTAR SR R 2 Al F 1985 R4 119
TEHE 80386 AbHHAS M 122, {H 2 2000 F il i AR
FHAUH 57600 4~ TAEMIR{L N 10 kHz, ZdiE 2
LRAVK 16 A7, STLERIR 80386 it H 1 27.5 J1 AN
45 | 12.5 MHz [ B 81505 | 32 1 5128 4 GB F-
AR L, 78 A R PR RE AR AE I d 22
#1221, LR B 55 R 22 B A AR AR IR R FE T
T BR i s = Hoft Tl 3245, e T HAR K
B RL A EE K HE S 7 2 (W 25 R AT 26 B flk A v
JBE) ERAN G BAR | FLERORLE A (RS #) F1 T2
(B2 CMOS) #RIERER 2. ZEAKE, K TAER
SRIB/R T kS CMOS 78 RGN 7 T W 1, (1
TR 2R SRR AL T, B E AR
#rel b X

FISCHER, bRt K2R E el 25 h T2 3k

P 2 il AR A R B N (> 99.9999%)

HEZ 7 1) PR i L% BE AT 45 (100—200 A2 /pm) 1
firs [ 5l 9 K A8 B B M) 1), 3 — A Sl i R 4K
TR R AR T IR ST AR LR, A AR
THERPR. FIL, RN T —2 %
e L T A iR R T SR 0 A A R R L R S
Rl PRI R S Bk, Ak AR i | Se 38 m T.T.
2 AR, B S I D AR e A K
H CMOS B KA R G

4.2 WREHRBEFE

ARAET /A AR LA LR S5 P 11 FL i )
Bl A A R AR U AT 5L KR
FERBE T, IF 5L BT /7 i R IR A R S A
TE BRI R T HOR R, i3 CMOS AR 5
RBA L BL S, (R R A, HELLTE 2
SR B ) T 2L A o S AR A R RE A

U, AR T 205 2 HLAR R IR, W 25 M LA il A2
SRR -SSR A L SR . DR, TR A
TR BORORL L B A R SRR
MNTTTHE BB AF R AR By — 2 & e,

WRAKRAS TSI T2 A0 AR A3 7Ekt
LT T, e 9K A8 1 38 0 3 % 230 A0 R R A
AR AR BN, HIESE T AT A RE ) B
DRI 5 P ofe i i v S S A A AR, e el B |
BTN 7T A TR 2 91 ] 11231250 Bl A K457 1) o — 2
SEFRR T T HAS R AR T RA RN, R ik
F LM XA AR Ge 1 AR & 30 A A4
PR B 120027 43 I TR I B 40 oK A g
HEXIER, PR F1) T 525 CMOS H B F XU
PRSI F. FE T 0710, R 40 K4S i IR 8 A0
SOI 2244, REFMEAS ZFh 4 Lol I ANA7 0% | 4 M4y
YR, RIAEEA B/ Meb IS 2 2R 500 Y [R]IE, 38
REAR AN [R50 75 SR R e ARG, (2 RGi %
BT R, B S AR R S AR BT CMOS AT
CEEIRE, AHELIA LZUREERS (SoC).
FEYPRTT I, RGIKAE BART RN, BIAE G
R D 2 a5, (R LR G oR A i (RS T i i
2000 W-m LK 10280y B DAPEAG A RS R AN T R
LA R 2T AR N F (JFOM) Mk 14.3 x
10'2-19.1 x 102 V.s {(Z2/DRHER 30 £5)12,
HETPRIG IR AE BRI AN 23 B ] B A KA 000 i
BN . LA DL T R4 K A S F -2 1
If FHEE 3, AR /N5 1 2 ] B 4 KA SR A 2 1 1)
RIEDIRE . BRI R LA S AR % i B .

