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Key Technologies and Applications of Low-
dimensional Semiconductor Materials

RIRIE R R

Yuan-Ting Chang, Ching-Yuan Su

RARABMGEZ T IRMAFN - KEE R KHF > 68— 45 K5 (carbon nanotube,
CNT) Fo —#:#+#+ (2D materials) #% H—%% AREFER R EMA - Ry 0 AENT R
*% SRS LGS SR S b B AR AKBR TS HL K AR 0 M A R~ TR

AR AR - ko izm'Tﬁ'fi El Al 59%-‘?—‘—? SUARAN R 0 AT S EHE o KUK
éé’ﬁﬁifiﬂﬂéﬁ B AR AR B AR AT 0 A BROR AR UM R 6 R A A B

Based on the excellent electrical transport properties, low-dimensional nanomaterials,
including one-dimensional carbon nanotubes (CNTs) and two-dimensional layered materials
(2D materials), are evaluated as candidates for future advanced IC processes. However, many
bottlenecks still exist in getting into the integration of semiconductor devices. This includes wafer-
scaled synthesis with lower defects and controllable assembly technology. Moreover, there is still a
big gap in how to be compatible with the current silicon-based semiconductor process. This article
will introduce the key technologies for synthesizing and assembling low-dimensional materials and
the unique advantages for future device applications.

—

I

l]II

WEE T ICEREE R AT R~ (scaling down) » BIEH&E T HYyE AR - i R ~F
Gﬁﬁzﬁ“ﬁmﬂkxﬁ%lﬂu ERHREL (A% HE R E « ZERERE © H B S R AR R B R R
) 2 2019 £E 4 Ay rtiﬁ”ﬁﬁ” B IR BRI RTET e | (VLSI-TSA/DAT) * IBM Ghavam Shahidi
2 H H A~ 588 5o AR IR G DR CE R R R » 1965 G HAYEERT E# (Moore’s
Law) * $2E[{E CMOS JCHEEIE [ » FHEZORETEGEE - Z0ERE & L i = g hn Bt 3 e Y
PERERETF © 200t - FHEHARE BT —HARETRE 70% DAL 5 Rif - 1E 14 2K DAR - ThiEeE
T2 CEHEERIGE - HHJEE - RREEHEERIE A K (AL 5G %) 1BA T > fhA#E
RERRZ A T o T EEZeiE e R REAI SRR » T B BRI R TR 4ERE -
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WTHA - RHEEZORMEL » B & —#MESOKIRE (carbon nanotube, CNT) A #EAF L (2D
materials) #Z3F(d Ry AR AR S ERIAZ Ak - Hrf 2D #KF (A1 MoS, » WS, » MoSe, * WSe,
%) BEfRETRENEE STEFRRTiEENER DESRERNREDE - il REEE
BEAEZE 3 nm DAY » WEMRHHYE B (mobility) KIE T » 2800 2D # R AT AR HY
" o [LAL o 2D PRI LR - thE A4 T T AR B G R 2R R 1 1 1 S TR R
&3 535 » 1D BY CNT ELE B EHEE (electron transport is ballistic) * J& A8
CNT ER7E R ISEE (E 1) 0 B T &1 mobility A/ M2 FEESED - STHIRRISE
CASERAE 5 nm RIFMRER CNT B - IRITFERIREE AL ERL Si CMOS - Riill @ik
TR - FREME T2 PR ONT FRIITERREAER - CREEIEAEER
TCHFEEGFIEA R RIS o BLAN » RARAITTERL 3 nm DU N EE AR RIMRA E AL S (gate-
all-around, GAA) * ¥f2 1D CNT 558 E AR ORI ARRIA FL 21 -

