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3D-integrated devices based on oxide semiconductor and Hf02-based ferroelectric
and its applications
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Our research achievements are as follows.
(DWe achieved high-performance and high reliability oxide semiconductor transistor using Sn-doped
1GZ0, and realized 1T1C memory fabrication and demonstration by co-integrating with HfO2-based
ferroelectric. This work indicates the feasibility of monolithic 3D integrated RAM. (2)We
demonstrated 3D vertical InOx channel ferroelectric transistor memory for high capacity and low
power memory application. (3) We developed atomic-layer-deposition method for nanosheet oxide
semiconductor which is necessary for device size scaling, and achieved high-performance and
high-reliability oxide semiconductor transistor.



# X C—19, F—19—1 (Gt

1. WFZEBIAE S D =

vy 75— ZRIER U CRUEMED & < 2a2e b7 tte % HEEd Society5.0 (2 A1) Tk, 3222
TZy VTN, ARKEOT—XEREL, *v NU—27 20 LT, EZERTY 77 R9—N
DT — & & U C AN LERE(ADZ WA « AT 24TV, BRIEH) 70ttt — v R N 222 [T
L SN DA NEE L 72D, AR EET 22y T NS AOEZEHFIH L TCEXTERY,
ZORIZ TR VA oY) EFHEIND X O ICABEOMEIC bR 2 ERESNTWS. 207
ORRFHY « BB 72 1 CHRANIIRHEE N TH A MENH 5. FEBAICIT T T V= —_ 2T
g7 (BRERE) B2 LTy T A AREHEB CTHENICEET S Z L8 EN
L. WMERAREERETCODLEEL TEETHEZDICIETy VF A ZOMEEENITBRAELY
1/10~1/100 I ¢ B MLEERH Y |, = v PF 84 ZDOHRK TE) < BT 31 2 DIRIHEE B0
THEETHD. —HTy VT A AMEHEEE LA OFERNPHTETND, =y VT /31 R
DEET AT —XIFRHIZEMLTBY, HEIZ Y RP—"BR 257 — ¥ &% KIEIZE L
TWALZERMEINTEY, ZOERITSHROIEKRT H 2 LIEMEWRL, ZORWRT—H K
T4 v TICRERAME DL T ZERBEINTWS. £2C, Ev I/ 5y—4¥%2FEHAT5
720X, 777 RY—RETTREZy T RAS RO REERA ML —URAE) 24724,
BB & 7= B DHIFR O 1 CHR A E 72 E D 2~ — MR 2 = XL X =R L fThb® 5 2
EMERBEE|I /> TL 5.

2. WHEOBEM

AWFTEIL TER L -8R & R IR HIO, DRAIZ X D ZIRITEET A A &2 OJs M OA|
) CELT, UFEMEOBERETS.

HEY 1 =IROCEMEFTREZR N 7 V2 % A b8 & LT InGaZnO (IGZO)72 ENAH /)T
HDHD, KREBSAFHEMEDOZ R L—U 2 F VIEHIZHT CTHRFER HIO, & A G hE 725
1072 <1, FRIC = WRGTEB LIS RIZ AT 7281 3R 72 H OS8R OMIZIZ & A Eevy. K
R CIE TRIEERME ATV BERLEE T R T UAZ | EWHIBRETRO BNDT 31 AEE
EHALMNCL, FFEHE - TV 7 BIEIC L0 BbE - Fr7 3 A Bk, Zkot
LR L THEMERE - SEEEZET ORI ER N7 VR X 2R T 5.

