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Abstract: In parallel with the efforts to improve the device performance in modern integrated circuits, it is necessary to
downscale their core components, field-effect transistors (FETs), generally gauged by their physical gate length. Upon such
device scaling, the emergence of the short-channel effect impedes further scaling into the nanometer scale in the silicon VLSI
(Very-Large-Scale-Integration) system. To address this issue, two-dimensional (2D) semiconductors, leveraging their atomically
thin thickness and dangling-bond-free characteristics, are being highlighted as a material solution for future scaling technology
without severe mobility degradation. Despite the expected ideal physical properties, 2D semiconductors have yet to realize their
full potential owing to the limited development of integration technology. In this context, we survey and review the tailored van
der Waals integration technologies for 2D FETs. In particular, we provide an in-depth study of both van der Waals integrated
contact and dielectric methods along with an explanation of customized materials. In essence, this van der Waals integration-
centered approach will be a core strategy to implement the high-performance 2D transistors that meet the demand of FET

miniaturization.
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Aef 7= AAAF 2 AR el =] 4] o 245t Z2|A, AV|A 5 o= sl ApAIT] AAF 24}
X (performance), @A (area), H|&(cost) 9] sHAl Axjz2 FL 2 FE2S vty 9t} [4]. £7],
< 252 JiAsk=t 7105t 23y, AA|Y o] |4 dangling bond”t gle EHCO 2 AlHAA Q] X} Abet &
ol Tt A2 7|8 FEToA A AP Ueur] & & aststa, KHHJ Z0|NgtE &8 SCE ool &
xF

ARl o] & slidsty] /5t 71eA BAlEo] iRE  2jgt /48 BQltt [5]. ER, oAb AX9] F1t ¥ =2
A AT [11. UA A2 25t AA10] %Oﬂ*o% Sy 4 9low,

o5 501, 241 A Fsto] met OAE &il(short o] 5 Fdll 71& A& AAH7t AW 224 S =35
channel effects, SCE)7} AA| A9 £33 ZA|2 827 stof A5, LA YeA] 2AHS AL 4 AT} [6]. 5t

=191c}. o) 2 olAs}7] g8l Ad Golof tigt Ao £0] & A|gt, 7]E0] 3D WA axjete] AEA FY WAL 2D
718 Alof2l e Iejatet Zlo] R 7E 9, SAA ol AR 43 E4 S 2415 BEH: o A
a8 AR Ml E S0 Pasty AlRjE & dgelo]  oUAt a7EE 34 54 3A

(o] Oo “ %
E{(silicon-on-insulator, SOI)7|<x} FInFET @ Alo]E (atomic layer deposition, ALD) 7|¥t 11858 SA A
= ol2t# E(gate-all-around, GAA)QF 22 Az EJH AA S04 2] &4 H AW A9t F/d 5ol ol2ist A
R AE 2S5 AESEAT shR|TH AP 2 Ast Fe & O BZ4A1710 o 539], sl stAl= A2 el 4ol
FA9 AdelE AdolA, A 1f 549 dangling  7HaOMSE S AT ol AR AE-FAA] A
bond 2 QIgh Alst 14y o2 AALO] o] 57t AstE= &  ©]9] Ao Agtof oot 4tho] FFo g sl A} /g
Aol FAjett. £5] A2|& A2 Q] F717F 5 nm o]st 5 Altste £8 Ao ALt oF =91, 7|IE
A 4 AR oz oA g Ald 9 6Als 9 54-2D F& HA M= 2451 2D A 1] ¢
of vlgsto] ZAastct[2]. o]2st EAlE2 AutAler & st Ao R Qs =2 A E7] A /4 Aol YAdst
2|A Aol E ol & XA 0 g Fol= A2 Agstal 91 U, o= 24 A5 Astet A3 Awo] ZIt= o]oj At
of Aej&S A M=% AR1et oA AA 7= 7ido]  [7]. ®3h ALD 7|8F 13- & SRR AA BhA o A LAY
Q=2 Qi [3]. Sk AlHo A Q] Aot FA] 2A19] 5 Feo] Aol |

ol A19(2D) ¥rEA] 2R WA} £50] U] g £ o} olejgh RAlE 5] Un|e] tejo] xu]axtolA

ﬁ Integration for 2D Semiconductors —

| Strategy 1:vdW Contact Integration I Strategy 2: vdW Dielectric Integration
® Challenges: Fermi-level Pinning ® Leakage Issue e Gate Controllability e Trap Issue
Vacuum level Vas
Thermionic emission
Energetic particles FN tunneling T DL I20S
10,0 66 810 ¢ icect tunneli e e S 0 00
[ D o T
¢ CD fc t ° e »= esspeensnsnessnsnenEs bl i
e e S Channel Dielectric
e sed e s Lot Q=cVv Interface defects