T RN G AT B S S A5 R -2 1 R S I By )
FBEAT, P LASEE A% O F8 e BB S S 451 2%
PR A TRk 2 R IEH £ AL ARIE fr RN ) 580 45 4K
1A fuax . 2006 4F Bethoux 45 130 ik ik il
2 1Y 48 R B 9 KA R 15 T ARAIE fr o 8 GHz
IR S0 A 5 2007 4F Le Louarn 5 831 $i5
LUK R A B B RS JTAR B T 30 GHz YA
fiE fr; 2009 4F Nougaret 55 132 3 i it — 25 3 5 2
SRR Al R ) 99%, ) M AL ASAE frd i BT
80 GHz. 2007 4= F A1l i R 2 B L 40 - T A 43 A%
) Rogers P4 B9 JEF CVD A K2 S
IEHERRE H 38 T AEAE fr 2R 0.42 GHz BB 545
A 2009 AR TE S BE R AR B F 5 AR /pm,
BAEAIE frif @3] 7 5 GHzI38, ATLUE B, BRak
EAPBH AR T R B A8 AR A PR B PR

068503-22


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 068503

BT, ToIe AN S AR AR H I AR LA 8 34 4
BT ARG, R 2 A S A g ok
ALK A A A L 2 0 A 25 F O I AR B
P BELFT 27 A= FL 2. 2012 4F Steiner 45 134 3R F £ A
8RR TRV DT B AN DK A I 270 s ) RV 0 S AR
AFAEARAE fr 1 fyuax 205155 7 GHz #1 15 GHz.
M 2012 4EFFAR, FEAIIH R4 Zhou PR 115 |
FHAFAE AT/ | A 25 50 K Y T RIS 4
T TS R AN KA ST AR AE, 43 I IO 28 Bl A

483 T 23 GHz #1 10 GHz BIEARLE frfl fuax -

1E CVD ELE R FESI A I EAS 5 T 25 GHz
9 GHz MIAEAE fr Al fuax 150 ZEIS MO I 1Y
AR B T A AL 1153 T 23 GHz
#1120 GHz FYHEAE fr 1 fuax 197138, 2016 4, %
PRI Cao 55 199 R T RIMZE#4 A1 FESA il
AT RN R = AR TS, JRAAE B — 2D 4R
F7 100 nm PLF, IS H T IEARAE fr F fuax
%1k 40 GHz. S AE fr 1 fuax 735124 100 GHz
170 GHz BYSHI ARSI P BB I = A B N
KA. AT LUR B, s R as Ptk A R
TR AR HE T DR AN KAE SR S A8 SE PR P RE Y
BT EETE. I, RS A PR R Sl 7 DAV
tr e N A E R N S = RE Y p B = 2 i D
/T 100 nm (9 H X HEZ WA g, b
SR 2#HIBA Zhong 45 10 7E 2019 4 7R T I {H
5 T34 0.38 mS/um . e AEAE fr 1 fmax 5390
& 103 GHz 1 107 GHz. A&AE frfl fuax 53 51 K
281 GHz M1 190 GHz I e P4 AR Ak 5 5 990 &t 1A
XS o I B AN KA S A 1 8 e v K- R IR LAl
', Zhou§ B 33 5 i — AR AR G548 | AR
MR 25 A, B SE fuax $ETHE] T 90 GHz, BN T
K BRSO B AT 1, A R Ea I 2r G
AE b LA = TR AR, WD U] T RS SR A
HL 2D E. 2R, BIMEE A GHz ik
AR, A IR TR AN KA T Ry T BRI TR
MR (THZGWE). WAEHA R, X 202 O M 2%
RIS R MR A ATL B ) M R B80T V) 3 N 1) S Bk
B BERENL 1, AT T 28 | )N 1 85 5.
XTI, 2019 4F Rutherglen 25 142 L) FESA ¥ 8

FERETF A T ZEBRA $K, #il# T4 RT 99.9% .

