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20a-A304-1 BRAES MBS KT LIRS HETHE (2023 BABA—ILIFH3LIE)

EBMEEKFET7 =—I)LIZEKSH(110)E Si n-MOSFET DIBER fFiEE
Additional High-Pressure Hydrogen Annealing Improving the Cryogenic Operation of
Si (110)-oriented n-MOSFETs
ERE, BXYE2CO)TAH Ba', B 1§58, M T, i BX, mi /A, & B¥!
AIST 1, APPIL, Keio 2, °S. Shitakata'2, H. Okal, T. Inaba, S. lizuka!, K. Kato!, T. Mori!
E-mail: s-shitakata@aist.go.jp

[TFR] SR T CEMREIREZIIESE 57 71 4 CMOS Hffld &+ 2 > ¥ 2 — & Ofil#EaEE Bt &
L CHIfF ST 5. MOSFET OMMKIRENEICIZ S U 2 L ARRIER O ME N K E S BT L2 LR
B 52272 > TER Y [L, 2], FlE e O EIFIEENE MOSFET O EICKE W CTEETHD. 4
[\, FESEOm EEHY, SEKET =—A 3128 AL, WKIE FEIE MOSFET ~0i FH & #ist L
7z.

[3E8k] (110)iH /v 7 7 =/N\Z MOSFET % {/Ef, 400°C T30 3/KET =—N&1T-o7-. —HOREHT
IXIBINT 450°C, 30 3 DAKFET =—/L (£ 1atm £721%20atm) b L7z, ERLL 723 3 FOREHT
DUV TR TO BRI O R 217 - 72.

[FER & B5R] Fig. 1 12 25K COBMBLEFEZ RS, BIKET ==L KA UEROBEK
PR STZ. S0K TOF v — VR E L ZORERND BES b5 fl b7 v 78, BIkE
7 =—)L7%2 L(w/o), 1atm, 20atm ZHZIT5X10%em? 1X10"°cm?,7.4X10°cm?2TH Y (Fig. 2),
BIMOKFET == M KD 57 b7y TEEORBS R S, TOMRITEETOLETRE L,
BEKRET = — VB R EG RN RN TH H Z & EZ/R L TWA. Fig. 312 2.5K TOMEE
J AR (Sve)D R A CEIKFEZRT. BIKET =— /M XV IRERFEO ) A XBMETF, £7220
KNBRIZT ¥ — VR 7 TRONRE Ty FEE LT L 2 &R ST,

[£L®] mIEARFET =—/L23(110)iH n-MOSFET O S W FE & R S 2 = & &R L, MK T
TOBIMEBERNE, /A X2 RESEL 2 L2 ERIITR L.

[3%F] ABF7812 NEDO DZEFE¥H (JPNP16007) 36 L OSCEHIFN 4 Q-LEAP (JPMXS0118069228) D BIAk A 5%
T TER LA EORE RGN D TH 5.

[&%& k] [1] H. Oka et al., Tech. Dig. Symp. VLSI Technol., TN2-2 (2020). [2] T. Inaba et al., Tech. Dig. Symp. VLSI

Technol., T13-4 (2023). [3] C. Diouf ef al., in Proc. Int. Conf. on Ultimate Integration on Silicon, 9 (2012).
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Fig. 1 1d-Vg characteristic at 2.5 K Fig.2 Icp as a function of base level at 50 K Fig.3 Svg-ldat2.5K
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20a-A304-2 ERAEGAMESE AUSLHBES BEFHE (2023 HAHA—ILIFN32IH)

MOSFET DB {E;REI/EIZ &5 DIBL /S5 A — BRI RBEORES Y
Condition to overestimate DIBL parameter in cryogenic operation of MOSFETSs
REERX, ELBE2 O/ MEE 2, RHAFRK? REFEFX?
R =E—2 MEH? BALE— —ERHB, FEF?
Tokyo Univ. of Science !, AIST 2, °Yuika Kobayashi'?, Hidehiro Asai?, Shota lizuka?,
Junichi Hattori? Tsutomu Ikegami?, Koichi Fukuda?, Tetsuro Nikuni!, and Takahiro Mori?
E-mail: kobayashi-yuika@aist.go.jp

(%%1@&@# %Téh@&ET@QW%%®%%i B a2 o — % O FIERSEK
DEBUZTIT TEHETH 5, E%ﬂu BWTHEER/XF A—Z D 1/ DIBL (Drain Induced
Barrier Lowering) 73& %, KR T kb‘“( . IEHGE Y U T O E IS Fr L/ R
V%V%@Eiﬁ?ﬁ%é#étw\E@%K@DmLﬁmﬁéhékﬁz%né —J5TC, i
FERMEIR T2 W T DIBL 28 KT 5 & WO MEDERD H[1], HxILZINETIZ, 7F— Mt
FHY—2/ RUAY (SD) DT v H—F v T BMAET HHA . 1 VaZelE FCD Vs o
L. DIBL /35 A —& @RI AFE S, DIBL AR L= L IR AT LE 5 mTREMEZ$5HE L 7=
2], AlFkA L, 20X 5 bR RAENFEAT H5:0F%, TCAD ¥ =2 L—=3 9 U VW TEEM
IR LD T, Zhad#ET5, ZORKIESDT v F—F v TR T TO Ii-V Ktk o B 72
ValkIF I H 5,

[V 22— a v HiE] ERIFME BI% 9 5 Impulse TCAD[3] & F\V 7=, W{EIRFFEG R O 7=
WIZ, 72V« T4 Ty 7 OARICRHE LTe— b shi=7 A > v a2 A4 o ofBRA[4)E, 7
— AT U N EFE Lt‘_NVF@4ﬁVm%?Wm%ﬁﬁﬁhTW5o@??*WpMﬁET
ERELTEY, HREICHWZT A 2DET VK% Fig. 1 1ZR7T,

