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[1] W. H. Chang et al., Adv. Electron. Mater. 2201091(2023).

[2] W. H. Chang et al., SSDM 455 (2023).
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Fig. 1. XRD 6/20 scan of Fig. 2. TEM cross-sectional  Fig. 3. Comparison of [-V
W/Bi,Tes/Ge  stacked films image of BixTes/Ge quasi-  characteristics of the W/BiyTes/n-
deposited at room temperature VAW interface formed after ~ Ge and W/n-Ge junction diodes.

or at 230 °C by sputtering. 400 °C annealing. The linear scale of I-V
characteristics is shown in the
inset.
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[1] S. Ishimoto ez al., SSDM (2023) F-4-03. [2] C. H. Lee et al., ECS Trans. 19, 165 (2009). [3] H. Haesslein et al., Phys. Rev. Lett. 80, 2626
(1998). [4] M. Perego et al., Appl. Phys. Lett. 90, 162115 (2007). [S] C. M. Yoon ef al., Chem. Mater. 30, 830 (2018).
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Bl JESVE I KOs aL 1IGO 21T 5 IniGa DRI InOkJE & GaOx JB DR A 7 LDtk

© 2024%F [SRYEES

%ﬁ*ﬁ”é & CHIE L 7o B MR & L Cid s — MEMICIEBE 2T 2 PBS & 32 L 7=,
[EBREREBE] XK1
B R &7, PBS |

F ¥ RV FET (2812 PBS 1255 Vo BEIOEJFE & L CERIE T o IR R0
x5 Vn BB E T
IGO R IXMM ORI EAR (EX. In-Zn-0 &) &L T Ve BFENRKEI N &R

ENE T OND, A2 TIXIERE IGO @ PBS (2

5Tk ERE

In:Ga DFHFRLEIZ

CEUC 7 A TERL U2 JEENE 1IGO & &ty IGO-FET OfZE M
IR D Vi BEHEIIZAES IGO0 2 W5 Z & Tl Sz, JESERR L)
CENL-ET
(e

RSN, HERFFEO TR E P E L2 & 2 EBRIICIHMEL L=, 6> T, JEME IGO-FET |2
EE;!ZE)“ Vin 22 #h] ;;z‘ ﬂ’éj\/l/ﬂﬁﬁp A S -mfEER R I 0.6

D ENHEEREIND )

FEELME 1IGO 28 FET OfE#EMEm FICFH 59 2 EK 2%

5—2 L/f:_o ;Eﬁ%g@‘k'ftff%#:%ﬂg j:*%k E E‘ar—ﬁ\ﬁ\/\ﬁ_&b 0.4 ﬂI]lOl'I)hOllS—IGO
BRI AHET 5 0-0 FaOBHT L F—RHgE | A
RS & L TR 2 E b T B B ~ 02} 7
o, MitAEAT D 160 25 Z L TH~D 8 L A
WEREIEEFE DY AR IESE 1IGO LV %1&(&#5 k <1 0.0 |- Rmmelie== __'-__-_.'__-_e_-. ________
PHIFFCE M 1 ORRIL IGO-FET (Z81T % PBS (24 i o
T 5 Vo BB ORI A EBRIEE IR 5 2 L 23 L polycrystalline-IGO
T2 EBIT, SR 1GO & F v L &35 FET 13365 02
H1GO LV b EWENNEBEE (68 cm?/Vs) 2355 i Veswess=Vmt20V
nNTEY., BW FET O@BEIE LS X OMEEMED M O s
L%ééﬁl‘f—iﬁ’ E 63’(%%’@??*»2}3‘%%?&) AZ L Stress time [S]
BRIz,

Ref. [1] Z. Li et al., IEEE Electron Devices Lett. 43, 1227 (2022). [2] H.
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Fig. 1 Shift in Vi against PBS in amorphous
and polycrystalline IGO channel FETs.

K. Hikake et al., IEEE Electron Devices Lett. 71, 2373 (2024). [5] T. Takahashi et al.,
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A Nanosheet Oxide Semiconductor FET Using ALD InZnOx Channel

IS, The Univ. of Tokyo, *d.lab, The Univ. of Tokyo “Sung-hun Kim', Kaito Hikake', Zhuo Li', Takuya Saraya', Toshiro Hiramoto',
and Masaharu Kobayashi'?
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Introduction: 2D scaling for high-performance computing is near the physical limit and monolithic 3D (M3D)
integration is a promising alternative solution for high density and energy-efficiency [1]. In the M3D integration, upper-
layer FETs must be fabricated at low temperature (<400 °C) to ensure the integrity of BEOL interconnects and the
property of FEOL devices. Oxide semiconductor (OS) FETs have excellent properties such as high mobility, low leakage,
and high thermal stability with fabrication process less than 400 °C [2]. Atomic Layer Deposition (ALD) enables precise
control of OS composition with high uniformity and high conformality [3]. Although studies on individual OS
compounds such as InO, IZO, IGO, and IGZO were reported, systematic study on nanosheet OS FETs with comparison
of OS compounds is needed.

