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3D-Stacked FET [A(F 2D #4#} - 7 /34 ZF&fif
2D Material and Device Technologies for 3D-Stacked FET
REIE KRS O ZH#Z ; OHitoshi Wakabayashi, Tokyo Institute of Technology
E-mail: wakabayashi.h.ab[at]m.titech.ac.jp

OB KEEFE R FRPESE X, Moore’s law [1] 2 H
= & U 7= Scaling concept [2] 121 - 7= ALz
&0 3], mE(LPEHEE M K3 X M,
EHEBEEH LTV, RHIEHETIX, Fin-
FET Hifffic & 2H1E S o EIflic X v, KW
BEIEPMET A Mu, SEMEPEA TV S
[4], & 51Z—%BT Gate-All-Around Nano-Sheet
FET (GAA-NS-FET) ik D, /v R—FF ¥ %
WIRIEDIX S D & 2Kk T 2 Z & CTIRIHEE
ka2 MM, SEMIEAEA TWS [5,6],
W, S ORBEHEE KA M, &
HLEALIZMIT T, Complementary FET (CFET)
2\ & 3D-Stacked FET (3DSFET) 2% & 1
T\W3 [7-10]. LA L. CFET %X 3DSFET Tl
REIXS D Z 2B TE RV, KFEIR
PERRE, HIZILEREEX A AV TS A
R (Transition-metal di-chalcogenide: TMDC) J&
[11] % FH\\ 7= 2D 5 4k % 72 3DSFET
DI, I HIIBEHEN LIk 2V
¥ —BEREIK [12] BIIZEE N T WS,

Z ZCARRTIEIMEL - 731 28 & LT,
3 TMDC iz DWW, BEIE R ED7z9HI1C
F ¥ 2VIREZERT 2B0ERH D, ANy R
Bz &0 107 em™ REETEBTETVS
[13-21], F7z A%y X TMDC EDEEIX S D
SHIHNE NS < ZeS, EF B EE &
W\ [22-24], ¥RIZ, 3DSFET DRED 7t Ak
L TC. Sacrificial layer & %\ (& Supporting layer
EA®D TMDC A3 % [25], % Z T MoS, fii
IZDWT, FlZIX, plasma SiO; i€ E PVD-MoS,
JEORE N RIFCTH S Z & 2 MR LT [26], X
S50, Na¥ZXvyOR—=¥Y¥rrohLarr A
FORERET X VEEPIET 5 Z &% [27-
29]. nFET (ZIZEHBABADV NS Wa v & 7 M
B [30,31]. pFET IZIXEFEABA KRS VI &
7 SMEH32] I K D EMERBETE S 2 LA
o TWb, PAED@ED, 2D #MEL - 781 AFL

MIDFZERIFEDIEED 5T WS D3, Integration
DB TIIHZEGEREN LA TH 5,

SR - RSO — LG R AR A Xonics
PIERAIA PRI R 2E (JPS011438) S UV ISPS
B2 (20H05880) D Bk % 5% 1} 7=,
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Toward wafer-scale integrated circuit technology using two-dimensional materials
RAITUZI RHYRHE
Univ. of Tokyo, K. Nagashio
E-mail: nagashio@material.t.u-tokyo.ac.jp