® Ultimate Goal: Reduce Contact Resistance ® Dielectric Technology

P M \X\\’ - R
p%gmact p%l‘:’nnnel pcz'gntact
ALD High-k h-BN Dielectric  vdW/ALD High-k Stacking
® Contact Technology: vdW Integration
ative
R %f/ B LLL TS
Native Oxide Crystalline Dielectric with vdW Integration

Metal Transfer Semimetal Buffer/3D vdW Epitaxial Growth

Fig. 1. Van der Waals integration technology for 2D semiconductors with schematic illustrations of contact engineering (left) and dielectric
engineering (right).
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2.vdW INTEGRATION OF METAL CONTACTS
(MO 2R S5 7|4 2 XL 0f)

2.1 Technical issues in conventional metal
contacts (2D HF=H[2| Z1E4 O]+F)

YRS PYStE 4710 B8 4EF Eol7] 95}
o] OBlo] A XqES £0]1l on-currents =0]= WgFo
2 EPR|AES AA St o] XIsiE] 1 QIth AX}o
AR Ag2 g dFolM e A g-&-8F=A] 2Ho
Ho| 7 AR PAE ], ARt ARk afet
Ad A oyl A= Moy 7o =7t AXA o o]
whet 24-WhEA] Afojo] HE Natg Fof Fjajo} So]
A FAs = Y-S UE0lof ot 3FACRZ o] "Q
9] 188 (ohmic contact)”S A §5h0 2 K o] 0] %] 4 9]t

o A DY YshME £ET] FHS AAG
L+ 710] TaAo|ch oA A, £E7] FHol kol
+ Schottky-Mott A of] wet 542 2 %‘#9} HFEA]

2] 10].

o] AAMRISt e Ato] 2 A=t [A] (1)

—_
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Schottky — Mott Rule: @55_,, = @y — x5 (1)

u
level pinning, FLP)Q 2 9l

5o Schottky Mott ¥ &lo]
LX35] ALY K| otg), o] o] DAL o|x}Y AR 7]
uF ESNA| 2B APS oA sh= S éOJOE xrg

g} (1] W 2o] 2 o
AL % 717 7o) ¢

=
stateolll} 20154 E“A}i as st AL8l2 natural
MoS,°] BHS STMZ %EH %"Sﬂ?‘iﬂ, liR=
gap) UlollA RA} F-ofA A 2
7t AR @A o] 2] 8%l

o
F9] 92| Wake QSICH(12] B8 5 2F 15
240l g ghst Ago 2 9lst interface state™ &4
ghot. 2018 ZA=] o} gjst A= -2 MoS,0 Aug A
54 3 ul@ehel i, 5% SR

o
2] APo] Ueh 1 242 Sheloksic [13], 243 1
EAle] TERS S48 vheA] BRio] JHUES &

2
I}

Ml

& 5t= metal induced gap state (MIGS) 9A] &
qloltt. 20174 EEu]o} et A el e Zal 6
H(scanning tunneling spectroscopy, STS)S ZH8-3]
oget 2453 MoS;2] AolA =4 e Ux(local
density of states, LDOS)2 =459 1. MoS,0l|A] MIGS
o £AE UBstact [14)
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interface state2 7] A4
Lot g =AQl o9 A
of A sttt. o]2fgt WMo A, dangling bond”} gl
Ard REEA] AR & g2 29 A= oA A&
21 GRS sEE o e siEM oz [AISIT. 5HA|
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Ao} oA BLEA] ARfoIAE ol A Ql 29 ZiEo)
ol o] WAICH[17,18]. ol 2} Zo] Y=o HRHCA L
e 2Ake H20] U 1YL SR U AYL &
o= ¥glo] &7]0] oo wa} o] abl WrER|S] EH A4
2 225k 4 9t VHE| WA T 1 s)zo] a7
=3 9k

2.2 vdW contacts with 2D channel (0| x} &l {2
Hiff| 22 ZHE F )

2.2.1 Metal layer transfer

YA 34 BAF 52 olAHd BheA| Aol 2
7 ARE 4412 2 AL, el 378§ dsks
2 Eeasd &4 5400 APAQ aflor AR
et of BAE S sl2st] #sl 52 olAd BHeA]
Holl AAtste= Aol 85 et [1™ 2(a)].