[fE5 - B2] 708 —F 9 7 E Linga 28 150m D & E DT AL ZZHONWT, 15KITET D IV K
PED T I 2 b—a URER % Fig 2 1SR T, V=02 V LUTF OAR| VY fEIIZ B W TL Vo DR FIZAE
mw®%ﬁ&%MﬁﬁEméoYVE—?yf@t@ﬁ%i#é%v*wﬁ%@ﬁ?VVyw
FEEEDS Vo DIRT & IZTH A, Ty RmADEUW SN2 THDH[2, —FH. V=02 VL LDV
I N TIE, Y — R « Ty /b - R A URDNERIICER S-S, @% o DIBL Bl
IZEDDIETFRA LN TS, T 2T, DIBL /X7 A —# Z K COBMEBILE Vi (Va= Va
low) & BRI COBMERETE Vi(Va=—1V)DETERT D, ZDELEZD DIBL/ N7 A — &awmwﬁ
% Fig. 31277, 15 KIZHRW T, K| VaaowfEE T D DIBL /N T A — 2%, K[V 1T 5
Vi DRME T2k L, |EFED B REVELZRETWD, ZOLHIZ, 7UoF— 7/7m
FFELTODRIET Ty Vadow DIREIZ L - Tl DIBL 735 A — & M I@EF A S 71, DIBL 238K
LTWHENDOEIICRZDZ &S,

(] 2 opcR o —EI%, ENZHFERTIE N — L % — « PEEEAITHR G B HA%(NEDO) D 2
FEEFS(PNP16007)DAERFH N2 b D TH D,

[Z% k] [1] Y. Zhang ef al., IEEE Trans. Electron Devices 68, 4267 (2021). [2] T. Inaba et al., Appl.
Phys. Express 15, 084004 (2022). [3] T. Ikegami et al., J. Comput. Electron. 18, 534 (2019). [4] K. M. Van
Vliet and A. H. Marshak, Phys. Status Solidi B 78, 501 (1976). [5] P. P. Altermatt et al., J. Appl. Phys. 100,
113715 (2006).
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Fig. 2 la x Lg/W versus Vg characteristics ~ Fig. 3 Viiow dependence of DIBL
Fig. 1 Schematic of pMOS device at 15 K. V; values were calculated by  parameter at 15 K and 300 K.

structure. constant current method at 10 nA.

© 20234 [EAMEER 12-038 13.5



20a-A304-3 ERAEGANBEAUSLHMES BEFHE (2023 EABA—ILIEFN321H)

BHEEICESHLEMEREOR UM

Verification of a New Charge-Based Threshold Voltage Definition

RRERE, X dlab? AR !, IHIER >, EREE!
Univ. Tokyo, *Kiyoshi Takeuchi, Masaharu Kobayashi, and Toshiro Hiramoto
E-mail: takeuchi@nano.iis.u-tokyo.ac.jp
(e
MOSFET OET V71BN T, LEVME (Vpy) 23 R23 205 2SS 7R RE (X 1) SIS CTEFR TS
EDNIRSZT ANBIVTWA[], LIPLIO2¢p EFRITITLL F O L5702« ORE R 5,
(a) SHRRAEA v 7 O L CTRMARHEE CTERT DO LD R Y MEICEER N DD,
(b) EMRIREE TR (Yp = 0) DIRR TV = Vg L7204 H RR MR LR F 2R,
(c) FEHMELIRDIMAFET-720 > FDSOI X° FinFET 72X T SAATEL L HERN TEXR, i
XSV T T ASAATH EEMRIR E DRSS T I — CThIULFRRE Th D,
(d) FFUTEGHREHE ZDMIKIR CIEEE N 2 TERVIRIEN L EVMES 2D,
ZNDEMREIT DT EE BT EE AR O 5 B HS<HTT72 MOS X AA —ROLEVMEEREZREL
[2], AFER TITHTER THWZAEIAD 2 2 & FHLIAD N REE B L >oiam 1 5[3].
FEEF L
7 — NV, & BCER A 1 BE Q D NTITIT IAYIT LA T OREAEAL L 7 BAR AN AAL 375 (K22 1) .
y , , Q Y
T 7 TRy W
ZZTMDOFH - NAANLrOREELEWMIIRREL TR T 5, T7bbh, QL SV EME
Qry = §m(kgT/q)Cox, § = 0.56714 (2)
E— T DLEDV HVpp T D, Z2TEL x +log(x) = 0 O, miZER AR, volTEETHD, 20D
TE R AURV g 1T EAZ QR V R ED TR DIRESN DT L L7220 | ERELTEAEROEITAE T2,

TCAD (2L 5% B DIREE

A(DICEDIT LD BEZFH D72 TCAD[4]I12&D 1 KT Poisson/Schrodinger /7 F2 204 i\ N C Qg
PEZFHRL, ZORERITHL Tm, vy, Tox & AIENTA=ZLL TG OEIATEEZFT T, K212
73127 AMOSFET (2O T O BeffilZ =3, 2L7 FET IR Ngy g 75 FA3DIEE £ 7 V4 —k FET
(7R TIE Si BERIELZRDIZE T RNEALT2ZE0 h otz L7 4T VEiQL, < Q' <
Qp 23 B T2 ERMIFM AR (DEZR —RA 95 A7, Q' = & (K2bMEM#R) (235 1F D ERAE R L
TCAD Rt DAL A2 L&V MEFREE BT & M2 D Ngyp=3el5em™ DHE THIA AL 8mV ThD,

FEROBBEL T, QruE ik D720 — MBI B Cox = €ox/Tox 162 TH —MEIRIEIE T, x % A0
HENDHZENZET HIND, Tox IXIRIENRIE A 5 AW ERRE L1358 705, 2 ERELi=7 4747 C
RIETEDN, AR FERT2013EH ERMETHDH, 22 TToy s L THERBIEIZ —H: 0.4nm Z 1%L
T AEEFI A LTS G OV iima WU, ZORE, SEICRERSLIT RO o7z,

PLEXD, — B O KRG E S IEZTTIZ & TToy I E DIEHES ZBET DO | HTEFRICLVELAHQ %V FF
P& BAFIZHRIS T DV B E TE D LR CTED,

[1] S. M. Sze, Physics of Semiconductor Devices (Wiley, 1981), 2nd ed., p.366. [2] K. Takeuchi et al., IEEE Trans. Electron Devices, 69, p.
942 (2022). [3] K. Takeuchi et al., 2023 Silicon Nanoelectronics Workshop, 7-2. [4] Sentaurus Device User Guide, ver. P-2019.03, Synopsys.