SR » AR bt A (EAE FE A L i B HURERR ~ S Bl @ R R ELECEE T © (KIh#E
MERRIEFERRE - BEEABRRFER TR e LIFEEFZHE - 55 0 it
BHHIERAES » 2D MELEEFEH LRI (chemical vapor deposition, CVD) HY 5
FGETERR - e - BB A S B 2D MR ARSI H T #E LAk ;5 1 CNT
HIE T - RIERERYE RITE ~ AT ZEHR T B E fr et - HR - fEnF e B a1y 77
[ - A EF 2R R TR vl - EE B E R - SEBEREEYT - rEAE (Low-K/
High-K) AT EETR 2 708 - Fipl2iE REE MR &R - B E P BRI E
HY BB e B - PR RRRVEZE « 38 RTERR B (RIR BLE (back-end-of-line -
BEOL) » HERZIRE TR 450 £ - 1 2D MRS EURE (> 500 °C) R EL R -
AR EPR G EHE AR E MR B &1 - HAh - 5828 1D Bd 2D SEIERY R g an 7]
s TS DU BB Y SRR Sl A& R P A ] 5 B R fer (e - EH R0 A 3T 2RI
B AREEIT » HRARATT I R 3GE TR ] B R BRI RS - F R L amE T B
RBISFY  fmik © HEILE 1D/2D MEERZZRAE VA FET BifE=(FE M (Fin-FET) 1Y
Badg - M KIEARTT 7R 2E AR RM A #404 (gate modulation) » FRIEHT BLT A 2R AN ER
e R Y B AL S (gate-all-around, GAA) #HE M ARRYERE - (RHEM B H T ER 4 5ais D8Rk
o B SRR TR - TR S EHMEHER R R B R MR B AT TER A -

One-dimensional van der Waals heterostructures

* Mo

1. 1D 482 CNT i@ i % 475> GAA-FET /U 424 © Adapted with permission from?)
Copyright 2020 The American Association for the Advancement of Science.
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=~ EHEF SRR S A iRE R

1. — SR E R R Bl o] PR RE 22

1D FOKMRE B ALEE - FHIRL IR ARIBFZE N0 IR B A E (LB (i B A AR
ERERE) - Frrl2MHER HET CVD &E 2D FEEEAME (MoS, ~ WSe, » MoSe, %) %
PRAAHARAIAE mobility (100 —200 cm?/V.s) » CNT AJfA R ~f i B2 = mobility AJ{E#
#1 (79,000 em?/V.s)® » [LAMEEALERBREBEN - WESIETRESEICHRT.S
f£ » IBM fJ Phaedon Avouris ~ 5} Philip Wong EI¥1F CNT & {Hlisks 4 B R B (LT
g L ORESEIEIR - WWRIELE 5 Z0oKDUT - tHERYRIMRE N - R TR A
() FET JTHERFIES © - (HERE) CNT-FET IGHEE T AR R EIB RIS ER | 5520
JRZ IRMERY DR » BRI H RTRIEZE A=) 60 F &% ¥E B BEYT (multiple semiconducting
CNT arrays) 2Kig = CFRYBEEIEE 1T (driving ability) © {H5E (FEFR R EE B ISE A T8 -
TEHEE THRARHRSE - A& S e 8B ONT WEHEAN S - FSEETHFa
TR B CONT & RIS LB AT EEE - B {EAIBRILL (on-off ratio) F1
BEENEE L (driving current) » &l H A H R E N & eV S AUEES  [LAL » 7R MY
HEFL > ROBHRALES - —{8 CNT arrays FET » (B{LAYEER M T-HHME 1 ONT SEHE
> 99.9999% * CNT HYELAT 1.5 nm » [MREEYIEEE 100—200 CNTs/um » Bl CNT FESIHY ]
FERy 5—10 nm (& RIFE/NR 2 nm KFAMH A RIEFEIEA M2 on-off switching) (21 &l 2(a)-
(b) » AIDLAIAP R A S R T RE L B AR L R 1 Y o AN - B RETEHEE CNT AYT]
FePRyIBEZ2 2 (7 | » 2020 4 Sun % AFIFH DNA 5 FEE S FEE CNT® » HHA DNA
B - BEPIRY CNT RTESCE 2 BAEAT T A DNA HYERERIRNR - # a7 &R 2L
FEREERHEH] CNT SRR (10 nm » ¥EE AR 2 ) (AN E 2(c)) @ 5&E#E AT
CNT AJ#EEPES IR R - TR MA BT CNT $iA &K 2D M EHE I —TEE R
BRRZHER] > 2019 £E Liu 2 AZ A ONT SEFTH NI CVD MoS, Y& - o] U 54
A EEFEAELE ONT BE B (TE 2(d)) @ BEE (AT i A& ik EE R HI (8 B AL MoS, &
SRHILA (aligned orientation) * {H 2 CA&HaG T T #HIMFIEREE » B G REFREHE—FHY CNT 2
B TR S 22 AN AL A B R HE 1 2 S8 $EH HRTIESE 2D Z{$E KOR ERE B AL ARER - ml %
W 3o Bl R T AR B B ST S R B RS 5 AN SE I FE iR MoS,/CNT /& HE 2
M T OCBERERE (WIE 2(e)) » B/ T MoS,/CNT ST HEIFEE M EAE R RE (charge
transfer efficiency) [MATRAVEETT TOVEIEE - A2 H AR N Fila R M 8UR AR E By
n-type HYJ MoS, £l p-type HJ CNT » Hix 1D/2D & & BB IR EHER B n-type » 58K T
CNT %A MoS, &k YL FE (224 (charge doping) @ Ml B AL HIFF /2 MoS, At £& -