2018\ Z=] 2o} tjjst A& -2 MoS, Z2fo] = 9]0
=AM electron-beam evaporation)2 -85t

| ZAT5E 2419t PDMSE #-8-5H0] MoS, ¢l
ARME HlwstTt [13]. A5 Aat, PVD
AN SAE 245 /MoS, AHA = B2 23
RAF HA S ZEet AR 7R
2l 2 g u7F 2A HetEE A
b), (c)]. Bt=AolA m=0] 2¥ 17
£ 5 YEUl= FLP factore oh31k -2 Alo g2 &Joj=
oF [A] (2)] [13].
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Fig. 2. (a) Schematic image of transferring contact metal onto 2D channels, (b) the cross-sectional schematic of vdW contact with WSe», and
Au electrode evaporated on WSe> using conventional thermal evaporation, (c), (d) the las—Vgs transfer characteristics of the WSe: transistor
using both vdW-integrated (c) and conventionally evaporated electrodes (d) are shown. Each device exhibits carrier mobilities of 16 and 11
cm?V1s7!, respectively, at a bias of 1 V. Panels b—d reprinted with permission from Ref. [21]. Copyright 2020, Kong, L. et al.
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2} 2 E7| g9 =o|7t 7|1& 24 AYES oA A
7hdAgettt [23]. o] &A= 2y 549 FA2 S
AT 4 et A S50l sl 2] 7t
Rlog 4 olche Aol 0|24 02 o woln, AP
25 ASE T} [24]. 20184 BETE7|EA(GIST) &
T AR MoS, X TefH U5 S sheb| AN
(chemical vapor deposition, CVD)2. 2 F4d3st &, o] &
Arg-sto] J2jH/Ag 7180l 9= MoS; FETS A|&5t%

o} [25].
= MoS,9] £ E7] A 7101 0.19 eV &
of. 75 A P= Ag/MoS0l 49| 798 kQ « ymol A 115
kQ + um2 27| 2HAAZC 23 3(b). (o))

TR ol E chekst e MRS E S S ol
A TMD £4S w502 &8sl A7} APs| 1
9lth. 20209 991 53 thst A MoS, A} Ti A

0% 55 £E7] Aelel £olF o|EN o2 AY

r

a Metal 2D buffer

—
¢0808080800

VeVl W

b : c
0 \ -=-Ag 1of f -=-Ag
s 3 = Graphene/Ag 10° -a- Graphene/Ag
) [
= 03} SBH = 0.30 eV 3
5 R 3 10° ! R. =798 kQ pm
2 )
E 02} < 10° Y "“l """""""
S S 10° I .",?.:M_. a
SBH =0.19 eV R.=115kQpm
0.1 bl 10" bt e
40 20 0 20 40 60 80 0 20 40 60 80
Gate voltage (V) Gate voltage (V)
140 70 -
120 -Tu,MoSe7 aTi - TiMoS
eTiWSe, <Au o0 ~&-TiWSe MoS,
s 100 - TuReWSe2 TVhBN E 50 »—.—nuos{ MoS,
g 8o 3 40
o~
X 2

g 60
€ 4 b 2
L —
20 LI B 10 \'*H—:

5 6 7
n (10‘2cm'2)

5 6
Interlayer Thickness (nm)

Fig. 3. (a) Schematic image showing the use of a 2D buffer layer
between the 2D channel and the metal electrode, (b) barrier heights
and (c) contact resistances (Rc) of MoS2 FETs without and with the
graphene buffer layer at the Ag—MoS: contacts, as a function of gate
voltage. Panels b and c reprinted with permission from Ref. [27].
Copyright 2024 Advanced Materials, (d) SBH extracted from MoS:
FETs using different contact metals and buffer layer materials. By
inserting a 2D buffer layer with an advantageous band alignment, the
SBH can be reduced significantly to ~50 meV (using WSe: and
ReWSe: buffer layer) and further to ~25 meV (using MoSe: buffer
layer) regardless of the interlayer thickness, and (e) extracted contact
resistance for each contact type as a function of carrier density (gate
voltage bias). Panels d and e reprinted with permission from Ref.
[28]. Copyright 2024 American Chemical Society.
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= Afolo] ¥ & o & TMD 24191 WSe,@} MoSe, & &

8310 2715 ARSI, o] 5 Eo £ET] A} 2
A2 FulstAl dAAIZI T [26]. 53], MoSe; 2] A
Tl = 2 EF] o] 100 meVof|A 25 meVE oA
2, A8 AFFE 145 kQ « pmo| A 1.9 kQ » ym =2 ZFAE]
ATk B u skt [1- 3(d), (e)].