ARBFFRILIE LA FE B IR AT 0L % —  FEZE LA & B B (NEDO) D ZREZEHS (JPNP16007) DAE RGO DT,

a) b)
40 102 0.8
) — 3el8
35 10 0.6 3e17
n(0 F
(0) 101 100 0 =< — 3el6
----- c — 3el5
p g 251 107! g 0.2 Nsys (cm)
ads I s o 201 102 'g 001 PR,
151 102 © -02
>
104 Negs (em3) k104 —0.4
5] — 3e18 [105  _gg
— 3el5
s -6 — } | : —
Threshold condition v P T 08 0 10 0 10 20 30 40
n(0) = p(e0) v Q'+10g(0)
1 2p EHIC LB L VRTHE, 2 TCAD LR ()DL, a) Qv F#ME, b)7 1 v 7 1 v V8%,
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20a-A304-4 ERABG MBS AKELMBES BETFHE (2023 BAHK—ILIEN3LIH)

Sit/IV—FERMRIS VIV ARZICHITS
EFEREA—/I\— 21— MEZBP=FHCASHDLE
Effects of quantum confinement on electron velocity overshoot in Si nanosheet FETs
OfRER Z—, Bl &E—, ML, HEELE (ERH)
O Junichi Hattori, Koichi Fukuda, Tsutomu Ikegami, and Yoshihiro Hayashi (AIST)
E-mail: j.hattori@aist.go.jp
T2 /3 — b eFr VL TEOEMEZT— N TEBS T —b A=)V - TSIV REF/
— MERRIR N T A% (NS GAAFET) &, ISR EMRIERD A A v F 0 FEFE LT,
BIE, TEFICHIZEEARDED 5N T W5 [1]. NS GAAFET ORE E N5 — FEIZIERIEN 29,
Fx U T7NS ZETH, mOBEBR TRANEEZBA TIEE N 28 E A —/— 2 — (VO
LZ D 2%, DIUONUIHIEIOEETZ D VO DFEZIAL M Uiz [2]. iy, FHEIN S NSD
PR — @i Tz 8, BFHCIADORELRI{ENS EEZ 5N, TORTHUADA VO I
B2 2883 TR ENTIIWEY. 2T, AHETEINEZRHNS.
& Fig. 11279 n % Si NS GAAFET D#NZEH)Z 7 /3 A A » &2 2 L — & Impulse TCAD [3] T
VIal—varl, T3RVF—EEEDTTIV4] & R T MER(DD) E 7T S 55RO
F D VO OFB& T L7z, XIZ, Impulse TCAD ICEEAE (DG) ET )V [5] ZEEL T 1
CiADEEBTED LI UK ETHREEDC & 21TV, VO OREIEWVHENS HiNT-.
&R 7 — ME50nm D NS GAAFET DIEERHEZ Fig. 2 1R, ETE7V, DDETIL, EB58%
BTHUADEZET S L TERIIEADTS. Thd, Fig. 3@ Ind &1, BT CIADE
Ehg LR WEEEIITE RS 2kl & OFLLEE C, S FHENE LT 5TH 5.
K7z, ETE7/)VE DD ETNVEHNRS &, fiEDHMNERNZV. Thud, Fig.3(b)ITRT LI,
B OMENEIRLERE () 107 c/s) 22 5 VO WEEINEH 5 TH 5. TOEFREMNZ VO D
L I LT — bR EOBRZFANTZAERZ Fig. 4 IR, K5, ETHUADZEET S
JIM VO OFZENR NS L s, COEEORFERI, Fig. 3b)hbnhadkolc, 7ML
ADICE > TEFNMEFTZF /2 — M PREBICBOWTEFHENLDELSREI LICHSB.
3R BT UADICK > TNS GAAFET ICBUI 2ETHHIIAELEDD, VO LEERZIT 5.
EWay I al—y g icmidTid, VOIMATETFHUADEEET ST ENRAIRTHS.

4 T T ‘:I‘
Lo L o 2w & ] _
__ | Vps=0.65V 1:
S Of H ]
7nm 3:31 R — — S Ves=065V ]
z A :
| l | 4t o e CE .
MTI 1071 p(em™3) 1070y, (107 cm/s) 20
Fig. 1. Sectional views of Si nanosheet (NS) gate-all- Fig. 3. Distributions of (a) electron density and (b) ve-
around field-effect transistors (GAAFETS). locity along the z-axis at the center of the lower NS.
1073 - 1.0 1.8 . . : ; 2
w/ w/o DG —_— w/ DG
~ — ---ET 'U\‘ 1.6+ PR W/O DG UE
E1070F . ~DD pig=) O
> 053 28 3
< 055 S af 18
A ]0_9 LG =50nm , E ”LQ S
£ Vps =0.65V __ 2 8 Ti2f R e | 3
10—12 | . ) 10 10 VGS = V|DS = 065I \Y% | 0
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Fig. 2. Drain current Ip vs gate-to-source voltage Vgs  Fig. 4. Ratio of the Ip obtained from the energy trans-
characteristics of a NS GAAFET with a gate length Lg  port (ET) model to that obtained from the drift-diffusion
of 50 nm at a drain-to-source voltage Vps of 0.65 V. (DD) model plotted as a function of Lg.