ARl Ll - 1D HY~F35H8 CNT 7R Em BT ik DRI 7B ERE - E2ENEIAL
BRI T HEEEEE (A mobility FIFFRHRE ) - A0 - fERES B IEERER LIhFEE —L&
RASERIRTEE vl - 40 (1) B2 BIEAHARIMHEE CNT £l - _FiAY CNT ©.78 731502 DNA
A E AL D R ARAT HUSRES  (H2 ETmFH CNT Y& B IR R e E A RRE s ih B AR -
RIESG TSR EERE - (2) [LAN » HET{E CNT-FET HYBFRSZRIA (on-state performance) Al

AT T BE g Bl = A B - FRES TR R RO RS R & - (2) RAGER =

HEHER: 1IC » ZIRAVTCIFEE GAA BUEZEIEHEESOK B ALHE (stacked nanosheet FET)
A8 - AR H BTHY CNT JoiE 2 B HE E A - g HHERT CNT A Re S & & m 28
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100 -
10
Target CNT  Top gate | o o
Pitch: 5—10 nm | S
\ - 4 CVD-based CNT
» 10~ o
E 10 1
% 10’21[; ¢ )
3 10’3]
o
=10 | rm——————
Purity target < 0.0001% k?'sj
5,
1071 O utitty
10% Patch target 5—10 nm region
1 10 100 200
ensity S per um
CNT density (CNT
d
(d) (e)
As—g*‘own T | ;- _
‘l T‘ MoSz\ 4 » MoSz‘\ :;. -
1 nucleation I growth — * ) relaxation )
| T - 1= T - 2 cr
; —— pump |} probe pump
/ ’ o
/

20 )

— o | — 69
» "'7 o
) Iﬁ MosS, CNT CNT MoS,

’

N

Count
>

o

Z15 0 15 30
0(°)

B 2. (a) #7164 L R4 X CNT-arrays FET 224551 © (b) $232 464 CNT Bk 544+ B 1K 2 Bk
)8 5 6 7 % & o Adapted with permission from'” Copyright 2020 The American Association
for the Advancement of Science © (c) #] FI AR A% & 45 12 DNA 2 F 2 % i€ i CNT T 4%

M Z 4% o Adapted with permission from"” Copyright 2020 The American Association for the
Advancement of Science ° (d) # il CNT #8 % &b MoS, #3% 89 B3R T A & © (e) CNT/
MoS, b3k & 7 4e &3k & 6 B 45 M o Reproduced from"” with permission from the Royal
Society of Chemistry.