In this paper, we fabricate and characterize OS FETs with ALD IZO studying characteristics trade-off, and compare
1ZO FETs to IGO FETs to understand the effect of atomic species in InO-based OS material.
Experimental methods: We developed 1ZO deposition process by ALD with alkyl-based precursors and O3 at 250 °C.
We fabricated IZO FETs by the process flow with bottom-gate structure as shown in Fig. 1. Channel width and length
of the FETs are 50 um and 50 pm, respectively.
Results and discussions:
(1) Thermal stability: IZO FET characteristics were maintained well up to 400 °C post deposition annealing, as shown
in Fig. 2, which is compatible to BEOL process for LSI application.
(2) Zn-concentration dependence: As Zn% increases, threshold voltage (V) increases but effective mobility (per)
decreases while subthreshold swing (SS) is almost maintained as shown in Fig. 3. Oxygen vacancy (V,) is reduced,
donor concentration decreases and thus Vy, increases by adding Zn to InOy. In addition, ZnOy interrupts InOx conduction
path and thus the mobility decreases [4]. Post-metallization anneal (PMA) greatly helps to annihilate V,, raises Vi, and
lowers SS. In:Zn=2:1 has relatively high V, and high p.r among others.
(3) Thickness dependence: As thickness decreases, Vi, increases due to the TFT operation principle, while SS and
mobility are maintained down to 4-5 nm as shown in Fig. 4. 3 nm-thick IZO shows too large degradation in SS and
mobility and too large Vg, increase. These can be due to thickness fluctuation and emergence of subgap-state by excess
oxygen [5] and quantum confinement. 4-5 nm thickness range is a suitable choice for controlling short channel effect in
scaled devices, while maintaining IZO channel property.
(4) Bias-stress reliability: We evaluated Vy, shift (AVy) by multiple DC V, sweeps as shown in Fig. 5. AVy, is stable in
the wide range of Zn% at 10 nm thickness. However, when the Zn% is fixed at In:Ga=2:1 and thickness decreases, AV
gradually increases. This can be because of the subgap-state formation by excess oxygen [5] and quantum confinement.
(5) Characteristics Trade-off: Fig. 6 summarizes s versus Vi, with AVy, of IZO FETs, which shows characteristics
trade-off. We compared IZO FETs to IGO FETs in our previous work [5]. Fig. 7 (a) shows that IZO FETs have higher
Ketr and lower Vi, at the same thickness and composition than IGO FETs, which is due to the difference in oxygen
dissociation energy, oxygen vacancy formation, and thus carrier concentration. Fig. 7 (b) compares the thickness
dependence of AVy, at the same composition. AVy, is less sensitive to thickness scaling in IZO than IGO FETs. This can
be because 1ZO takes less excess oxygen which causes electron traps and AVy, than IGO. As we faced in IGO FETs, it
is still a challenge to achieve high mobility, normally-off operation, and high bias-stress reliability, simultaneously.
Summary: We fabricated and characterized nanosheet IZO FETs by ALD. IZO FETs show higher p.f, lower Vi, and
higher bias-stress reliability than IGO FETs, which can be due to the difference in oxygen dissociation energy between
Zn and Ga. These findings provide insights for process optimization and device design for M3D integration.
References: [1] Bishop, M.D. et al, IEEE Micro, 39(6), pp.16-27, (2019), [2] K. Nomura et al, Nature,432, 25, 488 (2004), [3] Kim, H.M. et al, [JEM. (2023), [4]
Jeon, H. et al, Journal of The Electro Soc 158(10), p.H949. (2011), [SJK Hikake et al., VLSI Symp. T14-1 (%023)
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HfO, gate insulator by ALD at 250 °C o 60 @
1ZO channel by ALD at 250 °C 2 0 <1090 > - 120 3:2
Mesa patterning Z -— qc) ;2 .
PDA = =109 Lionm >~0 - 2O 1:1
'IF"IAII\IIAS/D by sputtering >.\ -4 ./ 510’11 -7.5nm! (,,40