2 xiRlE, (YT >0V IR ROBNKREABEDZHEEBEST Si KDEEVEBHE
TR CTED L, (NEFRBESDEHIPF vRILIECENC &, (iiBESCRERUEF w3
IBEZERTERIZE(CRDACERBLEDREIEICKD Si-MOSFET (CXf 9 BEALME(KBE(C
LLSIBEEINTVD. UM ULIRHS, BEZSHCNSOMRHREE, £2TEH—F/) (14X (CHL)
TRENEEDTEHD, 2 RITMBIOAEIRERL(IC DN D ERNIRARF(SREN TH
3. CNlE, BRmOS Y O (CHITDIRERIEDST )\ &L PMOS /> — ~ EIC NMOS &
JS— &3 RTEET D [CFET] THDH, FrRILOYEEN 10 nm BUFTD 3 R7eihii
NItz B)ME U e AR (RSN P HT IV T IER# TH D E(CBRERULTLWS. 22T,
[2 RcSEBEEERRM & U TREN (CMiEd 2077 = 77 Crl R ERMA TR (FEN] &S
CEEBRRIBABENSKRTUTCEERR, HI7AT7ERLEICATOIERESEE 2 Ratinl
D CMOS EFEADEBITMOBEREVWSIERICE-> 2. NS, EREBZFIHTE ISR
ERBIEILI 7 X Si0y/Si BIRERMRD, 3 BIMIRD c @Y I 71 VREEEZFHI DI &
TER INAFTOIECLZemERRIENagERC &, EEFEAETES 300 mm B XDDUT
J\DIAFRRER S E&FHELTHE D, REAEMOS Y UICHITDEBORERIMOEBE(CEM
IILITTIRL, DIT)\ R —ILTCOFERNREF T /A ABHTCEIF CEDENEBAHTHD.
CDLDBRAEEREIC(E, BESINSIAEDORETHREINTLDIMEY —X CVD (FEER
ASEHEHNA R R ZHAETH D, MOCVD DEIRHRAY —IAMEBEERB.

AREFBETIE, NIMS DIEARI SN MOCVD (CKD 24> FHB T 7 A FERLEIC 180° RA1>
DFH7ZFFDHE MoS, ZAWT, B v T4 — b FET 2R UF/ 7 fFiE% i U iER %
BNTD. BIO7AA7ERLED FET 854D - BREZBPHEICTDZET, fMREEREMUT
L.
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Possible applications of 2D material devices and related integration challenges
imec, Tom Schram

E-mail: tom.schram@imec.be

The introduction of 2D materials allows a range of applications and prospects for future devices. Graphene
based devices enable sensing and optical applications ranging form light sensing to optical waveguides. Due
to their specific properties, metal dichalcogenides (MX?) like MoSz, WS, and WSe; are major candidates for
replacement of Si for future scaled devices, including future CFET devices.

Some of these properties impose specific restrictions on the device architecture and the used integration
methods, such that the typical integration used for Si based devices can no longer be used. These challenges
will be discussed with the accompanying solutions.

In the first part of the presentation, the integration of a single sheet MX, based device will be discussed,
restricting the options to future proof 300 mm Si fab compatible processes compatible with scaled devices.
They can be summarised as: absence of a reliable junction doping method, the need for a dedicated contact
technology, limited adhesion due to the Van der Waals nature, increased sensitivity for wet delamination,
oxidation and surface sensitivity of the single or few monolayer thick MXo.

In the 2™ part of the presentation, an extrapolation will be made towards the extra challenges and process

needs for the more complex case of a stacked nanosheet as illustrated below.
Gate cut SiO,
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Fig: Final cross section though the gate and contact plane of a probable implementation of a 4-sheet

replacement gate MX: based device. (SEMulator3D, https://www.lamresearch.com/products/semulator3d/)
Some process steps might be shared with Si technology but many of them will require adaptation to the 2D

nature of the channel materials. These include: the initial stacking of the individual 2D sheets, different

contact technology, mechanical integrity during the replacement gate and contact process.
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TMD Film Deposition using Novel Metal-organic Precursors

IMFREE 12

FET FE 3 ER

(LBEX BT, 288K BERARBIRLF—BIRSA VAT 71—k 3THERE (#)
A. Ogura'?, H. Machida®
(1. Meiji Univ., 2. Meiji Renewable Energy Laboratory, 3. Gas-phase Growth Ltd.)