TRfU, o A1 BiH A S 28T oA Agtpt
70 olxbe BT Fo| Lt AAHY 240 Astsol char]
o Mz2& 545 Ald 7= g Ihasfof str, 1 Rlof
thal weh 7o) olahslr] YaiAlE F7bEQl At W
S A&goltt [27]. 3, 24 A=t A &g Afol o
A S 2P0 viE 28 A e S AER S
SgAI17 ol Aelol £UE Welste 29102 A8

ghchs Thgo] Exfaict.

¢

2.2.3 vdW hetero-epitaxial growth
7‘<j;\]. Hc]'}l]% 151_}5”21:11-/\ 7<17H o 1,]@_} Qld} Al o] H]-\:‘l_ljo]
R|SF AAF 27 o] A A of| AA] o=
A1, tht 2 Azl Agshe A S|
o] Qit}. Jo] viel o]kt F4-olxFY whEA] wir
S

e RIS e |
garel A8 4R BAe Ol R 34 7hs e Bol
VS

&Oﬂ.l

d
d

T2 OOH VSe,E 0]% ]”—la”\l Ao 2 R/ AFA 7]
1S 11380} [28]. VSer= WSepfb= 2.2%, MoSe;

O 19%0] Ao At BUKIE 1A vt Z R A A
7= o] F LR 2 AR o0, 53] VSer?t MoSe;9]
Aol = 29 21=o] %ngg_ W ostent (1

4(b)~(d)]. 3T 2023 St st AL MoS,2F WSe;
Z2fl0] 3 9]0 VSaSexr @%M ™MD 34 %32
Ao, T 250t S71e) ek sl 3719
ol Z715L1, 0|2 B3 T2 £ WA A4S
AT 5 982 BTt [29]. 58], SO u]go] 57t
g4s APLL PasPl Hbd x > 059 0

VSaxSez1-»2t MoS; Atolofl @8] Feto] 27dd 4 Ut

T RSt (13 4(e)]. o2t ojm =] F]ee] A4
B e nol MS DU AT 4 ot Ho

o
2 ARS JHAICh 20209 2 et AP e 2R o
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a Metallic TMD C
100 VSe/MoSe,
o 9 _e | O /0
) B 3B S Of
YV VYV € ! Ap123 meV]
A A A A A o ;
€ ¢ " 1 R 8 =i
RSP ) ] =-1007
; ; 5
Semiconducting TMD Léngth (um)
d " € x<o05wW,>W, X>0.5,W,, <W,
7z
B Co oo
VSe MoSe; ; i
2 = E, VS,,VSey . E: (S, ’::22: VS VSexuf” E:
............ :
A¢1230meV Mos, E Sc::;o.ssie!ion Mo, E
e Bl v ,— v
-~ n-type SC

Semiconducting TMD

Defect array

Fig. 4. (a) Schematic image of hetero-epitaxial growth of 2D metallic TMD with similar lattice constants on 2D semiconducting TMD, (b)
KPFM surface potential map of transferred ML—V Se2/SL-MoSe: on conductive Si substrates, (c) line profile of the surface potential difference
of vertical stack, and (d) corresponding schematic of the band profile for ML—VSe2/SL-MoSe: according to KPFM characterization. Panels
b—d reprinted with permission from Ref. [31]. Copyright 2018 American Chemical Society, (e) two types of band alignment of V SaxSex(1-x/
MoS:2 vdW heterostructures: Wm > Ws (Schottky contact) & Wm < W5 (ohmic contact), and (f) semiconductor TMDs initially synthesized
through a CVD process and subsequently patterned to create periodic defect arrays. These defect arrays serve as exclusive nucleation sites, enabling
the site-specific growth of metallic TMDs, resulting in the formation of metallic-TMD/semiconducting-TMD vdW heterostructures arrays.

o[RS ALl YA TMD 27 9o 2 ofefol2 A4 Mol 58517 oYk 2412 s As}7] 919, 2D ¥
o, ol% ol 24 TMDS] o 434 Aol €8 Meldsl Aol 24 K2 Alolol S45S Aale ol A
Ac} (301 0]% CVD 39S $0l 24 TMDE 249 29Ik 2022 QAtheli Q78 WSe, A7} 34 A