TiN (Source) TiN (Drain) 245 c =5nm >
o ~ 20 ‘<10 12 —4nm = 20
ML) ; Se G101 L % 0 3i5ET8 oM
. N“Si Gate voltag f# 3 25 30 35 40 45 50 Gate voltage £V3 kness (nm
Fig. 1 Fabrication flow Fig. 2 I¢-V, curves at different Fie. 3P Zn concentratlgn (at é’)(y Fig. 4 (a) 1¢-V, curves witl 1fferem IZO thlcknesses (b
of ALD 1ZO FETs. PRA temperature. 18- aran;esters according 10 Zn%. paameters with different 1ZO thickness and composition.
(a)g 0 ‘203 1 il b)E 10210 pm— 50 AV 0V (@) v, ov] (b)4 .
E'l / 10 nm ( )E-lo 4 IZO 2 l ’340 + AVy i1V ,(/?50 10 nm Avt: v - 120 1:1
f_:}loo‘E T < 10“?/m > v AV, 2V >49 Av‘h-zv S - 1GO 1:1
i
= s IR S = —— ¥ +1202:1 &3 <izoti] 2, [Ref. 5]
O 13fRemmey o . : =
Efoalzo32/ — S b 4 52 ‘:ég‘;"i oof 4 <1001 >
/ 3 10° 41 - ~. b o : ~,
Dupemesd o 29 e 2o w, RS
z° T/ %mﬁsn”‘% 20 3nm @ 2 lionm "G (e 0
010,13_2«1'»'.:1"? + - s 1013kl _ 0 V 1 2 3 i % =
Gate voltage (V) “Gate'voltage (v)* Fig. 6 Trade-off Among per, Vi, Vin (V) Fhickness (nm)
. . Fig.7 Comparlson of (a) trade-off and (b) Vu shift between
Fig. 5 (a) 1s-V; curves by multiple Vg sweeps with and Vu shift in IZO FETs with 120 and 1GO FETs [8] at 1:1 ratio with different thickness.
different Zn% and (b) thickness for In:Zn=2:1. different Zn% and IZO thickness.
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ALD InGaZnOx 2 F ¥ FNVMELE T 5 F ) O — FNBRILWPLER N T VDR X
A Nanosheet Oxide Semiconductor FET Using ALD InGaZnOx Channel
RRAFER 1, KK dlab?
M2)HFH BERY, BHE gl BB #huk !, ¥R RIS /A ENE 12
IIS, The Univ. Tokyo, °Kota Sakai, Kaito Hikake, Takuya Saraya, Toshiro Hiramoto,
and Masaharu Kobayashi
E-mail: sakai@nano.iis.u-tokyo.ac.jp
EFR L B : InGaZnOx(IGZO)ZER SN AW bW s RITmBENE, (KY — 27\, KIE7 2& X e BENTFF
IS, TAAT LA CEAMbENTE 7, THETLSI T35 A AL X W ERBEEZED, Bl
{EB L MEREEBEAR OGN TE 720, ZRTEHRMALIZIRAZ A X >od 5, € 2 CTRILY -8 E v
oy B/ U vy 7 ZRGEERRIC ZRTIE T v 1L AE Y 31742 8O ZRGEERENER AED WD, ZRoT
R mT T2 TR & LT, R T EHEREALD)EM R 158 L~ L COREPED B OERIE L | m 7 A7 b LAk
L“@3/7¢#7Wﬁﬁﬁ@ﬁmfﬁﬁéﬂTW5 EBEE, BiEEME, ) —~ U —A 7O ERICHT
T, IGZO b T UV AA PP SN TEZ[4]b DD, ALD IZ X AR L OBEEO B2 AL HoicmE &
NTW7R, TR T, T E THRADBHE L TEmBEIE, ﬂm@%ﬁzémmhﬁmmmmki
YIOAXDOHFEE S I, IGO 2 Zn ZRINT 5 Z & TIGZO Z ikl L, MERE L BHEMEICE 2 D B E A S M T
HZEEEME LT,
FEBRGIE : Fig. 1R T L 91 mGﬁ%ﬁM13211®m0@m% Zn A 7 )V EMZTIGZO % ALD fik
L7, Z LT Fig. IbIZR"T7rERAT7a—IZL VR NLAT— R Ry Y —RA RN A ary s Mg T HIO;
T MEEEE AT AEE N T R K %:f’ﬁiiz L. M7 o2z oEREEZ M LT,
RERRELR AR « Fig. 2 1T X 912, W oMkl TH PMAICE W 7 A LY 3 b FERE(SS) 3 ek E LT, PMA
BTHEHWTNOMAL TS Zn ZMZ 2R, LEWEEBEVa) A ME L, BEEITEIE A R b, i
Zn N L 0 FEXAO72 In LRSI U TR ZEALOAERDB I b ¥ ¥ U 7 HEENMET T 5 & & b, InOx B
BT 2%x )7 DRESZABAFEINDI D EBEZLND,
PDA {7 « fEkLE 2:1:1 THE 10nm @ IGZO T PDA {EEMKIFME % 774l L7=, Fig.3 2" d X 512 PMA A Tle
BT 5L, BMBERMEOBAICE Y v ) 7THEENED L Ve 30095 600, SS B L OBENEE I 400°CHLEE
FCHERF SN TV D, 500°CEL L TIHERED HfO2 7' — Mg gk LY — 7 B EARK LT L E 5 2% BEOL
7'a AEAATRERE OB A E LT D Z ERbh o,
FEEARAFME © Fig. 4 1S3 X 9 ICHARLE 2:1:1 3 X 1 3:2:1 @ IGZO TiE 3nm £ T, 1:1:1 ® IGZO Tl Snm DOfEE
EFTChT U PAIIMELRERE LT, TNENOMBEL T 5nm, 7.5nm £ T SS L BB TR S, Vth 135 ¥ %
NOE T A 7RG U TN R 5=, —F, 5nm, 7.5nm &V HEOEE T, LEVWEETETRE < EHH
WZEINL, BEEIIREZ A Lz, LEVWEELOEML, & CADHRICI DN RE Y » TIN5
—HWEBZOND, BEAEORMNIIRERE S EX0F v FAERO T O OEFEIRN AR+ & 72 5[6]12 L7 ER
BN EEZEZ BID, Fig. 512, EQOF—RFEEA R L RAIZLED Va7 b &R LT, ZNENOFKEE T Snm, 7.5nm
LM< 22 EAWMITEMLTRY ., BERCOMBIMEICLD N7 v FENOBK[TIRCE T CIADZIRIC X
5 RMAHENL DFRTEAL 72 ENRIRN LB 2 B D,
T L AW TIT IGO IZ Zn &N %, fAktb, PDA, BEEKFMEA A L7=, Fig. 6 [T X 212 IGO (2~
T, /=~ U —F 78, LVEWBBENERTELILRURHDLZ NS, LL, Va7 MEIt+4aI
W EIEE 2T, MR - BEAZ &5 7 0t AL E R D REEAVETH 5,