BEE A 40—60 H /um BIRESIRE LAl E T 5T
WA SR, HR S AEARE fr A fuax 2K
106 GHz, FHXT T % £ filk /& 1 S #4514 01 10 3 I 2%

Do 33X 32202 I oy H R 9 ik 4 o 4 O VR IR R
% B, Bl 1Y s S AP 2 R RN % R R R A
FNER. I, 2021 AR BA Shi 45 RO
L T2 XA MR LR GRBAFRIE . Aid
% B RRITHE | B D B AR D ERR )
&, W IR AL TR RS M R T2 1%
T EREREE D | BIEF S ER M 882
1) PCO-Bpy 43 F1E s 0 8O0, WK 73 1
PEAE ARG A H A2V T2, FEA TR 46 40 e
B P ~F IR E ST A (> 99.99%) . B S
e (d = (1.51 4+ 0.18) nm) ., B ITHERI 2
(100—120 # /um) BB RS, HE R T %
A 1580 cm?2 VL 1201 T AL Y 4 )
A5 WA L RIER AR 2540 ) 25 A Ak, 12 T BATE I 43t
FE 1) A7 9 4 25 4] IS b 1) 65 T o P e A AR A
HAE 50 nm MHE T BSAEARAE fr Al fuax 5395035 3
186 GHz #l 158 GHz, & it A1 & T 99 K 4 K 1Y &
R4 Y e v 18 20 (81 14). R T B GERR 44 K 45 1 45
R T, % R TE B A I il T RS
ik 1.9 mA/pm . B35 1.4 mS/pm (Vy, =
—0.9 V) MBI AR, H 50 nmMHE 27 7F I AR TE
Fr A faax 2351024 540 GHz Fi1 306 GHz, iX 2 hfk 3
SR RS B URE A B R 245 B, UERR T e i At
L 22 7R 50 S AGE TR AR g 1 Y g O ([T 14).
SR AAF AR LB 516 ) A S 2 B LR 0 A R b e
PR L FR, A —E fe 58 it 2 i SE bk
RE, (E R 2200 B 1 A BB AR /L | IRAIK S
) BLC B HA E  Ed E—E RRM L
ML= WO REWERE, T2 ek g
A PRI B R B AR A A, DA SR 2548
BRI A G R T TR 452 465 g A AR 2 2B 5500, Bl
KAE ST S AR A A B LS PR T AR AR A2 5 2]
1 THz, i K4k InP HEMTHI InP HBT 2 J5 i X
—FP R ZZ SRR, I HAT AT RE N 5 — R Kbk
2% CMOS 5ttt

B T TAESRR A ATE L3, BRANKAS T8 AT
A B R e ™ k. AT Fe AR Y
N FRRAS SO, PRSI OR &8 P e 2R I RE
L M S g B L -2 8 R R g SR,
BFUIRAR IR TR AE bR, 30 T H R D RN L
Tebs, FEIG W b, B S i) R R B
e BARSRUL, TED)R D5, KA A8 R 2%
34 55 /T 10 dB SO FU(E 199199, A 300E S 65 e

068503-23


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 068503

1200 600
a B
(a) b) B
e : S i
< This work 1 THz hn(;’/ 150 ‘\‘-‘}
800 L =] Graphene[40] ’ i
EN =] Graphene[‘r’z] E
O A CNTUS 3 U i \ \
= A ONTBY Tos00p 300
: A CNTI25] /, ;» \\\ N
= 400} E‘, = L 200
7 150 Lo - ~. % This work -~__|
*x O 4 " g100 @ Other CNTs
*'A N N @ Graphene--___
. A 50 e
0 . . 0 iRyt br i ettt
0.01 0.03 0.04 0 150 300 450 600
1 GH
(d) RF signal source L—/nm—1 Ffuaxwr/GHz
3
* (e) 0 ()
Combiner . e f) % This work
Amplifier 10 + Gainpax = 23.20 d]} A Other CNTs
Coupler L‘% o Vv InGaP
~
Bias tee ;= ---- H Power meter T ok .~ fy=18 GHz . 20 ¢ RF CMOS # ;
Ve LT 5 _o” = < GaAs
Source tuner % _10 ° g\b
2 of —— P, SIE s 10 dB line
L Load tuner 2 ; _ L
u 2, Gainga, = 11.70 dBO’o
i 011 Bias tee = of .~ v
STy o _- v
Coupler bD —10 o~ 50 Q impedance
e matching o * *
Spectrum 4 Power meter —20 = L L . . . .
analyser |l —30 —20 —10 0 0 6 12 18
Input power/dBm Frequency/GHz