uf, AR o] iEebE HA] 01]*1 J AEido g 34 TMD?F  =(Au) Atoldl Se s]A85& A Usts A5 Bisitt
M ASH= 712 srolstgict [ 12 4(f)]. [32]. Set= @2 34l U RS 7HAIT], g0l A] eF 150°C
J1eju, CVD 7]49te) g4 ‘ﬂiiﬂ o]F Oﬂlﬂa**l A% oIt 2RolA A FEE & T AFE2 ol2fe &
A2 0 AU AX 215 245t 4 TMDY A& Z8&5t9, Se 5|85 1ol Aug 549 ARt AAL
S == YA TMDY 8d 2 =9F sgt&fojob ottt /] S4F ©Alo g Aug A4 SATSH A+ 242 AlAFst
ol ¥/ 7t 54 TMDE AtAIA dste €845  H. transfer curved ¥l F431Ith 1 23, Aug A
717 24 TMD =5 &st= g ofgies Aet ¥ A A% A= f20] 248 vy gtz Qs ngd £4
ghotyeh, Alg It AR RAgoz gt AERIZ AMla & Wl Y, Se ]S & E&5 &A= Au?] AR &
UFolA ExdstAl xst7] fizol &4t 540 9 AP dgolA LAYshE AlE Aete £ vhhega AE
= A & doE A = ERjee [31]. S FHFgo2M, 135cm’V s Ho o] 2
¥ 545 Uedltta Agstith. 22y, sig A-tollA
2.2.4 Sacrificial layer based vdW contact S|M=0 2 85 Sex= & ZHH(thermal evaporation)
AA AAIE AL FAY] 2 FHAEQ 7} st wAler SAF =7, 78] 2D A '] il AX
AAE = 349 8ol ofite AN g2 AR 578 IS VA 5 Aok A0l EAE.
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Initial WSe, Metal deposition PPC thermal decomposition Intimate vdW contact

- n 3 e i &
b c d 1"
=10
w PPC g
z decomposed| 5
> ~
£ 8 10°t
= dissolved ]
Q sae
3 in-coated.  — 10'f — Initial
= 2 — PPC dissolved
5 Initial WSe, g 5 — PPC decomposed
v - 10 " .
13 14 15 16 17 18 -60 -40 -20 0
Energy (eV) Vs (V)

Fig. 5. (a) Schematics and optical images of vdW Au-WSe: integration with four steps: WSe: flake prepared on substrate, (b) optical images
of the as-fabricated WSe: transistor (left), with poly(propylene carbonate) (PPC) sacrificial layer spin-coated (middle), and PPC layer dry-
decomposed (right), (c) photoluminescence (PL) spectrums of as fabricated WSe, after PPC spin-coated, after PPC dissolved, and after PPC
dry decomposed. The PL peak remains identical during these processes, and (d) the corresponding channel resistance against gate voltage (Ves)
of WSe: transistors with consistent electrical properties observed, indicating the PPC integration and removing processes won’t change the
intrinsic properties of monolayer WSe:. Panels a—d reprinted with permission from Ref. [33]. Copyright © 2023, Lingan Kong et al.
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Fig. 6. (a), (b) Extraction of on-state current densities of WSe: transistors with vdW contact (b) and evaporated contact. (c) Extraction of
threshold voltage (Vi) of WSe:> transistors with vdW contact and evaporated contact. (d) Optical images of large scale vdW contacts. Panels
a—d reprinted with permission from Ref. [33]. Copyright © 2023, Lingan Kong et al.
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20239 Sdtjsl A2 71EY AR S AT 4 B asit. o]2sh WMo A, o] ol A= o] BEEA] A
1 propylene carbonate (PPC)E s/ 5 02 &&st A HE5d /AA AAQ 200 FAS AT 574 7=
of 2D Yt=A|9} 4 o] A& 5A4S NSk A4S disto] LA} gttt
X138t} [33]. AFE -2 WSe; Yol 835t F719] PPC
Z2HE AW FEHSH S, T o] F&S & S Ao 3.1 Dielectrics for 2D transistors (0] X} & BF=X|
2 A SAreIAT [19 5(a)l. o] %, 250°CollA] 303t LXHE 218 HIOIE M 2 =)
7tEst] PPCE& ol 22 AuZt WSe, ot vhe =t
2SS YIS FEotnt o] oA PPCY A& FETojA] Alo] E-SAA-8FEA] Ao]oj|Ao] AlIF A ol
W A9 Aoz FotA A AV S0 WA S5 & xst wghe z4ssto] YshA] o= =AM Al22 ubx|s)
QIsty, sl 370l Ao Al HAIAZ ASHAT [1-  ofof st} o]2st vbe A A dut SAF] Ao]Q] A5} wsh
5(b)~(d)]. £3F, AFEL o] YAZ &835to] Ag, Ti, Cr, 2 x3}50] band offseto]2} 17 E2]= o q&] AF2
Cu, Co, Au, Pd 5 77}7] HE HH 543 ALST WH L 718 £5) o]20jd 4 ot Wlezie of2 27 1]
29A [ 2R A SAE Axe] AVIH £442 8Bl Ao M2 okl o A] A9l band offsetS AR5}
o FASHRIT [1Y 6(a)~(c)]. L Aaf, g =gA A3 »g), wicyio] 2 2A1S QA AR 2 AElstH chokst
2RO G At 2 252 AHEESE H 52 2- vinF] 2xluto] AA A] =2 band offsetS dAE 2
A F(on-current)et F& A <U(threshold voltage, Vin)  9]7] tj&of =4 A== vpx|at 2 9lc} [35]. £35F SA
= UEUE 4ol s e v, A SAE & o] 247} ko w HdY #AHS Eoto] Alo]EoA] A
Ats wl20] 2R 178 sk Qlsh ol2fet Aol WS ga w4 M2t g7} E7] 2o, Blid® 4ol do
A HEUA] e Jlo2 SRIE AT F7P 02, A4 Ux] oA AR SAIS FAstels A A 24 AES
2 oY vt adA SAF UAlLS F85to] 4Q1K] 2719 ure A glw widolct J2] 1 &HE AQHe Wod QRA|
flojm of] 25,0007 ol Fe] WrHl 2 A FH2 AASHH S axjo] o)zt Aojupd A 2 wAX 271 wAst=T|, &t
o, o] 5 ol HlolH F2o] AE 7Ms/dE U5SHUT  wmxioro] 2 QA= AFREH0 24, A Qto] o5t A &
(255 6(d)]. FE U0 Ax0] SR AL WS £Y 5 Aok