References: [1] K, Nomura, et al., NATURE, 432 (2004), [2] A. Belmonte et al., IEDM, 28.2.1 (2020), [3] F. Mo et al., IEEE EDS, 8, 717 (2020), [4] M. H. Cho et al., IEEE TED, 66, 4, 1783

(2019), [5] M. Si et al., Nano Lett., 21, 1, 500 (2020), [6] S.-G. Jeong et al., IEEE TED. 68, 4, 1670 (2021). [7] K. Hikake et al., IEEE TED, 71, 4, 2373 (2024)
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Fig.1: Investigated IGZO composition ratios(a) and Device Fig.2: Device properties with different composition Fig.3: Device properties with
process flow and schematic device structure(b). Note that ALD ratios based on (a) In:Ga=2:1, and (b) 3:2. different PDA conditions.
cycle ratios and composition ratios do not fully match.
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T T T g 10° 1 =
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Fig.4: 1d-Vg curves with different channel thickness of IGZO Fig.5: Measured 1d-Vg curves by Stimes Vg sweeps of IGZO  Fig.6: Trade-off between Vth

2:1:1(a) and Device properties with different channel thickness(b).  1:1:1(a) and Vth shift with different composition ratios(b). and mobility of IGO and IGZO.
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Study on High-Field Transport and Statistical Variability of Nanosheet Oxide
Semiconductor FETs for Device Scaling in Monolithic 3D Integration
Kaito Hikake'", Xingyu Huang"", Sung-hun Kim', Kota Sakai', Zhuo Li', Tomoko Mizutani', Takuya Saraya', Toshiro Hiramoto',
Takanori Takahashi?, Mutsunori UenumaZ, Yukiharu Uraoka’, and Masaharu Kobayashi'?
IIS, Univ. of Tokyo', NAIST?, d.lab, Univ. of Tokyo® *equal contribution

E-mail: xy-huang@nano.iis.u-tokyo.ac.jp

Introduction: Monolithic 3D integration of memory arrays on a computing unit has emerged as a promising
solution to reduce the energy cost of data transfer due to its proximity [1]. To achieve 3D monolithic integration
of memory units, BEOL-compatible transistor technology is needed. Oxide semiconductor (OS) is a promising
channel material because of its high mobility, low leakage and high thermal stability [2-4]. For high density
memory application, scalability of OS FETs is an important issue to be addressed. Although excellent short channel
nanosheet (NS) OS FETs have been demonstrated [5-10], key aspects of high-field transport and statistical
variability are not fully explored yet. In this work, we discuss the high-field carrier transport characteristics and
statistical variability of NS OS FETs by ALD process.