HEY 2 B A% B T EA HIO, 2 W= R ME A £ U 57831 ZADZE 21T > T 7=,
ZTORPE L TRy XA U EERT - N T U DA ZBIOEFEER HFO, AE VU 7 /34
ADHAEH AN G T 5. WFHEEER HIO, ATV BROLZEHEIHAGATIFTEHIR2]IF V3,
T v AHE G ERREIC L AGA A TE SR TR L O IEBNITIE & A L7 0. RIFE TR
B TOMEE S LI, WFHEERHIO, A€ EHELEZNEZHET 288 A N T PR
HEERB LU AEY BVERSE, FH A -7V 7 RIEIC L - TEBERZERL,
REE - BEEEEAT 5 R EMAET Y 731 AHMERIET 5.

HEY 3 : RBFZECTRIFZERI R T 5 IR TEBT A AT CA v ARV a v Ba—T 4 v T 2=y
k& ZRTTEEE T D 5E, FOESCER L & O RN 2 Ba L, AT AL L THEREDAF
MEIRTHERD D . OO EMNTE & E#E L= T 31 A« [ O FHRRF R vE 7
W R TIIANTHEDT 7V r—va b E#EL, T3 A0 a7 hETIVEER, &
NeEHLEICET RV —NRBBUYIEFE2 = v T NA ZAOBNHFIOL & TEHT D720
DO =ZWICHEREEE « AT ARKETZITV, VAT AOFERVERGEZIT O .

[11Y.Li,J. EDS, 5, 5,378 (2017), [2] /IMKIETR, J& B, 89, 6 (2020) (2GR fFELH U .

3. WrgED ik

e 1 (BM 1ICRL ) : T4 AT LA TR NEREA T ) EREARE X, A€V HEE
WX LT hRT PR PR CEWESIHRILE b0 E ), EBEE CRERRO AL »
F U N ARERR A BN A A T A G R A B R T D, B b R Tl e v U
R - BEE & /N0 KM 2 WNL 5 72 OM B O KRR & B BLiRN & B R E
HIENPBDTEETHD., £ CHREHE, £7 V7, TCAD B X OEREZMAA LY
THEHRERZ1T9 . B REHE L ET Y v 7 TR OS2 C, ZRaeEHAEY 7
A AEMEIC AL U727 31 A% TCAD CTiRat L, JBEiise C3xn b B 7= by -8k k
T VAR RIET v A% O CRIE & Rl 2 TVMEREREEZ 1T O .

FZE 2 (HAY 21260 LC)  ARFZE CII RIS JL% B TN L7258F5 B IR HFO, A€ U T /34 A
Wiz ZoeERILICIT TIRIEEE 5. BARMIC, v 3028, b VAR BIR A £
VIZOWTIEHITE | CTRRT A B8R N T oA X Wi A€ ) VG ERILY
BY ADWEEITH. ATV ERZBAR LR HEITX 2R/ O VEIEEZBR L, BBt s
BRIV AZ LRFHFERAT Y BRELEMT L2772 B ARNAENICTW - HbIEDH 2 L0k
WES Pt RERET S, T VAR ATV IZOWTIE, SEHFE T, bW kL T
¥ RN ETBEE, FNTRFIREE L 25 - OWEEBERTB W L2 o& iz, £ Z TR,
FxrfE =R« RUAVDBNMBD v TV T LT WNT N ZEECERET 2 2
B ZRTESLIRRESE, A T ASKMEOREAL, 72 EOEE R LEZIALEBED LY BT



EE T, F725RFEENR HIO, & BRLY -8R o S ik o3 Fel 7o FH ALPL O AL H HENL DI AR % 11
277 aw AEPRET D, HRHEEER HO, OEEMER ECRE ORELEDEH 2L CTH DI
BoREHE - 2TV 7 B EEMABR DY CEREIT.