B ABCRBENIFFSHREE AT LA — EERIRRR S HAFERRE (NEDO) DBIECHE GRA T 5G 15H6EE
T AT LIHRIEIIZEBAFERZE, JPNP20017) DFFF 5N/ DTS, BEIWER [1]N. Loubet ef al., Proc.
Symp. VLSI Technol., 2017, p. T230. [2]J. Hattori ez al., Ext. Abstr. JSAP Spring Meet., 2023, 17a-A403-2 [in Japa-
nese]. [3] T. Ikegami et al., J. Comput. Electron. 18, 534 (2019). [4] W.-S. Choi et al., IEEE Trans. Comput.-Aided
Des. Integr. Circuits Syst. 13, 899 (1994). [5] M. G. Ancona and H. F. Tiersten, Phys. Rev. B 35, 7959 (1987).
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20a-A304-5 ERAEGANBEAUSLHMES BEFHE (2023 EABA—ILIEFN321H)

“Dual-Gate PN-Body Tied SOI-FET” %% L 7= Integrate-and-Fire Ej{E D SE3iE

Integrate-and-Fire Operation by using “Dual-Gate PN-Body Tied SOI-FET”
SRIK, OM)xi WE #F &z FHHEH R$
Kanazawa Inst. of Tech., “Haruki Yonezaki, Takayuki Mori, Jiro Ida
E-mail: ¢6200787@st.kanazawa-it.ac.jp
BEHIZ: ==2—aELVT 4 v INN— RV TEBOED, AN X T =ma—a T /LD—
D Toh % Leaky Integrate-and-Fire (LIF) &7 /L% BAKT /A 2 CHELT HIFZENITHOIL TV SH[1].
Fx OAFZEETH LIF OW, IF $%AE % ’Dual-Gate PN-Body Tied SOI-FET DG PNBT SOI-FET)” % F\»
THKRT A ZATRETEH L E2 Y I ab—3a U THRE LTV A[2]. ABFZETIE DG PNBT
SOI-FET @ ] C IF B{EANFEELTE 2 )8 CTHRRE L7z,
EBRER - 112 DG PNBT SOI-FET O 7 /31 AfgiE 2 9. [ 2 12V ZAHIE O EESRM 2R
X3 ITEE A R T FRRE T 2M Gate BIE AR LTWLS 2 L TR BN Y 2455
iz, 4124 2M Gate B/ E A —EIC LT, Body % OV 5 IV EF e &0 x —2F
VIEERRT. R LV, 2Y Gate BIEA LML I T D Z L IC L o T BN BREN AL L T 5.
F70, K S ATRT LI, BT DHI2OD L ZEEH 2 Gate BIEIZL > TE{EL TS, Vg =
0.75V DEEIX 1 VAR THRKT DM, Ve =083V OFAIL 8 /UL AR THRAL TS, ZOff
RED, 2M Gate |2 K> TEADEAZHIHTE, KT D7DITMER SV AEZFEETH
% Z EMED. Ziud, DG PNBT SOI-FET T 2™ Gate # H A & L7- IF EifEE2 BT 25 Z & 03 AlHE
ThbHI LZRT.
BEE . AWFZC13 ISPS B JP21K 14216 } (X JST-CREST JPMICR20Q1 DBk T 7= b D Th 5. £7-, W HKY¥ VDEC IF
BEBLT, BAY ) TV ARRBHRERA L T — e T5T 4 9 %« Dy SUBREOW A TP LD TH S,

ZE3CHR : [1]S. Dutta et al., Sci. Rep., Aug.2017. [2] T. Mori, and J. Ida, JJAP, vol. 60, no. SB, Feb.2021.

v, 20 palse
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g 186 2 _ Ly=0.2um 2 s
€ 1E7 < 1 s < Vv, =1.0V 2>
é 1E-8 Vb=0.9~1.4V ;3'055 Vg, =075V 08V , 083V % = 3.0E-5 z: = Difl;’v [}
5 ieo (step: 0.1V) g w 158 ¢ =1 15 S
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o N P,
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20a-A304-6 ERABG MBS AKELMB RS BETFHE (2023 BAHA—ILIEN328IE)

AlTEBUIC R D AN — DR Z v 7HED L EWEEEREL
Threshold Voltage Control by Al Diffusion for NMOSFET with Metal Gate Stack
X*FIOoT7HRASHE A EYREHRM
OKF #i¥R, HHE ER., A Bh, W8 K. A »TH. EE K. AKX E8. Fk 5. /MU EA
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AR, A€V EIRIEOBRIEEE S, SEEEERAEmE D . 5RO Poly-Si/SiION #iE -7
VAL LY EHREZR Metal Gate/High-k(MG/HK)#§IE R 7 0 VA X QB ANME L STV LI, F
7o. AEVEBER TIE, A€V ELOFEREZRY R HAET 720, LEVEELEV) R ED
T SA AR AR i < IS 2 LAY S 2 PIB), MG/HK #1E0 NMOSFET Tl #EemE» 6
7R HHEE A XV — NEMICEBW T, TiAl B 7 — MEFERE~O Al JERIC XL D 2 2 L7
— k@ Work Function illf#l 21T 9 Z & WNHE LTV DB, KHF3E Tl TiAl 2 & icfEg A X v

AR DIREE 2 ZHANC B S ETERD Vi BEXREDEILDE 25 M T2 2 128D,
NMOSFET @ Vi Z{bIZH1T % Al DEEIZEBL LT,

Fig. 1 [IZR"T L O 7 — b A¥ v 7% A3 %5 NMOSFET Z#1{Ek L, TiAl FHE %2 2L ST
EEXD Ve BIOZDOIRXL DX ZFHE L7z, TIAIEEZ 2nm 205 Inm Z| A TEL T HIZHEV, Vi
FAT T F L, BEE 4nm DL B TR OB a3 28 234F 5 4172 (Fig.2), SIMS 434712 T Barrier
Metal/High-k IS D Al i 2 B U725 8. TIALIRJE S 2nm D512 iﬁﬁ Al [T R EE LA
T THo7=n3, BEE 3nm LLETiE 1 X 1020atoms/cm’ & O S Al OIFEDNER I, & AL EEIE
EVaNRAIZT T T 52 &N 00> T-(Fig. 3). sl 4 HIZRME ALICE D Va Zb a2 B35 &
E BT, ValX b O OFEBREROMNT LERIC OV THEHRET 5,