Device Fabrication Methods: We developed a device fabrication process of short channel NS OS FETs by using
ALD (Fig. 1). OS was deposited by thermal ALD using alkyl-based precursors and O3 at 250°C. The highest
temperature of the fabrication process was 300°C at PDA, which is BEOL-compatible. EB lithography and lift-off
process were used for Ni S/D electrodes formation. PMA was done after TiN S/D extension metal deposition at
250°C. We also fabricated a test element group (TEG) chip which has >1k OS FETs with the same L; of 60nm for
statistical analysis. For reference, we prepared a foundry’s 65nm bulk Si FETs [11].

Results and discussions: First, we used transconductance (gm) as a metric to study the intrinsic transport
characteristics. Fig. 2 shows the method to correct gm by parasitic resistance and extract intrinsic gm (gm’) [12].
Fig. 3 shows Lg dependence of gm and gm’ for different Ga% IGO FETs and bulk Si FETs. While bulk Si FETs
show velocity saturation behavior even after parasitic correction, NS OS FETs show unsaturated velocity behavior.
Thus, OS FET performance can get closer to Si FET by further L scaling and parasitic resistance reduction. Next,
we studied the statistical variability of NS OS FETs. Fig. 4 shows the measured I4-Vg curves of 1k IGO FETs and
Si bulk nFETs at Lg=60nm and W:=140nm. Cumulative distributions of Vi, DIBL and Ion are shown in Fig. 5.
NS OS FETs show comparable or tighter distribution of Vi, DIBL, and Ion than bulk Si FETs due to the nanosheet
structure with well controlled donor concentration. The small average DIBL value of 18.7mV/V is obtained in
IGO FETs. These results encourage NS OS FETs for high density monolithic 3D integration.

Summary: We fabricated sub-100nm Lg NS OS FETs and demonstrated unsaturated carrier velocity behavior. We
obtained statistical variability data of NS OS FETs, which is comparable or better than bulk Si CMOS. This work

provides an evidence of the scaling benefit of NS OS FETs for 3D LSI application.

References: [1] W. Gomes, IEDM 2023, 15-5, [2] K. Nomura et al., Nature,432, 25, 488 (2004), [3] H. Kunitake et al., IEDM 2018, 312, [4] K. Hikake
et al., VLSI Symp. 2023, T14-1, [5S] W. Chakraborty et al., VLSI Symp. 2020, TH2-1, [6] S. Subhechha et al., VLSI Symp. 2021, T10-5, [7] S. Samanta
et al., [EE TED, 68, 3, 1050, [8] S. Hooda et al., VLSI Symp. 2023, T17-1, [9] L. Xu et al., IEDM2023, 24-5, [10] C. Niu et al., IEDM2023, 37-2, [11]
T. Mizutani et al., SNW 2012, 71, [12] Y. Taur and T. Ning, “Fundamentals of Modern VLSI Devices”.
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Exploration of new intermetallic compounds for advanced interconnects
using electron transport database obtained by DFT calculation
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Tohoku Univ. !, °Masaya Iwabuchi?, Junichi Koike!
E-mail: iwabuchi.masaya.s7@dc.tohoku.ac.jp

All compounds in the data base
(N= 47 437)
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Include only materials with electrical conductivity: o > 1029 [Qms]
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¥

Include only binary intermetallic compounds
(N=3,235)

¥

Exclude group 16-18 elements of the periodic table,
highly harmful (Cd, Hg, Pb etc.), high price (>Ag [USD/kg]).