723 (B3 IZ L) i AV AFY AL Ba—TF 4 V7T ORGITREMEEDOWITIULIC L DX
7 MBI OEEILTH D, A AT avta—T 4 0 7% “RaeEBILLIZHAI
BoNDBIWINEREZRHA LT =7 7 F X 2ERL, VAT ALYV TONREE BT
5. JEEMECIIM TR A O FEHKOW ) CIHE = L X — e W E UIREE B 2R
L7, SEWTHFZE 1 & 2 TR T WAL 8K N 70 DA% LilahEIR Hf02 A€ U BWHE, =
LCERICERMCEE L RAMRBMOFAERE - KPIOET VEBEL, ZOT A AET )V
ENRNT A= EHWTRETDHVAT LAEEZBTLH72DDAEY T LA ME L JH0 R %355
9 5. JEAEIEE TILEE, AT DA i, MAIZIZEE O' > A7 LS AD i %
BITIDZENHY RERF—N—~y RED., FEBUVEFEHLOTDELHZ Y OBERKN
KEWVWE B TEIBEIRBELD D REREBIRPMLEL 2> T LEWERRIKOAMNK
ELpoTLEY. FZ TV AERBIEEZAV, B0 OFE LEREIM 2B - >~
AT AR EITH. ZOLET AL A A CHEEEL, MAERATY O/ UV AFEIC LD EE
IAFENER EBRIZ K - THRETL, ZOZEEhSE7 b L CEREHIEY iATe.

4. WrIERLE

WFFERR 1
TRNXR—IROFNA VAT AL Va—T 4 V7 OEBRIL, BEATY 2 ="KkxtT/V
Vo ZHEML, ATV Ty bOMOT X EiEE ST RV —NRIITOMLENDD.

HfO, RIRFHEIARF v /32 (X DRAM ORI Z AlRE & LTIKIEEBE LRI TCE 5. 20
Xy XU ERENTH N T VAR EE ) vy 7 ZIRGCERET S 72 DI21E 400°CLL T OAKIE
T ATREZ N TV VA X HIRBMETH Y, B LERPKE CTH S, B8R
10~100cm? Vs FEE DBENE 2 H 3 208, FETOREIC LY, Ins FREOBEWEEE 2 FEBLT 5720
WX ZDOREOBENE CTHHOEHAMRETH D Z ENb oz, ABFZE CIIEME KIS
JCEBBE CEEEMEEZA T B8R L LT Sn & R—7 L7z IGZO MEHIGZTO)Z I
HL, IGZO IZxt L TBEIEA 2 {512, /S 7 AR bLAEHEME BEfE 7 b)) % 15 1ck#EL
7=, BENER EOEFEEZFE - FHEAR THRHL, Sn R—7I12X 9D IGZO NDORT ¥ v VLD
ENRPDO LTS L HEX LD, £7- IGZTO % HIO, RMFEARDOFT v v IME LT 25 2
& T, wake-up 7 U —73D 400°C TIZAL FIRE 7R WFH FEARF v /N Z 2 FEBL L7=. £ L CTIGZTO h
T UV AH & HIO, MFFEEERT v NV H ZRIFFERE L T ITIC F ¥ 3 X OBELZIFREL -, X
S A—FH L7 SPICE EF M LAY I al—3a T, EEIC Ins BETOEX AL - 3
HHUEEZ 100f) FRE TITO 2 &M TE R EEHLMNT LT

SRR 2

BIED AIERII= v OF A R T Rar B a—TF 4 7 OE#ER AL LTS, 5%
F—HBENERL, AlTET AN T2 2L T, 2y hT—7 OAFRPBREIZ/R D & &I,
77U R Ea—T 4V TOMBEBIPHRT L LICRYRERIEE R S5, 22
Ty VTN RO RBRETIRHBEEN 0T —F AV TN AEHEHL, A~v—F R AT
— BT B K OICTDHMENRDH D, RFIETIE, v VT3 ATERH AT KA & - 1K
WHWEEHOT—H AT L LT, MBEERN TR AV IIERL, TOZRaoEBRICK
HREBACENRD S T2T A AW O ET-72. BARMIZIE, 3DNAND 77 v 2 A€ Y
EHEL, ZIRITEET ¥ RV CHRBERYS — MEEEZ A L, T 328k 35
TONA AREE R L, ZIRITHEE IS S IR AT RE 22 R 1 HER VA2 X D B 18R D Rl
MEREL, 7aAL T 7 L—ya VEITWD, FT AL AZRIEL, AT VEEZFRELT-.
F v F 2T InOx Z VY, 1.5VELEDAEY 7 R 103 BILL EOE XX RGH & 1037
PLEORFE M ZS LN, EBHIC TCAD Y2 2L —ya it kb, BIET AL 27217 Th<
AEYT LA TOEEIZOWTHRAELEZITY, EEIAL - FeAH LRFICEEENE Z 578072
DFNA A L BESFRICONWTIEE 255 2 LR Tx 7.