Top Metal : 06 o
0.5
TiAl = 04
) =03
Barrier Metal , 02
.
. 0.1 0.1
High-k
. 0 0 ey
SlOZ 1 2 3 4 5 6 0.E+00  1.E+20  2.E+20  3.E+20  4.E+20
TiAl thickness[nm] Al concentration[atoms/em3]
Fig.1: Schematic of Metal Gate Stack Fig.2: A Vth vs TiAl thickness Fig. 3: A Vth vs Al concentration at interface

between Barrier Metal and High-k

[1]E. Capogreco et al., IEDM, 2022
[2]Sung Ho Jang et al., IEDM, 2019
[3]Dongyean Oh et al., IEDM, 2020
[4]A. Veloso et al., VLSI Tech. Dig. 2013
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JeAFHRMEIZ L B A R JL S/ID & Ge n-MOSFET DEFREEEIAM LE(1)
Improvement of current drivability for metal S/D Ge n-MOSFET
by introduction of recessed channel structure (I111)
AKX - RERBEBRTER/ARBR CM)#ey — £ £, LK =7
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L Lo Vet Vuo0)
BITN—TIXINETIZ, AX VY —R - KL A (SID) % Ge Source Gate Drain
n-MOSFET % L T, F v RS EPVIANTE Y B ATF v v | |
MG ZE AT 5 Z L ¢, EBREN OLE & AP Re ORI
L TWD, 72, VEAF v FLOWS d (Fig. 1) 3EWIEE

RP753/ NEL 2D LR d OBINCHED Re 3T 5 2 & 2B B
L [1] . 2. F— F b OB AE ﬁ“ﬁ))tz%?;ﬁ /channel depth (d)
/1/4%3; ZIUT D)7 18 D SRR B Chiecess (Fig. 2, (a) Shape A) | _Peasriistg:wcce (Rep) p-Ge (100)

SIS WIBRThA DD EB 26N, & 2 T4HIA, )t V4
AF ¥ XNVDORIRZ, F— b OBESMER LI ST Fig. 1. Cross-sectional image of
W E D IR A 3 T 72 7 S A EAERL L fEkROIR & tie the metal S/D n-MOSFET.
THIETEORBEHELLOBELT,
2. FEHER

il Ge (100) Mt DAL, Ge (Txf LAKE T-FEkE 2R
TiN (60~70 nm) % 4[HIZA /S & HERE L. PMA (350 °C-10 min) 4L
B i L 72, 4RI, CHFs RIS & % SUBYEA A = v F 7 (RIE) = -
(2L D TN % SIDTEIRICIN T L7- %% 0 % % [ CHEARIIC Ge & i = T
0 iAF, VAT ¥ FROUEEER L, 2 OB, RIEDERAS [ } I n } \
TAMBROF v LV S—NENE ST A—=H L LTZyF T8l | e
DOFEIR %% L7~ (Fig. 2, (b) Shape B) , #—FAZ v 27 & LT p-Ge ch | [p-ce ch
Al/Si0x/GeOyx (200/50/3 nm) ##i&E% ECR 7T A~ nt& A };,EJIU (a) Shape A (b) Shape B
B - TR L7=1%. PDA (250 °C-30 min) #L¥E % Jii L 7=, #  Fig. 2. Mesa shapes observed by
%Iz, SID bicar# s ha—AzBOL, Al 322 1 Wg SEM ~ with different RIE
pk Uiz, Fig. 1 IfERL7 7 54 2 OB EMAR 253, fondlions ang - crosssectiond
MOSFET M F % /L5 L 1% 40-100 pm. 7~ F/LIE W i 390 pm, '

d1E6.9-734 nm Th 5, hT 2 VAL ORI D& d 1T " [T stapen vty
% Re &5 L7, ) ey
Y 2 -
Fig. 3 (/M L7275 A 2 OEHERME (Y — AT (1) ~7— 8100 i
BIE (Vo) ) 27T, VFROBREBNTRIEY LT+ 37 3 i | [
S AWK LT ON WO LR S 7z, Fig. 4 (ICHAERT O 8 | " 57 o wony
T RAES A T, WO Shape A DF 5 A X T, Ut 20 R
AF ¥ RME RO d) 1K > TRe BRI L7, d D3RS 7221 10 :
ST Rp N L CW=DIxt L, #7212 /ERL L 7= Shape B ©F 107

-4 -2 0 2 4 6 8

INA ZATIE, d PEL 2o THARW Re MR, = OJFURNIEHE Gate Voltage, V, (V)

J7 1A SCHERE Chirecess & 77— B IET}i$£E ch OHEMRFEI cheontact (2 8> 5 Fig. 3. Is-Ve charactérisetics of

k HeZZ X4 D, Shape A DG 7 — R r b DIEE ST EERD Chrecess  the Ge n-MOSFETS.
WZHIUMEAUZ S WIBIR D728 d OEEANT AU Chirecess RS O fiE Ik 23 & 6000

ED | cheonaa BIEE D Z & TRe BT H LB 2 %ﬂé Shape % . oo La = Shape A ]
B OO, = v T /OB RE S ER M SO 2 el
TR L 725 TV D720, Cheonaet T3 E S TR Re MRz 7z & 400 ‘, ]
LEZLND, B00ri 4 1
PLEX Y U ERAF v 34l Tl fET AR Chrecess DI é 2000 |- .I“‘ )" -
KOV — ME T 5 ch & OFEFEIK cheonae Z TERCATREZR U B A 5 ool U 1
F ¥ FRB O — F R E o IEEREH TH D L EZ LMD, B W .
A ABFIEIIRIEL - JHIRRTSE (S) (No. 19H05616) X UFRIEC A7 m & J A
=7 b (No.RO3/A02) OX4E%%1T 1=, 0 10 20 30 40 50 60 70 80
BT Etching Depth, d (nm)

Fig. 4. Etching depth dependence

4 Sore . N DL S e A N _ T )
[1] WA fih, 55 83 UG ERE R TR 2, 20a-A406-9 (2022). of parasitic resistance.
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Performance Enhancement of Extremely-thin Body (111) Ge-on-Insulator
nMOSFETs by Using Flipped Substrate Process

OX. Han, C.-T. Chen, K. Sumita, K. Toprasertpong, M. Takenaka, and S. Takagi
The University of Tokyo, Faculty of Engineering. E-mail: hanxy@mosfet.t.u-tokyo.ac.jp