TofE - ARMERAIHER TR R - (3) @ESUEEE D $1H ¥ 1D/2D MERIE &1 R ERE
BT - HEARHE CNT 8] 2D B 553K (single crystal domain) {372 [A) AJ £ BURFSE - 5250
S RIFE A EESFERE S - WEFREARINRIE 2D & RCEiT— BB KK i LAY 3%
FREEIR -

2. T BRM AR S RS -

CVD Ry & BRI AR B2 5 in 1% - R CRE AR P 2 iR [ B (2
oz EEEEE o REA M HE MR R SRR e B ES - EE R
TR R 20 Bk - Wang BIRXD B C 170 A BRI 2 INES BB (C/A sapphire) EIFH A
[FIFE B —HEA B R+ MoS, SRR ~ R PE B 12 B (R L RE R RS MR RR T
WHFEFIRETE R TEZ MoS, H#1T 160 ETTHEAE » TR > 94% » RootFE R
mobility 3% 102.6 cm?/Vs » BHFIFE I (saturation current) 450 uA/um * ESERZ{EZ MoS,

PREFLZIRFESN » BhEREI TR CVD BURSEREHE R B RS E BTN - &
B B AR SRR 22 B B B RS E R EKYY B VD BIREFRIIKESR
DUETTRBRE . WS, K - IRIBEHE - KRB AFIPEZ W-OH #A56E (0.936 eV) KR
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BB WO, FIEEYIFTIE B W-0 SEFSAE (1.440 V) » SRBAKEN AR RS W-OH
AR BT B - TR E AL SR T o DUR R 22 PR =0 TER (scanning tunneling
microscopy, STM) ETTHEEZE R EH] - Fhi/KiEEBR R (OHVPD) k—i% & EFE (CVD)
(400& 3(a)) * OHVPD JFiEAYEE CVD FikZBIGF MR 4 X 10" em™ « MRATCHENRE
S0 E (1 3(b)-(c)) * mobility FAZEIE T3E ~200 em®/Vs » [H 7B FER 1 ] BB b e 940
o W B BB RS B (on-state current) ~400 uA/um ° [AFFE RS BIBRIE EY EARIR
EREGE R A - RO RS A E A & BRI

(@)
Unit: X 10°cm™ Total defect O,top O, bottom Mo, PCD NCD S vacancy
CVD 8009 3523 3462 985 0 30 9
OHVPD 2393 1199 1177 9 0 8 0
t-CVD 21063 19010 831 969 12 235 6
t-OHVPD 2488 1157 1310 1 12 3 5
(b) 400 y - ©
¥ Our results|
ME OHVPD L Ref[38] 102
o~ 1 BNWS,/BN = : gz:{:ﬂ 10"
WS,/BN § 1 Ref[42] = 0
o Ly | p Refl43] | § 0y
100 y 3 107
& o wsysio, § AMPS/WS ’y r” :; ,z[
£ e rry CVD g 107
L 60 S5 s ]
z S,/ALO; b B ws,sio, Iws,Hfo, ; 10 r
A WS,/SiO, 107 [ian OHVPD 403 ~10
20 o JS:ISIO, 107 [.‘% CVD 233 3
10*7 1 " " L
10 -10 0 10 20 30 40

Gate voltage (V)
3. K$#BH WS, & (a) FEAKEFS % E ~ (b) 32 mobility & (c) T4 M2 R] - Adapted
with permission from"'? Copyright 2022 Springer Nature.

= BHEMHRTHER

1. RRBENERBBTHER

2020 4F + Liu % AFIFH PCz 4 T-HEEIE ONTs " TIEREHEE 99.9999% M
HEEE CNTs » #2F|A Langmuir-Blodgett (LB) B EHEHIAFFAE EHEFINY CNT arrays ##5%
£ 4 N ELE] (0E 4(a)-(b)) @ EEESHVEE A5G (A 9 °) - H LR FET B EE
1.3 mA/um HYJ on-state current » A5 H BTV SR ZALERE (mS/um @1 V) ELZH MMEAYXR
FE SIS (SS < 90 mV/dec) (A& 4(c)) « BLoh - WEH —EZ MR EE TR AR 8
GHz HJEEM (T E 4(d)) -