WFFERCAR 3

PR 1| CERALER N T o P AENE 7 ) vy 7 ZIReERBLICRE CTH D & LR,
FERICKHBERET AIChT- o> TI N T v VA X OMHLIZNETH Y, FF v RANFIC
Mt % & SfE T ¥ r L, DFE D+ > — NBIEWEROE R A LB TH 5. Snm FE D R
ERMBETHDZERREINTEY, FOEDIZIFRFE L~V TEH—THY, KRB I UK
Wi OD I WERIER RN MLETH L. ZTO=— X & DA AR TIIYHEE L TN ANy
AN Z T, R BHERE(ALD)EC L 2 BR bW -8R D BB IR 2 St U, RIS ER BV E
PEIZEN7Z InGaOXx(IGO)WZIER L, /¥ — 1K IGO h T > TV AX DT I3, ARFEIZ OV TR
IRAFE « FHERLARTTNE « 7 =— VIR ERIFIE 2 RFEAICTRAE L=, T OfE5 ALD R L 7= 1GO
WZEkBF 2 o— N RF UV AEZIE, 400°CLL EDOT =— VIR BT BB EME A MR L, Snm 2
FEORECHBEE - 7 AL gL REE - S 7 AR ML A SR TX 52 L85
WZTr otz F1m, XTNF— MEED N T VAR EEZRL, [F—F /34 AT 2L EOBE)
I & A T AR NV AEHEMEOmM 3G S 7.



12 12 0 1

Hao Junxiang Mei Xiaoran Saraya Takuya Hiramoto Toshiro Kobayashi Masaharu

63

Oxide-semiconductor channel ferroelectric field-effect transistors for high-density memory
applications: 3D NAND operation and the potential impact of in-plane polarization

2024

Japanese Journal of Applied Physics

014003 014003

DOl
10.35848/1347-4065/ad11b8

Itoya Yuki Fujiwara Hirokazu Bareille C?dric Shin Shik Taniuchi Toshiyuki Kobayashi 63
Masaharu
Dielectric breakdown behavior of ferroelectric HfO<sub>2</sub> capacitors by constant voltage 2024

stress studied by in situ laser-based photoemission electron microscopy

Japanese Journal of Applied Physics

020903 020903

DOl
10.35848/1347-4065/ad1e84

Fujiwara Hirokazu Itoya Yuki Kobayashi Masaharu Bareille C?dric Shin Shik Taniuchi 123

Toshiyuki

Nondestructive imaging of breakdown process in ferroelectric capacitors using <i>in situ</i> 2023

laser-based photoemission electron microscopy

Applied Physics Letters 173501-1~6
DOl

10.1063/5.0162484

Hikake Kaito Li Zhuo Hao Junxiang Pandy Chitra Saraya Takuya Hiramoto Toshiro Takahashi 71

Takanori Uenuma Mutsunori Uraoka Yukiharu Kobayashi Masaharu

A Nanosheet Oxide Semiconductor FET Using ALD InGaOx Channel for 3-D Integrated Devices 2024

IEEE Transactions on Electron Devices 2373 2379

DOl
10.1109/TED. 2024 .3370534




Li Zhuo Wu Jixuan Mei Xiaoran Huang Xingyu Saraya Takuya Hiramoto Toshiro Takahashi 43