Bl 14 BRANKAS FES) S0 A AR O A R M 20 v () SR I8 X IR B9 SEM BE -, (b) #1484 iF 8 1k 551 24 B A< 47 ik 14 38 1k
UL, (c) AR E ALk 001 S8 4D~ T 2% 1o RIS BT DAY 5 e 400 DK 85 1 3] S 00 00 A4 1) )y 5086 25 R 2l bk B Rk 201 v () o Rl ik vl
BRI, (e) 18 GHz TAEMIZR T (4 3% 25 F5 1, (f) AR SRR #8114 OIP3/ Py A HEXT He

Fig. 14. Frequency characteristics of carbon nanotube array RF transistors?): (a) SEM photos of device’s channel region; (b) the

scaling trend of intrinsic cut-off frequency under different gate lengths; (c) the intrinsic cut-off frequency is in the terahertz applica-

tion range. Power gain and linearity of carbon nanotube array RF amplifiers®”: (d) Schematic diagram of the amplifier test circuit;

(e) output gain characteristics at 18 GHz; (f) comparison of OIP3/ P, characteristics of different RF amplifiers.
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Fig. 15. Biosensor!'*¥l and gas sensor??l based on the carbon nanotube floating gate transistor: (a) Schematic diagram of the carbon
nanotube biosensor'*; (b) the limit of detection (LOD) of a carbon nanotube biosensor for DNA sequence!'*¥); (¢) LOD of a carbon
nanotube biosensor for vesicles!'S; (d) schematic diagram of the carbon nanotube hydrogen sensorl??; (e) LOD of a carbon nan-
otube hydrogen sensor operating under 100 °C1??; (f) the response rate and LOD distribution of carbon nanotube hydrogen sensor,

and the light blue oval area is the scope of nuclear power safety application
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Fig. 16. Schematic diagram of high energy efficiency 3D in-
tegrated circuit based on the carbon nanotube, which integ-

rates sensing, memory, computing and transmission com-

ponents!1?4,
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Fig. 17. Radiation-hardened and repairable carbon nanotube transistors and circuits®: (a) Schematic diagram of radiation damage

to devices by Co-60 Y-ray; (b) photograph of printed ion gel CNT FETs on polyimide substrates; (c¢) multiple cycles of irradiation

and repairing of ion gel CMOS-like inverters; (d) performance benchmark of radiation-hardened ion gel CNT FETs and inverters.
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Abstract

In the past 60 years, silicon-based semiconductor technology has triggered off the profound change of our
information society, but it is also gradually approaching to the physical limit and engineering limit as well.
Thus, the global semiconductor industry has entered into the post-Moore era. Carbon nanotube has many
excellent electronic properties such as high mobility and ultra-thin body, so it has become a hopeful candidate
for the new semiconductor material in the post-Moore era. After more than 20 years of development, carbon
based electronic technology has made fundamental breakthroughs in many basic problems such as material
preparation, Ohmic metal-semiconductor contact and gate engineering. In principle, there is no insurmountable
obstacle in its industrialization process now. Therefore, in this paper the intrinsic advantages of carbon based
electronic technology in the post-Moore era is introduced, the basic problems, progress and optimization
direction of carbon based electronic technology are summarized, the application prospects in the fields of digital
circuits, radio frequency electronics, sensing and detection, three-dimensional integration and chips for special
applications are presented. Finally, the comprehensive challenges to the industrialization of carbon based

electronic technology are analyzed, and its future development is also prospected.
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