AG A ze fAAE &sto] Aldol Asts Feshe

Aoz 2ER7] 2o, $L AL B2 Fsta=

3.vdW INTEGRATION OF DIELECTRICS T 4 e SAA 2817 B a5t o= /RAAIY A
REHC = Keo5) S E01E YA O R 0] 204 4 gid|

FET ZZ20]A Al0lE fAAl= A Aa7r Fojd off  HEH] o =42 A/ sl #75 2ole ¥yol=
24 1o ¥3& Foff Aol Asts f=sted AFs  AVE Ao OEbA, 3L AGH 5L FAA 2 FA
2k 528 dgg 230tu], ERRAHY dsol &F2 7P 4 Qe High-k 2442 Aol & {AIAI= AL
ARAQ G2 vlAle 535], 2 Aol E AN Al 8o 2zM 4 W2 Fste2 2T 4 UL, o= A2
2o = AFE YAlsto] A &AE Fastell 59 ORI Al0lEQ AJHiE S SHist 4 ot
FAGONA o H2 HshE /=8 4 o] EHR|AH A AEH RAA= A2 Aol atEy A /A
52 TN 2 QlTh 7189 ArfE 719t AR L Al R At SR 9F JAIA] Abo] o] AlH ZAgto] Qlot.
X8 24 70| E(high-k metal gate, HKMG)?] =¢] /A 7Y 22 Ad & Ast=o] P2 Sl
O & 7]E Si0, 4tstate] v g gof gt g sl 4 Ast wgS & 4 = 3ol "ot v]gA 7|vke] g4
slittt. FETQ] =4 & stol] e} WAsh= SCE wAlE ol Al WR 299 B=7F 33 WE 2 Rp2]9 o | A] ¥i
Zst7] ¢foll o] A WEeA| ARN7F Ale]Z AA1e] tAIA  E7F ot SR o] WhE FgAof Ato] 7t A 7] tiZof A
2 5% 9t} shX|e dangling bond?F gl oAt sH7F RAIRS] W2 Aol A BEdE € & Ao (2™
2AOIA = Ar]E ARt A AgEl= 1 RAE fAM A7) [36]. 127] tizof doid oz R Aol A2 2H
A 379 o Fo] Aokl AL AAF Al 240] 7= 2 RAAES oA RS st nehg A Asskal A}
o] A% AN & WOl R A] Zohal It} [34]. whepA], o] - O] 3| AE|2f Al A(hysteresis) 3tS ZHAE 4 T [37].
A REEA] Axfjo] AMest A 22 AR FA Aol AEH fAA Aol AlHS LFA R TEE Jl G4
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Fig. 7. Comparison of dielectrics and channel by band alignment. Trap band energy distribution in amorphous dielectrics (blue and red). It
reprinted with permission from Ref. [36]. Copyright 2022 Waltl, M. et al. Advanced Materials published by Wiley-VCH GmbH.