Takanori Uenuma Mutsunori Uraoka Yukiharu Kobayashi Masaharu

A 3D Vertical-Channel Ferroelectric/Anti-Ferroelectric FET With Indium Oxide 2022

IEEE Electron Device Letters 1227 1230
DOl

10.1109/LED.2022.3184316

Huang Xingyu Itoya Yuki Li Zhuo Saraya Takuya Hiramoto Toshiro Kobayashi Masaharu 62

Device modeling of oxide semiconductor channel antiferroelectric FETs using half-loop 2023

hysteresis for memory operation

Japanese Journal of Applied Physics

SC1024 SC1024

DOl
10.35848/1347-4065/acac3b

Sawabe Yoshiki Saraya Takuya Hiramoto Toshiro Su Chun-Jung Hu Vita Pi-Ho Kobayashi 121
Masaharu
On the thickness dependence of the polarization switching kinetics in HfO<sub>2</sub>-based 2022

ferroelectric

Applied Physics Letters

082903 082903

DOl
10.1063/5.0098436

Kobayashi Masaharu Wu Jixuan Sawabe Yoshiki Takuya Saraya Hiramoto Toshiro 9
Mesoscopic-scale grain formation in HfO2-based ferroelectric thin films and its impact on 2022
electrical characteristics

Nano Convergence 1~11

DOl
10.1186/s40580-022-00342-6




Li Zhuo Wu Jixuan Mei Xiaoran Huang Xingyu Saraya Takuya Hiramoto Toshiro Takahashi 43

Takanori Uenuma Mutsunori Uraoka Yukiharu Kobayashi Masaharu

A 3D Vertical-Channel Ferroelectric/Anti-Ferroelectric FET With Indium Oxide 2022

IEEE Electron Device Letters 1227 1230
DOl

10.1109/LED.2022.3184316

Sawabe Yoshiki Saraya Takuya Hiramoto Toshiro Su Chun-Jung Hu Vita Pi-Ho Kobayashi 121

Masaharu

On the thickness dependence of the polarization switching kinetics in HfO<sub>2</sub>-based 2022

ferroelectric

Applied Physics Letters

082903 082903

DOl
10.1063/5.0098436

Kobayashi Masaharu Wu Jixuan Sawabe Yoshiki Takuya Saraya Hiramoto Toshiro 9
Mesoscopic-scale grain formation in HfO2-based ferroelectric thin films and its impact on 2022
electrical characteristics

Nano Convergence 1-11

DOl

10.1186/s40580-022-00342-6

Huang Xingyu Itoya Yuki Li Zhuo Saraya Takuya Hiramoto Toshiro Kobayashi Masaharu 62
Device modeling of oxide semiconductor channel antiferroelectric FETs using half-loop 2023

hysteresis for memory operation

Japanese Journal of Applied Physics

SC1024 SC1024

DOl
10.35848/1347-4065/acac3b




20 3 6

Zhuo Li, Jixuan Wu, Xiaoran Mei, Xingyu Huang, Takuya Saraya, Toshiro Hiramoto, Takanori Takahashi, Mutsunori Uenuma,
Yukiharu Uraoka, and Masaharu Kobayashi

A Vertical Channel Ferroelectric/Anti-Ferroelectric FET with ALD InOx and Field-Induced Polar-Axis Alignment for 3D High-
Density Memory

2022 1EEE Silicon Nanoelectronics Workshop

2022

Zhuo Li, Jixuan Wu, Xiaoran Mei, Xingyu Huang, Takuya Saraya, Toshiro Hiramoto, Takanori Takahashi, Mutsunori Uenuma,
Yukiharu Uraoka, Masaharu Kobayashi