Exclude compounds with melting paints higher than1100°C
(Considering reflow temperature: 400-500°C)
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[1] L. Chen et al., J. Appl. Phys. 129, 035301 (2021)

[2] F. Ricci et al., Sci. Data, 4, 170085 (2017)
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Chemical Vapor Deposition of Cu on Ta using Cul-precursor
ZEALI OBX W WKn 8
Ibaraki Univ., °Yu Miyamoto, Satoshi Yamauchi

E-mail: satoshi.yamauchi.0606 @vc.ibaraki.ac.jp.jp

[ZUDIZ] 2 FE TIcFex i, o ksl (1) (Cul) ZHEZZH1 T 300 °C FRELIZANEN L H4E =
ot BG4 5 2 & T 400 °C AT TaB E~DHERINC Cu 2B T 5 Z &2 ML,
Ru X Cu-line =T Cu HEFEEREOGHA « Mg, J6 KON T N2 — > EA~OfEA TR
MO AR L, ARE T 0t ATiE RIEIC K BN T AIEEZR N 7 2 X VO RN E
FLWZ END, AN, MMM LAEEZR Cu XU T AZALTHDH Ta ETORESREICHT S
CuHEFEEBRIC DWW Tl L2 R 2 W53 5,
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i S IR F I HEG L7z, Cu OHEREIZILMGR FE 2 300~400 °C, Cul H-HEHE % 2~15 umol/min
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TS 1 Aok R E TR HE 7 (DEKTAKS) (2 & 0 e L, REBIRIF I S0 L — 5 —
445 (Olympus OLS4000-SMT) & SEM (Hitachi-SU5000) T#IZZ L. Cull X DB RZRDI-,

[F2BRAER] K 1IETa 7 77 v b RICEZEH CHAMORE 340~380 °CT 40 47[# Cu Z HEfE &+
7otk DFK i SEM 8 ThH D, 340 °CTIE 130 nm FREEDRIAED Cu BB STV D DITK LT
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F72IX 2 1% Cul SRR, R, #RFE=RD O F M L JRE
RNRIZHONWTDT L=a—AF 1y hThd, Ru LTITHE
BAO 22 AR R 2 IR T 199 kIimol DAL= L — 78
RONTEY . 2L Cul oA L7z 1223 Cu | C End-
on THAES 2 BRIZ Side-on 72» HELAI 224 2 HFRD T R )L F—|Z ((2) 340 °C (b) 380 °C)
Y LTVDE, —%, Ta BTk Ru EXY bERITE D K "

X7z 289 kimol DIEHE(L = XLV F— SRRz, ZHUE, K1 Wl Tt mme
BRI OIS AENTF BIRERTEH S = L., "

Ta ECToO L, OJiEEHR S %R LCE Y, Side-on 7>5 End-on ~&

R AT R T VI e SV AW 01

[Z5 3CH]

[1] G. Toyoda et al. , Jpn. J. Appl. Phys., 62 (2023) SH1002.

5 um
1 Cu HEffif% O #K i SEM 14

1F on Ta \
289 kJ/mol .

Cul dissociation efficiency(%)

14 1.6 18
1000/T(1/K)

2 Ta, Ru _E TRy fiazh=

DHEFEIR AR AT
[2] G. Toyoda et al. , Jpn. J. Appl. Phys., 63 (2024) 06SP08.
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Electrical characteristics of thick-metal-film interconnects on silicon oxide films
by directly bonding of Al foils
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AR DE BRI 2RO & &
BT 2 1T, HERREIT T2 2 212k
v. CPW-A . CPW-B ® 10 GHz |2351F %5 CPW-
A DEEES (26 dB/em) 13 CPW-B D E K
(35dB/ecm) % Flalo7c, ZOfEHRIT, JEkEE

BiEE Si R EoOB LI EEESE TS L
WX DR IR SR FER O A REME 2 R L T
W5,

[3EE] AFZeCHWE Al BITEET LI =
U AR SHIC L vt EnE L,

10°F -
& 10T ( ]
% 107\‘ i
3 108+ I
2 10°F o N
Z 194l e Alfoil/SiO,/Si :
[«5) . 8
S 103L* Alfoil/Si |
g 102 - ]
5 101 h&* 5 :0:‘0}‘%\#" ..%: ¢ » -
SR SV ARR. i ik

- 0 L

0
10_lo
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Voltage (V)
Fig.1. I-V characteristics between Al foil-based
circular and surrounding contacts at room

temperature. Inset: a fabricated circular contact.
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Fig.2. Relationship between the insertion loss and
the signal line length for the two types of CPWs at
10 GHz. Insets: fabricated CPWs.

[1] N. Shigekawa, et al., Jpn. J. Appl. Phys. 61,
120101 (2022).
[2] K. Yonekura, et al., Jpn. J. Appl. Phys. 61,
SF1008 (2022).