E-mail: a ogura@meiji.ac.jp

FR AV RV LAOFEETH D 2 kLB
MEZzREXT2EBBERY A INVa T T AR
(TMD: Transition Metal Di-Chalcogenide)! 3, Ff#
A — M K 2 I 2N FTRE 70 B R T b
Xy VT BEMEZAETOMEN S, R LSI
TNRAADF ¥ FEE LTHER SATW
Do —J7. BHER 3 TG A R ORI - T
YUAL DT ¥ FIUZTMD 2R AT 572010
V3L B0 AT R SOAE M AR N T R T VA O
WESLNARAIR T D, ZD X O REMEIT S =
FEH DITKIR T <AHAERE (CVD : Chemical
Vapor Deposition) % F[HE & 5@ &E (W I
KXOMo) =iy (SBLWUTe) OFH
HH & REaY (MO B B L.
MOCVD (Metal-organic CVD) (Z 4% TMD ji&
JEDBFZEBHFEIZHR D FLA T & T2,

FHEBRCANIRRENATRE TH D RFOFERETDH
B WNDEG 22 et a o2 & & &R
Fex DFHLUCBARE L7 X, Figl 12 b
DAL A58 % 759 n-BuNC-W(CO)s, i-PrDAD-
Mo(CO)s. t-BuxS;, i-ProTe THY, MOCVD T
FEEHE T R TRy VT HRICL DT v
TPETR—=RA e X —RR TR TEEZEIC
Tro Top R I (—HEBR TIXL A IZ= ALD:
Atomic Vapor Deposition) fitfa L, #42 450°C%

£ OH N ®0 ®Mo

o & S
- o o
®0 ! $°9G.5° 5 4 B
on S SO 0,
OH s g J
C 4 @
3 °
n-BuNC-W(CO)s i-Pr,DAD-Mo(CO);
€ OH ©s8 C OH @:Te
t-BuxS, i-Pr,Te

Fig.1 Chemical structure of novel precursors for TMD.

EBR & T DI o 72 RS KON fin RIS
T L7 Si(001) M BicpE Lz, Fohniz
TMD J1%, 2 E B EI(TEM), 7~ v 7t
ERIE R £:532 nm), X FROEE 0 EXPS)
R TR B e

FER - W TEM 14 CHER L 7= PN B o
TMD I3 A% R S I TR AT 2R @R O &
ZEFD . M 10 JE &R 2 DR b — e
MRERGE -T2, T~ RETSH IR
TMD ([ZFFE 72— 7 MR B4, XPS THERR L
TR IR R b BRI — L. o 6 AR
EDOREIZ X DRI D 72072, LT
W ED WS, 5% Fig. 2 \ZBlR L7 L 91z, [\
VIABDEREIZ BAFC, fin EES. A, (IEES
12 H FNE NIRRT > 72 AT 72 )
R I iz,

BEE . AWFIEO BRI, SRR A KRR X-
nics HERAIAENLS FEE JP011438 DBk %%
b DO TH D,

BEICHK

[1]M.-Y. Lietal., Proc. IEEE Symp. on VLSI Tech.
and Cir., p.290 (2022).

[2] K. Cho et al, Jpn. J. Appl. Phys. 62, SG1048
(2023).

Fig. 2 TEM images of WS, film deposited on fin

structure.
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ZRAANTOREEERE LEEFITUTIL - #EERIH
Two-dimensional-heterostructures for functional quantum materials
WEBEEE MANA, dtX#E dtd B
National Institute for Materials Science MANA, Hokkaido Univ.

E-mail: KITAURA.Ryo@nims.go.jp

N—=RF ) Fa=T 777, BAUHE (BN), BESES A L2 T4 R (TMD,
M 1) 72 EOERTTHEHE, T/ A=A TOH LWHEEERT 5200 INR 77 v h 7
F—LERME L TE 7z, & UITEFEO ZRITED)R DI EITE L, WERFZO—K Iy 7 X
EUTHEME - ISHAEBZAATRERAZ RETWD, ZhiTiE, a0 2D WEEEEOYMEEL
HOZLITMZ T, ZNODPERER LRV S ESEh~TafEs, ~7T g, B0
TIOREENERATED LV ) RPREREEEZRZL VD, ZOXIREROL &, Fxld
MR R (A& RIS EEE (MOCVYD) 0ot ¥ —ik (MBE)) 12X 5k
pa P AR B E VWD 2 L TS E S ERIK
RICHEIE, FFZ 2 ROTFEURN— A D~T 1 h
EEERT DR a2 1T > CERME, Zhb~T
PAEEIT, SEISEREFEREEZAEANTHA L
LTEATHD ZEICMAT, RV VAT T LD
T~ ThHBIT A RS bORNY 5 5,
A TIL. Forx D oo~T s sme s L Fig. 1. A ball-and-stick representation of a