A Vertical Channel Ferroelectric/Anti-Ferroelectric FET with ALD InOx

2022 83

2022

Jixuan Wu Mei Xiaoran

Field-Induced Polar-Axis Alignment for 3D High-Density Memory

2022 83

2022

Xingyu Huang, Yuki Itoya, Zhuo Li, Takuya Saraya, Toshiro Hiramoto, and Masaharu Kobayashi

Modeling and Simulation of Antiferroelectric FETs with Oxide Semiconductor Channel Using Half-Loop Hysteresis for Memory
Applications

International Conference on Solid State Devices and Materials (SSDM)

2022




Junxiang Hao, Xiaoran Mei, Takuya Saraya, Toshiro Hiramoto and Masaharu Kobayashi

3D NAND Memory Operation of Oxide-Semiconductor Channel FeFETs and the Potential Impact of In-Plane Polarization

IEEE Electron Devices Technology and Manufacturing (EDTM) 2023

2023
Bareille Cedric
Hf02
2023 70
2023

Junxiang Hao, Xiaoran Mei, Takuya Saraya, Toshiro Hiramoto, Masaharu Kobayashi

3D NAND Memory Operation of Oxide-Semiconductor Channel FeFETs

2023 70

2023

Xingyu Huang, Yuki ltoya, Zhuo Li, Takuya Saraya, Toshiro Hiramoto, Masaharu Kobayashi

A Simulation Study on Memory Characteristics of Oxide-Semiconductor Channel Antiferroelectric FETs Using Half-Loop
Hysteresis

2023 70

2023




2023 70

2023

Zhuo Li, Jixuan Wu, Xiaoran Mei, Xingyu Huang, Takuya Saraya, Toshiro Hiramoto, Takanori Takahashi, Mutsunori Uenuma,
Yukiharu Uraoka, and Masaharu Kobayashi

A Vertical Channel Ferroelectric/Anti-Ferroelectric FET with ALD InOx and Field-Induced Polar-Axis Alignment for 3D High-
Density Memory

2022 1EEE Silicon Nanoelectronics Workshop

2022

Zhuo Li, Jixuan Wu, Xiaoran Mei, Xingyu Huang, Takuya Saraya, Toshiro Hiramoto, Takanori Takahashi, Mutsunori Uenuma,
Yukiharu Uraoka, Masaharu Kobayashi

A Vertical Channel Ferroelectric/Anti-Ferroelectric FET with ALD InOx

2022 83

2022

Jixuan Wu Mei Xiaoran Xingyu Huant

Field-Induced Polar-Axis Alignment for 3D High-Density Memory

2022 83

2022




Xingyu Huang, Yuki Itoya, Zhuo Li, Takuya Saraya, Toshiro Hiramoto, and Masaharu Kobayashi

Modeling and Simulation of Antiferroelectric FETs with Oxide Semiconductor Channel Using Half-Loop Hysteresis for Memory
Applications

International Conference on Solid State Devices and Materials (SSDM)

2022

HF02 ALD

NEDIA 9

2022

19

2022

2022




Junxiang Hao, Xiaoran Mei, Takuya Saraya, Toshiro Hiramoto and Masaharu Kobayashi

3D NAND Memory Operation of Oxide-Semiconductor Channel FeFETs and the Potential Impact of In-Plane Polarization

IEEE Electron Devices Technology and Manufacturing (EDTM) 2023

2023
Bareille Cedric
Hf02
2023 70
2023

Junxiang Hao, Xiaoran Mei, Takuya Saraya, Toshiro Hiramoto, Masaharu Kobayashi

3D NAND Memory Operation of Oxide-Semiconductor Channel FeFETs

2023 70

2023

Xingyu Huang, Yuki ltoya, Zhuo Li, Takuya Saraya, Toshiro Hiramoto, Masaharu Kobayashi

A Simulation Study on Memory Characteristics of Oxide-Semiconductor Channel Antiferroelectric FETs Using Half-Loop
Hysteresis

2023 70

2023