1. Introduction Due to the aggressive device scaling, Si
logic CMOS is approaching its physical limit. In order to
achieve higher integration density, Si FinFET is expected
to be replaced by stacked GAA nanosheet ! and 3D
sequential CFET ™!, which allow us to integrate hetero
channel orientations and materials. (111) Ge is highlighted
as one of the optimum choices for future nMOSFETs,
thanks to its low in-plane effective mass and high
quantization effective mass (m,) ¥, which is especially
suitable for extremely-thin body (ETB) channel because of
suppression of surface roughness scattering . However,
ETB (111) Ge-on-Insulator (GOI) nMOSFET, fabricated
by the Smart Cut method P!, suffered severe mobility
degradation for the channel thickness less than 30nm .
Since the previous work has proved that the post-annealing
at 550-600 °C is applicable to the Ge/GeO,/Al,O; structure
without deteriorating the interface quality [7), the quality of
Smart Cut GOI, which has been reported to have a
defective Ge layer near back interface ', can be an origin
of this severe mobility degradation. In this work, an
effective flipped GOI method to employ second-time layer
transfer after the smart cut, is proposed to avoid this
intrinsic problem of Smart Cut GOI. As a result, flipped
(111) GOI nMOSFETs exhibit a clear performance
enhancement over a wide range of the channel thickness
(<100 nm) compared to the Smart Cut ones, indicating that
a superior ETB (111) GOI quality can be achieved by the
flipped method.

2.Experiments Fig. 1 shows the schematic fabrication
flow of the flipped GOI using a Smart Cut GOI substrate.
By this upside-down flipping, a Ge region with higher
crystal quality is bonded to another Si/SiO, handling
wafer. The Ge bonding interface is treated by Plasma
Oxidation (P.O.) and ALD Al,O; to minimize the interface
states. After removing the top Si substrate and the
damaged Ge layer, a flipped GOI with high Ge crystal
quality can be obtained. Fig. 2 shows the schematic and
fabrication flow of a recessed GOI nMOSFET, which has
100-nm-thick raised source/drain (S/D) to form high donor
concentration S/D with low contact resistance. The
thickness of thinned channels (0-100 nm) is well
controlled by Digital Etching (D.E.) P! The top gate stack
is formed by P.O. GeOx and ALD Al,Os with W/AI metal
gate followed by PMA.

3. Results and Discussions The I;-V, and I¢-Vq
characteristics of the Smart-Cut and flipped (111) GOI
recessed nMOSFET are compared under similar channel
thicknesses in Fig. 3. Here, the channel thickness is
estimated by the minimum I4 which is expected to decrease
monotonically with thinning the channel thickness.
Compared to the Smart Cut GOI nMOSFET, the flipped
one shows higher on-current over a wide range of the GOI
thicknesses. The 8.1-time higher on-current at Vy0f 2 V is
observed at ~6-nm-thick channels. In addition, the
maximum Ig at V4 of 0.5V and V,-Vy of 0.4 V of the
flipped GOI nMOSFET is enhanced by 5 times under the
channel thickness of ~13 nm against the Smart Cut one.
The minimum subthreshold swing (SSyin) of nMOSFETs
with the two GOI substrates are compared in Fig. 4. The
flipped GOI nMOSFET shows the lower SSnin, especially
at ETB channel, which is lower than 100 mV/dec,
indicating the better interface quality that the Smart Cut
GO, thanks to the flipped process. Fig. 5 summarizes the

field-effect mobility (ure) of the flipped and Smart Cut
GOI nMOSFETs. The pgg value of 70 cm?/Vs is obtained
at the ~2.4 nm-thick flipped (111) GOI channel.

4. Conclusion We have demonstrated an effective way to
improve the ETB (111) GOI quality by the flipped process.
The performance of ETB (111) GOI nMOSFETs,
fabricated by the proposed process, has been enhanced
with higher on-current and electron mobility.
Acknowledgments This work was supported by JSPS KAKENHI
Grant Number 22H00208.
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Fig. 1. Schematic and fabrication flow of flipped GOI
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Fig. 2. Schematic and fabrication flow of recessed GOl nMOSFET
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ARy ZEIEIZ L0 | CREMICHKIEE RS & W BN REEERIEN LT, 77y bR ALT 4 AT A
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HEIX, ALD IGOT v R/AFETDT /A ZARMEE RN L,/ —~ U A7 EE, SBEE, SEEEL2E
BT 5270040 T L—a L ubv AR+ 52 ThH5,

2. T3 ZREF B Figd(a) IS/ERLL -5 A 2D 7 & 27 m—%7R$, Fig1(b) & Fig.1(o)IJIXZFhZh T S
A ZDWE X & Wi TEM#, EDXJCHEOMEZTRT, ¥ 7% — MSG) FETIZ Ny 77— MEETH Y, ¥ 71
7 —hF /=R DGNS)FETII Ny 7 F— & N T — 2HT 5,

HER LER: SGIGOFET AR EM # MR T 572012, IGO0 % ALD THRE L ¥ —=v 7 L0 T =— Vil
JE & AL S BT B O 1-V FiE 2 797 (Fig. 2), 1E#L L 7= SGIGO FET 1% HfO: % 77— b g v 72 & & 1% 500°C
FE T, SiOr 57— MBI AV & XX 600°CE TLERBIFFENHERFTX B Z L3 o7, Fig. 3 1%,
SGIGOFET IZ2W\W T, In & Ga OFEEE In:Ga=2:1 2> 5 1:1 F T EH, E5I21IGO DIFEE% 3nm 7>5 10nm
FOBLEEELED, BEE, LEWEFBE, A MLRAMLEWVEBIEY 7 FOBRERT /T 7TH D,
BEiE, LEWEEE, LEWEEES 7 NOMICHAMER ML — RAT7ORRRBH D Z ERENT, DR
— RA T %I 572912, DG NS IGO FET %24 L#A{E L 72, Fig. 4 & Fig. 512 SG IGO FET & DG NS IGO
FET O 1o-V Ktk & EBEIE A2 RT, DGHEGEICTHZ LT, /—~ U4 7EE SG LB L T26 %D KT A
7%ﬁ\lﬂﬁ®%@f®ﬁi%£ﬁbtoﬁg6VﬁiSG&DGNSWT@EﬁiXFVinUﬁ@VXFV
AEINEED L EVMEBLE Y 7 F2RT, DG REACBIT LR E/ vy X~ ar7nt AL DGE#EICLSE
ROWAZE Y DGNSFET O L & VMEFE/EL 7 MESGFET O L & VMEEB/ET 7 | & il U TR mibto
4. ¥ L »: ALDIETAIE L 72InGaOx % F v R /VIC VWV IZFETO R 2 RATANICHHIE L. BEIEE, B, 5
PEOMD N — FA 7R EZB 52 L=, 72, DG NS IGO FETZ/ERT 52 Licky, / —< U4 7, &8
FHEE, BEHEMEZ LT 5T A AEEE FERE L 7=,
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© 2023F I[CRAYEER 12-046