a ’ monolayer transition metal dichalcogenide.
-2~ 7 U T/ EERIHEICEET A KT E  Green and yellow balls correspond to transition
L . metal (Mo,W, etc) and chalcogen (S, Se, Te)
ZRAIT LoD, 2IRTEMBOEFT /34 A~DJE  atoms, respectively.
BRICRE 2REMEIC H L7z u,
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27 TIVI—LAEERFBOBERS EHEFIRAICAIITT
Fabrication and applications of van der Waals junctions of 2D materials
RRAPEERMPRA ETH K&

Institute of Industrial Science, University of Tokyo Tomoki Machida

E-mail: tmachida@jiis.u-tokyo.ac.jp

The most distinct feature of van der Waals (vdW) junctions of 2D materials is
controllability of twist angle between the crystals, which modulates the band structure and
material properties. Here, we demonstrate that the spatial inversion symmetry and hence the
spin splitting in band structure can be controlled by vdW assembly. Twisted bilayer WTe>
with twist angle Owiss = 0° and 180° are investigated. The intensity of second harmonic
generation changes by two orders of magnitude depending on i, indicating that 1L WTe;
+1L WTe: (0°) possesses the spatial inversion symmetry, whereas 1L WTe, +1L WTe; (180°)
lacks the inversion symmetry. The electronic structure of the 1L WTe, +1L WTe, are
significantly modulated by Owis. The spin splitting emerges when Gwisc = 180° due to the
broken inversion symmetry.

Few-layer transition metal dichalcogenides (TMDs) exhibit subband quantization induced
by the out-of-plane quantum confinement of the wavefunctions, i.e., a few-layer TMDs is a
naturally-formed quantum well (QW). Using momentum-conserved resonant tunneling, we
investigate the QW states in 4L-WSex/h-BN/4L-WSe> vdW tunnel junctions with tunnel twist
angles Gumel. Current—voltage characteristics exhibit multiple resonant tunneling peaks whose
positions shift as Gwunnet was varied over the 0—-60° range, which indicated the presence of a
spin-polarized subband crossing and a saddle point. Our twist-controlled resonant tunneling
approach overcomes the difficulties associated with momentum-resolved electronic structure
measurements and reveals the unique vdW-QW states in the conduction band of multi-layer
WSe:.

[1] Y. Zhang, K. Kamiya, T. Yamamoto, M. Sakano, X. Yang, S. Masubuchi, S. Okazaki, K.
Shinokita, T. Chen, K. Aso, Y. Y.-Takamura, Y. Oshima, K. Watanabe, T. Taniguchi, K.
Matsuda, T. Sasagawa, K. Ishizaka, and T. Machida, Nano Lett. 23, 9280 (2023)

[2] K. Kinoshita, R. Moriya, S. Okazaki, Y. Zhang, S. Masubuchi, K. Watanabe, T. Taniguchi,
T. Sasagawa, and T. Machida, Nano Lett. 22, 4640 (2022).

[3] K. Kinoshita, R. Moriya, S. Okazaki, Y. Zhang, S. Masubuchi, K. Watanabe, T. Taniguchi,
T. Sasagawa, and T. Machida Phys. Rev. Research 5, 043292 (2023).