2R 58S FIAI7I= 525t a40|th AW 1He] &

orow AW E3 A (density of interface
traps, Du)7} 71X aL, Zst7} w27 22w of o] 5 =7} ZF
Jstoll Al &8 A o]st A¢o] otetd
o|F& FAIA ¥ 2 A HA 57
L5 G3RA 2 2 Y olst A

ALD7]4te] High-k Q5181 o] ol¥ AW A%
7} £0bA 2A19] 2352 AstAl7] = Uelo] ALk mjatA,
TS oA YR £4F PR 9Jsto] 2 WS
Al 1E4 High-k S8R9 "Wl 2wa A
0l Fasict.

3.2 Dielectric integration technology for 2D
transistors (0| X} &l &7 =3 FHH =S

fet 38 71=2 olal)

3.2.1 ALD based high-k integration

2011d EPFL A78e o5 MoS, oAt whea||et
ALD 37 7]8te] HfO,; High-k {AIA|2] HAl 02 o]z}
H YEe R AR 7|9 ESHA]AE O] B4 W gt s
Aol A= MoS; 7|8F AX19] 52 =o17] 59, 25
o] =2 FASSE 7HRAL 1o 5.7 eV A& 9] T3]
= SiEZES 714 HEO;, 242 70l E RAA| 2 A =5t3d
o} [39]. 51X 9k, dangling bond”?} i O|AFY AXQ] &
Holl= 54 715§t 51to] £55A, ALD 7]¥te] High-

k 98 A 240l olu 1B AW F4ol o 2
ek Go] 9lek [37,40). o]
g o | AEjR Al A g

2ol olxked WLEA

= o

-
)
=
i)
)
%
o
i)
ok
ik
|

i)
ot
_O'ld'
Ba)
1)
i)

3.2.2 vdW integration (h-BN)

20143 UC Berkeley tjja} A& -2 o]xd AAA Q]
jZ Aol B4l AgtE 4 (hexagonal boron nitride, h-
BN)E AI0| E G| 2 Ao 24, oAt Axf=9] §F
d2ga JAte 2 AXLE A|AFsHI AL o] § B sttt
[41]. sl A2} 2o h-BN& 7Alo|E {AIA| A~/ &2 A
B30, o]xtd YreAete] v 2 A AlH A S 9]
Fo] AFAH AWEZ F4T 4+ AT ol & S, 71EY
ALD 37 718t High-k |44 Aol A& a2 4~
A} 81X gE, h-BN2 out-of-plane &0 2 3.290]A
3.76 Y =0 e 8§42 7hA 1 ek o] gt
[42]. ®3F, 1.3 nm ©o]5t9] ¢f2 FA& 7H4l h-BN 4A]
o4 107 A/cm” o]0l =4 M7t s 20, TS HY
st 2785t ©@2A% h-BNS tiexl ez 4747 7]
ofFot. sl ARIA, 71=AQl §HA7L EXsto] L5742
AHold ZATO 2= h-BNZ A|o|E {AA| 2 AME-St
7100 REAIZE ATk [43].

3.2.3 Native oxide (Bi,SeO; on Bi,0,Se)
stEAleh QFA Afole) o] BRS ol WHo
2 Aol Aretare et ol olnk Ael R e U]
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St A ARfol| A= Si0, AFHANS AR & AdS
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3.2.4 vdW interface on high-k technique

ALD 7|89} High-k Al A& oA LAYsH= AW A
9} h-BNO| 7}X] 1 Ql= 3K kL QX AbA0] THES n &
A E Ch2 geto 2, h-BNE Ad e sk 1 glo
High-k AR SASh= A JA| Z198%] qlct. 20161 0]
= h-BNW HIO,] o] 3RS S8 4419 1452} A7
7t RSP £ AW EA G20 104 cm’/V - 59 &
20|55 AUt 5HAIRH h-BN Age g2 Qls) = A
7F8 MV/cmoflA 6.5 MV/cme 2 ZH4std 1, 13 RQl
HfO,9t F2 f48445 7M1 h-BNo| 218 AdE o= H
A& 8-2F 7to] 480 nF/cm?ol| A 310 nF/cm 2 3 A
STt [45]. 20199 FA S ALELL M0S,$]9] Seed
=07 Q78X perylenetetracarboxylic dianhydride
(PTCDA)E B4 3}51 2 910 High-k 242 546t ¢
2 A1AsH AL, 60 mV/deco] BERY olst AY 2
o*o*uu Lo}w T2t o] 9lA] §IlRANSC] e
SAYS A% HREY 24 A oksh] AL |