SESAEIS MR A ELMEEES BETRE (2023 EEABKR—ILIEN3IEE)

13.5



20a-A304-10 ERABG MBS AKELMB RS BETFHE (2023 BAHA—ILIEN328IE)
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Design and analysis of an 8kB macro for a new ultralow-voltage retention SRAM
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UXCHIZ] Fex 1 TEIKEETT — X REFAIRE R E Y 72 SRAM (ULVR-SRAM)ZH24EL,
Z DOPEREMRMT LI O MEt A TA[1]. ULVR-SRAMIL @ & BJE % iz S AESRAMEN /R, —
Z/w’r—ﬁﬁdx R(EMP)E72%0.4V 4 I BIEIRFEE ) O HIPE, 0.2VORIREEY 7 a2 (ULVR)IZ
FEW 72T = —T 47 (PG W= R E /I ORI AT BE T D, FT2, ULVR-SRAM%I“
ﬁH Lim=a—F Xy NI —7 T 7T —ZTlL, EMPEIEIZ L DT RV X —ZhZR(TOPS/W)D fix Kkt
FHTED[2]. LML, ULVR-SRAMIZ10MHD N7 P A X (Tr) CHERR SN D ZE D, Trdk (kv ) D
IS B R LT D kD, B2 I8 DO Tr TSN D HTALOULVR-SRAMZ R R L 72[3]. 20k
JLTIHRERTLDULVR-SRAME N EHIC /A X~ —V  (NMZ LR TEDHZEND, 57506 B
ATRECTdD. AiENE, HMULVR-SRAM /L Dk GHEEA L~ LD REVEREICOWTHE LTz, A El0D
FF T, HUULVR-SRAMD KB~/ DR 5+ Z DMEREIZ DWW TR T 5.
(EERER] X UTHRIULVR L 36 LV O BREN I R O R A R . (AR EIREE(V Vop), 74—
KXy 7 Tr (FBT)D/SAT AVeg, U — R EE VWU Z N E I/ T — AL F(PS), 2 h2— /L AA T
(CS), V—R#AL Yy F (WL FIFH T 2. 185 SRAMEIE TIX VVoptZ Voou (=1.2V), VeslZ Vesn
(=0.3V)EHW\\5. A% /3A(SB) Tl VwiZ Vopné L, 7—R/SATr (LPT)DY—27% HWCRllg & REr 4
%. READ/WRITERFZVw Z0VEL, LPTIZE > Tt L, FEIAHLZLT. ULVREFIZIZV Vo4 Vool
(=0.2V), Vwrx VwiL (=0.2V), Ves% VisL (=0.2V)EL, ZOE—R TAEUAARBIVEFA DR T 4 —R/\y
I ORI EDEONMEFERTESD. WSHIVwuy b7 2 —Z [N AT DY —7%%%&@%&?57‘@@:
W5, 21287 ULVR-SRAM~ 7 (M[STVVR) DL A 77 b 7 '”’”V[;[;; ””” v [;[;;3
9. VL E A I HE R FIULVR-SRAM ~ 27 1 (M[10TVEVR]) & %
ZIZLTRELE[]. ARAWEzayyr T A — Lol e
M10TYVRID JE AR 2 35628 4FE LT, B BLUOT LV
AP AZXEM[I0TVVR L ZIERICE LT, 5%, ATV T AL 1—
NEAOCIUE, T ORI EFRREICETEL - TLAY A X%
I CE D AIREMED D 5. L Fs L OVHIL IR #EIZHSPICEZ IV T 4
AL, ~7roOBELMRRIT T AR A &AL D, miE | ‘
SPICE (FineSim)(Z LD RHIEL 2 —Tara VW TffT LTz, 7 CIRL switch C”IL.I (.j”[L2
XA AN 65nm CMOS7 B ADLPET LA -, 1. HAIULVRE /L ORER
(& R] HAULVR B VT 2EifE.- 27 ntAa—F—TI130
mVEL EONMEFEIR TED. F7o, n—H N EH & 2EEL LA
N ETocD M A /& TXD. Vipp = 1.2 VTIZEMERE 14500 I
MHzC~7u DL ozEfa—F) —/7atAa—F—THIEFIZ =
B {EL7-. SRAMENMERFD VVpplINMZ % &L T0.6VE TR T |
HEChH-oTz. ZOLx, BERFE IX0%REEHIJ Tx5. (KETE
EEIC L LT B VR 3 2 VDT, é% IR P Vpp T, B
SRAMENVEAR ATREL 720, BYERSTE L ELICHIRCE 2. M3l K2 FHULVR=7a0L A7 7k
M[10TULVR], M[8TVUIVR], 45 L OR6T-SRAM~ 2 2 (M[6T]) D45kkRs 10 ]
DO FRNTHRE B a7 3. M[STURVR](X0.2VOULVRE—RIZXEV B F M[6T] M[IOTUWR] MI[8TULVR]
& DSBE— R 5H89% D F#H 5 7 ) I S ATRE T 5. £7-, ! .
M[10TVIVR] L LEiis L C, SB, ULVRE—R &G I E 1A S5 |
20%FE FEHII CE 5. HIULVR-SRAMIZTrA O HIIJE, ULVRIZH
FONMD A L, 21U CTHRERFE 11 DX B2 DRI AT HE TH 5.
(5] 22l — L al TR KRR R AT AR E '
4 —(VDEC)Z LY ) 7V AR E DO 1 T i-b D TH 5.
[&#£3¢#k] [1]H. Yoshida er al., IEEE OJCAS 2, pp. 520-533,2021.[2]  10'}
Y. Shiotsu et al., IEEE JXCDC 8, pp. 134-144, 2022. [3] {"jifth, 4583 i