12-065

SESSEICAMEFAUTPMARS BRTRE (2024 KEAVEEI2RBHEAVFMY)

13.5



16p-C302-11 HESEISAMIELAKELHMES BETHE (2024 KHAVLEN2RIBEAYT1Y)

HITHz BHREZRAWVW-ILY AL T L—2 3 v OREFEBIERTH
Early non-destructive detection of electromigration studied by sub-THz ultrasound
BRRKL!, RALT—Y2RT4NE—YYa—23 20X ORAR B!, HE FF,
A 2 B &|ER, TER!
The Univ. of Osaka !, Skyworks Filter Solutions Japan Co., Ltd. %, °Akira Nagakubo!, Shuhei Izuma!,
Atsushi Nishimura', Yoshiro Kabe!, and Hirotsugu Ogi'

E-mail: nagakubo@prec.eng.osaka-u.ac.jp

RO/ NRURIZ K - TEIEOMRIEIX nm—um A —F L7220 | BBEERNR 258 S8
LHELZ havwA 7 Lb—rary (EBM) B MBIEE - TE e, T30 ADOEFEMFGO 7=
D EM I XL DR A ROBESCEROLILE RN OLE=F V7 THZ LIFEETHD, HHIC
BRIBTIOZB(LE =2 ) 7T 5720 TR, Uf /A RV R-Z2EHILIRE ST 5D
DRI 72 KM% 3l % 2 L1XTE 220, TEM <0 X 42 W 7= 2 OBREIZER TR A ROk
WM E T2 Z LN TE 508, BIROT-OITITHFHOREI N LI D,

T 2 CAMZE CIXEBE S 7 THz » 1K nm A — X OB &z W=7 ha~vAf 7 L—v
3 Y ORFTNNDZEDY « UTIVE A LT=Z ) 7 LERERIZOWTHRIET S, AFETIEN
1l DX C®RT /7 HEEICT = 5 NSV A L —F 2R 5 2 & CREUTEHIC O BRI 7o B
l5k % 51 & 23, = O RFTHI O DBREI 72 BRI L - T &m T /7 BIRNICIXER 20~ THz,
W nm A — X OBEWELIFEAET D8, Al T AFRICERERZ 10 EINL, F1%IC 2 0FE
EHNTHEER a—2 G T 54 70 &2#0 IR LTz, \EREEMIV (0.74 kA/em?) =22 K
0 —/VEBROLE, Ta—EX2 DL IIFFEF-EDEE THo7=, —J. 29 MA/em? D & EE
mILAFHIM L7256, K2 oL a—RENQHIED T okFE2 L bxle, Zhui=L 7’
<A 27— a Al o TR T ORI ITHFRFICARA R ERRAEL, BEEABELS
ZEERLTWD, 1 =2 —|TmH Fourier £#1% Jii L TR 72 70 GHz D sy DIRFRZE LI &
OHEFLORHIZ(LZ K 3 IR T, 20 hr— L ORA TIE=a—ME LN LIZT—ETh o7,
—J7. BEEBRAZHNLEZES, EXEFUIIRIZEEZ AR TRV b b3, BF
W a— ORI 2 MFE E N SEIMEN Z R LT-, ZHiEY 7 THz w8 285 2 v 5
ZETHRA RERWINOMH T2 N TEHRENZRL TS,

[1] K. Dagge et al., Appl. Phys. Lett. 68, 1198 (1996). [3] G. Schneider et al., Appl. Phys. Lett. 81, 2535 (2002).
[2] H. Moil et al., Thin Solid Films 300, 25 (1997). [4] C. Thomsen ef al., Phys. Rev. B 34, 4129 (1986).
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Fig. 1 Schematic of the Fig. 2 Echo signals under Fig. 3 Time evolution of 70-GHz echo
pump-probe  ultrasonics  applicating control and high- intensity and resistance under applicating
for nanowire. density current. control and high-density current.
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16p-C302-12 HESEISAMIELAKELHMES BETHE (2024 KHAVLEN2RIBEAYT1Y)

JyhEBRIEREYT 2L TER EICA T PCM/ELSE2TEB AT D)
2EEREIL

Optimization of PCM/Selector stacked memory structure for decreasing reset current and
improving endurance characteristics
FFoL7 Ktk OWEHX, LEF—L, FEET, BHEE, BER
KIOXIA , “Yuya Matsuzawa, Kazuhiro Katono, Takayuki Tsukagoshi, Shosuke Fujii, Takeshi Fujimaki
E-mail: yuyal.matsuzawa@kioxia.com