T O v O
nm ©|5t=

- o % - :
5 AT YL T2 ANS 9L 4 Aok Aol UA]
o M2 e %diﬂq SPLE - YR8

3.2.5 Crystalline high-k dielectric (CaF,, LaOCI,
GdOCl)

WA AATE FAA AR S 3H753}71 %’4311, gl
|y 7144 +
UT o]_l H]-E"E\:ﬂ»/\ TKj‘o 01[4» O]
25t WA CaF,ot 22 ol2Z24 Tord"ﬂ % LaOCl,
GdOCl &1t 7zre 3lE=2-2x]3rglo] & (Rare-earth
oxyhalide) 7]§te] 24-50] AE L Qlct. o]2fgt o] &
A7 7199 FAA 2 h-BNab= 22| o]xtd 2412 of

[m
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al
‘_(den31ty functional theory, DFT) 7| At
GAOCIT} MoS:2] AR 7271 % & ol
Bich (22 8(b)] [49]. 2R 02 HEU0
ol tighk BH FH+ Aot = AFo] Al4hZ sliA]
Ate] 7170] 5.7 AJg elstict &, sy
FA
alg

N—u
1T
E

891, 424 719 29I AL U=y

bt ang 7

5]5F A 0]0 O
AT 2 USS ENFA

50]. gt opujet, 24 FAAE PR %Uﬂin}lﬂ
T 22/ A A7t ol A7) gEof, W e 2
& UEE MY &, 22 SAAPL oAb whEAe
AL AL AUEY U Y REY UE a0l o] AL
Qe ol 29 A% ofst Agjole] g 24X 3]
2ERJAIA 520 i 2 ofojd 4 gt [17 §(d)].
CaF,= 7]2A 02 giezio] 12.1 eV, =4 AE7F 107"

01] 93 mV/dec?] &

o FAAS e 5 5t 582 lE‘Ur [51]. 3}X]gL,
CaFo= 849 RAVGSE 7L Qley, ol H&
High-k 57214 thy] 2A] ¢ sAfoltt. 22]4z, Si(111)
oA MBE& “J7ZFAl7oF 517] mjzo] 14]-go] Q&1L
5 Alo] E=TF ARE5lioF sh= 378 A Q1 SHAIR o] +KH
st} GAOCl2 BHE7R 4.58 eV, 5| AE|2]A]A 5 mV, &
A< olsk A9 67.9 mV, f8& 15.3 5 P35 04
5t EAS 591 [49], LaOCle ¥iE78 4.21 H]

4 e A
A~ 0~30 mV, 988 10.8 & 22 59 Alglo
Sohict [46]. LaOCl2 DFT Al &o]d& Sof &
= LaOClo] 55.89] 98, 0.05 nme] EOT, 7.79%x10°®
A/cm’e) gre =4 K22 "y o]E = LaOClo] 107
A/cm’o] e w8 MEs Bt [52].
TR o=z AGe & RAAS SHES vl wsiEH

u:9

s =49 ®olt BiSe0s2 84| §77t 9T h-
BN, ALD HfO,52 On/Off H]&, s|AHYA|LA, SX&
QA 2 SoIM o4l e 2uE wHch 257 2ol
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Fig. 8. High-k dielectric with vdW interface. (a) Schematic and cross-sectional TEM image of crystalline LaOCI/MoS.. Panel (a) reprinted
with permission from Ref. [50]. Copyright 2023 Wiley-VCH GmbH, (b) side views of the differential charge density of the GdAOCI/MoS, vdW
heterostructure, and (c) plane-averaged differential charge density of the GdAOCI/MoS: vdW heterostructure. Panels (b) and (c) reprinted with
permission from Ref. [49]. Copyright 2024 Xu, W. et al., (d) comparison of On/Off ratio and hysteresis of crystalline dielectric with other gate
dielectrics [44,46,48,49,51,53,54], and (e) comparison of breakdown voltage and dielectric constant of crystalline dielectric with other gate

dielectrics [44-46,48,49,51,55,56].

gt 2 A W3 71 fAAZE Y 7HR] R o]l tisl 7
£3] olated WA AAHES 915t 8 & F-2A]
1754‘4 KI-xﬁaﬂ o 9,]—o]oP N 0104q

3.2.6 Additional dielectric integration

oroll Al 2D ¥HEA] Axfol Harst e et AR A
of tiste] AEZACo= th:ouTt. oo Hsteq, o] &l
uawa 2xlo S0l2 PHS BEE 145 &
At de) 2L £2AE5S A7hFch

20229 UCLA AEoA ZEst
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Bo 24 AT ARGl YH2wA IAL
At [57]. s ALollA+= SiOz0] Z2ejd-& A &3t
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