[4] S. Kawasaki, K. Kinoshita, R. Moriya, M. Onodra, Y. Zhang, K. Watanabe, T. Taniguchi, T.
Sasagawa, and T. Machida Phys. Rev. Research (in press).
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FTTADNTNA RIZAITIREERF-BhE 2D MELDEEHH
Photochromic Molecule in Solution Combined with 2D Material FET for Optical Device
RIXZht. XEBA SRR
Tohoku Univ., Tadahiro Komeda and Tsuyoshi Takaoka

E-mail: tadahiro.komeda.al@tohoku.ac.jp

FTT 4 T NA AL MOS T3 ADOFEIT VY 2 2 _— 2O LR O R & B %
TWL DI MBEREFINO—2EEBEZ N5, FiE TaWILINEZ 152 72O IZITEBLR O MG
INTEAM E TR STkt E T a v ARKE L 2 508, FRIEA~DIREEO W, R
TR EEMED T OIEIG, & D WILEBAR L A BV a7 A R(TMD)@ R % 51 &
E L EXICEON D EEEBA OB TRIE A ARy &R E 2RI+ 2 SICHEH
DEFEDL, AETIIVY a v Hiie@mbaxBE L7, TMD R FEiisz F v o xv e LTH
WIEBHRIR N T U RAE L WP ONERMAC S T H A EDETE ST 4 IVT A R
OEWMEIRER A MRGEE L 72 Bl ORIt 2 s 3 5,

Figure 1 (3ZDEEEXTHY | TMD g% F v > /L& L THWE FET 7734 R
DI DA 7 R EMAGDOETeT A R, RN ZBZ 2175,
B2 B0WREHA WD Z & T, FEDKERIZKIST 2 FISEFIHAETH D |
T L THEMERCETIE Ui A S A RETH D,

W oy 7 DAL P2 LS. FET RO Z8 b & U TR ATBEDN T BLE TRV, FFIZ, Figure 2(a)
WZRT L 97, 74 FZ v v 7 Spiropyrans (SP)7) 1 & Merocyanine (MC)®D R] i) 28 (L 23
TAEEZ L & LT X D AuiUE, SRR WEERICH BT 5, SPIMC O [ I TR
HFTRESHARNLNTND, Fr o xL EIZBWTYH, SP /a2 HEfE Liztk, YIRS T MC
DL S, BN KX > TSP 0 FICR T A Z ViR Aa[ETh b5, & DE{L% FET Fiik
DOEALATRETH D Z L MHRES LT 5, Figure 2 (b)IZ/d DL SP 431 « MC 45 1 o Al i
YA 7 V% FET D KL A VERBIEL TR LIZLDOTH S, L0 T 7877 —1EDOjE SP
SFIREDOSE, F— MNEE-FLA CERIBRIILVAIZS 7 FLTBIESIL, LEWED
TALTHEIT 5 & (Figure 2(c) 2 DD FBDOH A 7 NV EBEICHBE L TWDH Z ERNb D,
SIOICIREEENTET S Z T, bz X =0 EAETHY, TNNHEEBREL £
JEMECHEI2 D Z LR ENT, TR DOELE B LT OB CHE 2 211X KED 0 22k
Tl ziFvrrnm by X BRINGERLIETHST2R8, 7 v UBNLOT 31 2%,
M OBRFFED B TORG T DL FRIS B LT 2 E 3 ER &b,

photochromic UV w 7
molecule FET b) a s w
: photo : i — N4
Solutlon ﬂOW isomerization switches -01 —pristine CIXK:}% L\f§ 2
Outlet 21,5 — after SP dep < 495 Heating
? 1.2 MC1 SP1 S 6] = Pristine Mos,
£ o9 28
S0 S| o AT
0o 1 2 3 0.0 §-16 3\ /8 25 28
Microfuidic Cycles 30 20 10 6 do 20 18] MO "
MoS: FET platform Gate Voltage (V) o1 33
Switching Cycles
Fig.1. Schematics of TMD-FET Fig.2. (a)Photochromic reaction.
combined with microfluid platform. (b)MoS; FET property change with
Solution with photochromic molecule molecule adsorption. (c) Cycles of
is delivered to a target channel. photochromic changes.
(A

WFgeiL, GRS (=7 )V 7 ) —F A 7 T FE GREE S IPMXP1224NM0062 &
JPMXP1224TU0052) D 34245517 TWET]
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