[l A B 2 S K TR AT 2, 21a-C105-5, 2022. SB LVR SBULVR SBULVR
" v, 2 03, 44~ 70D SN )
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A binarized neural network accelerator macro with parallelized MAC units using ULVR-SRAM
WK ANRA AR, EHRIR
°Y. Shiotsu, and S. Sugahara, FIRST, Tokyo Inst. of Tech.
E-mail: y.shiotsu@isl.titech.ac.jp
[IZCBIT] MDA~ —MERTITEASAN Ny VBB D a—T (T AT MMIAI 28 A
THZENHFRFSNTEY, ZRETU LIZZ R X = RO E =2 —F /L Ry NI —I(NN)T 771
— A NERIND. Processing-in-memory (PIMYFL D/ N—RT =7 INNT 727 —X D EMEREILIZH %D
TH5. K2, SRAMZ HWPIMEINNT 7271 —# (3, BUROBY 7 CMOSHiT CHEE N "l iE/e 7=
b, JEH EREETHD. ZOIHRNNT 7T —FOMERE R FICiE, =R —/ NS (EMP) &7 DB
FEE(Veme) & W7 HERBNMED RO TR TH LY, ZOFEBUIE G Tidlew . Kilt, Fkx 1306k
DCMOSH AT CHREEZ I, Vemp COSRAMENELBKEE (Vo) Z W e/ XU — 5 —F 0 7 3 "l REZR
ULVR-SRAM [1]%& W C, PIMARAE(ENNT 72T —%(BNA)~v 7z B LTZ[2]. ZOBNA~Y/ 0%
BEEHNDLZETIEEDO YA X RO Ry T — 7 M TE 5. KT, BNA~ I (@ E DR
(MAC)H B = =’ AL, EMPEIEA U 7= #E 36 8 1 % 0 5 fm“z) LT, TRAXF—hR
(TOPS/W) 23 i<, ALERLMERE(TOPS) D i\ T 7T L — &%T%Ekf%é[z] AFF T, ULVR-SRAM%
FAW=8IFFIMAC =y F T ABNA~ 7Dk it LMEREIC DWW TR 5.
[8IEFIBNA~2Z11] ABNA~Z12TlE, XNORS—ADMACH F = ;e AV Z[2]. MACTH B 5
(ZEEBNA T A AT HRE RO EATE Y MMSBYE W TT 77 4 —a (ACTV)Z HE T 5[2]. ~
NTFR—=MEVERHWDZEREMRD TROIHTELT — 2 LB ASAT ZADFHHHLOW S ETT
W, BEOMACL =y M BT AL T /aNOMACTHE DI b A FEE L. MBS L7-83F
FIMACZ=y NEBNA~ 270DV AT U NeRd . ZO~ 7 TiE256bD AT~ M3 HMACTH
FASW A CRIFFICHEITTED. RitLiz~27aid, 1350~ ra2])E kLT, R LZHAHLR(E
VAT 7, FFR OV BLUOMAC =y b ST T 2RO HEFENE K LIZH, SRAMT L AEIX 1 F] D~
ZolZRICHE CERETAIENTET.
[fRATRER] SXat Lz~ uotiiEld, FAERN - A E2 M L CEB#ESPICE (FineSim)Z F\ M- K EUR
Rl —Ta VRN L2, T3, A121E65nm CMOS 7 e ADLPE T /L% iz, [X21283F 51
MAC:Lv—/l\%ﬁﬁ‘éBNAvﬁn BT LENEE WIS, FAEIE S Pavg, 1AV B0 DI E =1L
(ZBA AR E IR V Voo AE 2 7R 3. ElZVVpp=0.4V Tixe/)s kfoto‘(b\é(VEMp 0.4V). ZD&
%, AX450MHzH25MHZIZAR T 35708, Pae®99%HI CTE 5. £z, HEfmDO T R —20F 0L Vewe
THKRERD, 104TOPS/WEARD TRV Ml A FEHL T& 5. [X3] LSEEEJMAC:LVA/N%ﬁ?“Z)BNA?%:’O)
EMPENERFOMEREZ T, [HIXIZIZ1IEFIMAC =y M 3 5~ 7u 20O b 7R3, 1IFFIMAC=
=y DOBNA~Z%EMP (0.4V) TEIVESH D&, BH BIEEIE(.2V)ELERL T, AT T523, Pav
ILSBIZKRIEICHIE TED. ZOREE, X1 2VEIED~10TOPS/WHEMPENED65TOPS/WIZ KIEIZ
WET 5. 8 FIMACL =Y hDOBNA~ZBOEMPENETIX, 11 F|O5E LT3 0B 3
B0, Pavol JEADEE DR DN RIZLIMACT =y O FIFUZENIFIEIIL 220, LA C, 8iF
FIMAC = hD~ 7 TlInlISHIZ#ESIV104TOPS/W £ THE K77 5. KkIZ, 8 FIMAC = kD
BNA~Z7 % 16ff TR SN 51024 ) — R D S A B 21Dl 21T > 72, ZO2FEATE 2RO
MACTH R D FHT 1288725, ZORERLTIL, MWV RAF—ZhRAHERF L7 EE(~100TOPS/W), AL
PRPEREA1.5TOPSE T L T&5. L7edio T, WHIHEMACT =y AT 45BNA~ /22 H\WHZ LT,
EPEREDBNAZHERL TX 5.
[HEE]S oL — a3 R P R BB R S AT L3R B 2 ¥ —(VDEC) &l L v/ 7V AR RSt D W 77 1T

OITEHDTHD.
[ 3z#k] [1] H. Yoshida et al., IEEE OJCAS 2, 2021, p. 520. [2] Y. Shiotsu et al., IEEE JXCDC 8, 2022, p. 134.
—— o —1500 . —
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