4N - 4F CNT WIS CHEZERE L - IBM RIS 5R ONT BRERImAIRE &Y HFE H R
8 TaN BT ERE (AION,/ALO; Bl AIO,N /HfO,) 5375 I {F p-/n-FETs HYFHE (21 5(a)-
(b)) » JEEAE 20 nm BRI T » on/off ratio > 10* B SS /[NfA 99 mV/decade * AIRAEHE—4
FURESR /T B A CNT #Y doping effect #5 1] Z2R0 (5 SS 23T HEE ERRIRE (60 mV/dec)
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(a) (b)

Q\ H)./dragén
| gyl
o A

2- Butene

-1,4-diol 2%&
‘2 X Y%

(c) (d)

107

Slowly pull up substrate

200-250 CNTs/i:m

21{07]
Monolayer CNTs

1,1,2-trichloroethane

_4
101

-5
10 1

10*1
225 nm

§
2 1077 ““"’L‘g’g - - —
~ : Asymmetrical gate FET 4 165.nm Gate
= 10° Lg =100 nm 70
] | mV/dec Source
107 1
_10 Experimental data in Fig. 38
10 s simulation (N, = 6 x 10" eV'1cm’2) mV/dec
107" e simulation (N, = 1 x 10" eV-'em™)
-2 -1 0 1
Vgs-Vin (V)

B 4. (a) # A LB stk fiy > 45 (b) 2 F A b E % CNT 95 A7 © (c) F— Tehid
WAF M 4R o (d) ONT & 82 AT 1 % 3% 5 8 E% - Adapted with permission from
Copyright 2020 The American Association for the Advancement of Science °

from 1. 5Vt0—025\‘ ,
|n —O 25V mcrem? v‘
-
. AV
Y e

D /v.\w x

ls (A)
ls (A)

~ -
10°h N .’ ® V=05V
A ® V=03V
-0 |- . 3
N,

¥ V=01V

10" s 1 L 1 L o
-10 -05 00 05 10 15
Ves (V)

[ 5.(a) CNT 3% 42 42 E b 8% (CNT-based GAA-FET) # A2 &4 ¥ T 4514  (b) #1 1 CNT
HBh B & MoS, dhIk iy B IR T H M A K © Adapted with permission from"® Copyright 2013

American Chemical Society °

2. AE &K BEOL € BRERMES
FEFERE IR PRSI - PSR <5 B A TR S L = SR CE I T Aok - SR il 1 i
BB EUTA R SEE S (L - Rl b E RS iealE - E£EESNRIELERE ~ - HE
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PRHATCHSEE A REFE ERIHE - AR LA TaN BE FRIPEGHEA R (HE Cu fE
#i 22 <20 nm * A SEFHY TaN [EE(E < 3 nm 3835395 7 R SRR EE AT A2 a e g
755+ 1 TaN FEFEME (290 uQ-cm) HIEER Cu (~1.67 uQ-cm) » RIRET FH M EE A -
T M AR A2 RIEER - FEMN A ESEEEERE s EEET1Y
FHAGTE - AN » S ERREE LR E N © FirlE CVD a2 (graphene) & R EERR
Cu HEAMEH - SRS » FIHSEE L Cu RH » I#HEH SRS CVD graphene #17 -
HIHI B EERTE Cu R B M ARIERHEIE ST - thpidiEse BT & B T B
THIFEECER (electromigration) » At 2 AEAYIH R E AL - Hong % AWFFRELfG EE %
CVD graphene A Cu/Si /T EAIFHIEZ"Y » A TC 0 BRI M BR B2 AU BB 25 R Z1FE 1 (thermal
stress (225 °C under a positive bias 3 MV cm") FRHFERLAE » B graphene 2 > 700 °C 1B A
FAFHHIHIEREL - AR (large grain graphene) X L/ NG (small grain) A BE SRR - 50
FHiE A B2 s ARSI AN E R Ni & R Al e B IR E A A B [ERE 13
(0.35—1.41 nm) graphene fL T ZERIHIIEAE TaN (2—4 nm) B FEEIHEREE - B
large grain (10— 15 um) BLfZ 77 5% (SLG) £t small grain (2—3 um) & F{EEERAIIETT (B 6) -

(@) (b)

3 A thick Cu Barrier
- - /* 3.SLG —*— Graphene
= Z * —m—TaN
i = L 2-SLG
| : g 1/
[ o
1 += * SLG
I ol 0
j E MLG
| BatTicn § Barrier thickness scaling
; ) Eqress = 7.0 MV/cm
Low-k PEA a

0 5 10 15 20 25 30 35 40 45
Thinkness (A)

6. 4 # ¥ BEOL 893k #6327t @ (a) & B Cu P4 X R4 PLIE & 04 +T
EEIRIEAR (b) VB graphene # 2 nm JZ & T 75 & BLAE TaN 849 FELFE A
Adapted with permission from"'” Copyright 2015 American Chemical Society °

PRt 25 T2 YRl - THEARS & low-K FIRLIEBLFHIE » A] DL G & 15 B AR A
AR EHE R B S TR E M - iR RS2 2 graphene * B2 R T KiEw 2
Z Cul FRITEBHST - tHEIEE T Cu ion HYIEBIER IS E U BhIARE - FFRI2 WS E ST (grain-
boundary) 1 & » EMEE TR « BLAh - EltAYRFTEED & 2 RPN A S A
17 » EEATTHAENELR (interconnect) HIASTEH - TR 2B E N HE T LR FLECREZEE -
HeTry i ] SRR R L Z (R khAh » 2@ graphene FYJEEEEHIE IR R ~F ke - 1 sh ks
JR~T (grain size) FI5E5R (boundary) FYTF{E » 1EEEJE graphene tHEEDLSE 28R - AR H G
Be RN ATRS RS ELIE  2ARE B HZERIE (& BEOL #42) » HAfEFF < 3-layer barrier
layer * MRE{EEIRESGEREIEETTHEE T » AR EEHIE Cu BETHES - 2 —{EEk

It4N » BEOL <58 N ARRYRE ST RIS — (RIS Ry BT R - B N HE AR TEHE Low-KiT
BRI ME T EES (RC Delay) HIRIE » FEFHEEEHE < @EE MBI Sio, (x = 4)
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8Y incorporating fluorine (x = 3.7 for SiOF) or CH; (x = 2.8 for SiCOH) B #&EH introducing
porosity (porous SiCOH or pSiCOH, k = 2.4)"¥ - International Roadmap for Devices and Systems
(IRDS) HIF T EE [EI£E 2028 =XFFFE R ultralow-k dielectrics (k values less than 2) ° 2020 4
Hong % AFIH ICP-CVD LA borazine JEiEEY" » 4 Si Hf EEHBEEHIES BN (a-BN) -
FET B Low-K {E1.78 (100 kHz) and 1.16 (1 MHz) » J EHERT B A7 A8 Ik o B8 B = B AR T R
1 (7.3 MV/em) ° 2019 £ESEBIE R E L —BA] (ABSE US 2019/0221645 A1 > $2EF]H 4,
b EMmtEAHEE Low-K IELE ST ZEEER 1.6 BIE - 2014 4R NI FEEX 3
#LL CVD graphene TR+ H MIM F5REATREIT K (B 1.2 - BURHRMABHEER
TBJIHY Low K #H} » 2R1M - HEDE LU R B SR ITTOHEE - it Biey s tEE
PRER R (B ~ BT SEE) -

I - #5Em

EAE AT B 2 BRHOLEMEE R RINZE - A LRME AW ELERA R R
A AR A ISER ] - AR AR R M IR0 S - SREMRIRE R A Y
AR LR AN A EAER AT P ERR SRR A R - HATth R A U et E SRR fR AR R -
ASLAEETE Ry » £ CNT HYRFE Vi n] 4 6 BAl s B R B RS ffAH 2R B8 LR 2 R AR R
J31E) 5 1M 2D A7 ER e B B 5 BATR T A (B AR EN R RE B2 P (L I AT B B A
EEM AR o AN - FRIGERBEAGR - S ER SRR RN R EEENERE
AT IR L R o BT U R EN SIS - IR DUE R SR IER BT RS - B
5 GRS AR T SRR R SRR - E BRI ER T AR R R A A2
BB IZ HINE 2 -

2ENRK
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