A2 b AE Y (Phase change memory, PCM) &t L7 Z ZFfEkE L7- 1SIR B AE VX, SCM (Storage
Class Memory) D AE UAEKRERE L L CTHEEZED TS, PCM OEX 2 EEX, A€V BLZH
NDERIC LDV 2a—VEERMA L TTbiLd, FiZU By FEIMEICEWTIREE E TIREL LA S
HHORERPMLETHY | BEEROEBAEENTWD, £/, PCM/E L2 ZHEE A€ U Tl
EEHWZEIELHEV KT L LEVE (Vth) 7 EBRET D20, YA ZtEDm EAEENT
WD, ABFETIE. Uty NERREE YA 7 ViR Ea B U CEWEE RO I B MA (1),

ffkD 7 a ARA L T LAwEMAEZBfEL T, PCM/ 2 L7 X Hi@lE A ER Lz, BIELTAEY
?%%@Lﬁﬁ TEM B & A€ U B, B X OEERMEEOE S I o L—1 3 VR % Fig.l 2737, ﬂa%

(35 90nm T, PCM L& L7 %% L FD 3 SOBMCHALHETH D, £7-. FFOMEBEC
ﬁ’ﬁ%ﬁ‘%ﬂ% (Liner) 2SN TW5D, Uy MEF (Ireset) bi Ty MREEND Y &y MIREE _%%?
LHERDOBEE VARSI S B A G Lc, £/, BESAVAEMFOY I 2 b—3 g Ik
%L, PCM OEE W2 BEICHLERBIEL 7 X0 DREL TND Z EBNND,

Ireset O LM (TE) & HHEM (ME) OREEKFMZ Fig.2 (27579, TE ORI LY, Ireset
DRI TR S 7z, Treset 2MEJR L 72 BRHIT, TE 22T 2 2 & T, TE & 47 L2 S 41
7eledTh %, —F. ME DIEE & Treset ICIXBIEZRFABIL A2 <. BB ROEPUIC L 53 E L B RE
@ h L—RA7ICE 5 bDEEZBND, FOT, 8225 Liner Z#H L, 2 ZhOEZHZ YA 2

BIFbHEy MREE Yy MREED Vth Z1{b% Fig3(a)lZ7~"3, Liner-A T, WA 7 VHEEMIZ
ﬁ:w Vth DK F 23 EF8 S 4172, Liner-A OWriai TEM % Fig.3(b)IZ~d, & L2 Z DILFKE D Liner & %
HI LT, PCM ~E# L TV D Z L3R &, Vih DR TFTOEER TH D & & X 7o, MG % i
{E L7z Liner-B 2 H 7% Z & T, Vth DIXTFAEMFIFRETH S Z & AR LT,

AHFZETIE, PCM/E L7 2@ AE D Z3kfEL, Uty MERER S Y1 7 viiEn B4 BH LT
BAEEEGELIC D ALA TS, TE ZERRL T 5 Z LT TE 240 L2 EVE I 2 DAL, Treset 4 fKJH C &
7oo Flo. FFOMIBED Liner & {32 Z & T, Liner %M Lo wFcILaMmz o, 4 70
it B rTREZe 2 & A BT LT,

[1] Y. Matsuzawa et al., IEEE 53rd European Solid-State Device Research Conference (ESSDERC), Lisbon,
Portugal, 2023, pp. 25-28.
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> BE g | NN
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Fig.1 Cross sectional TEM (left), switching property (center) and thermal simulation during voltage application (right)[1]. ©IEEE2023

““[’E’( 25 — '(b) ,\1.0:?T?TT (b)
E‘OS ;

. : o © 0.6liner-A
55 i 48 Ay e é 1 5 a E L T LIl
ME ,90_5 é §10+*é*+*@i
-_ﬂgg“" %% 08la s dibyyd
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Fig.2(a) TEM images for cells with different TE/ME thickness. (b) Reset current (Ireset) for the cells shown in (a)[1]. ©IEEE2023
Fig.3(a) Endurance property with different liner. (b) TEM—EDS image for the cell failed after cycling stress[1]. CIEEE2023
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FEREMUSRAMD /T =5 —F 425 - T—XTOF v EiERE
Power-gating architecture and performance of nonvolatile SRAM
WK AR MEEZEN, CRAIRTR, HHEEAE, ILIARE RS, &R
T. Kato, °H. Oki, Y. Shiotsu, S. Yamamoto, and S. Sugahara, FIRST, Tokyo Inst. of Tech.
E-mail: oki.h.ad@m.titech.ac.jp
[EC®IZ] Froi 22l ITHWONASRAMO IR ) DHIBIT~ A 707 vty (MP)R T AT
LA T T (SoC) e 5 T2CMOST Y v 7 AT LD BEERFRED 1 D278 »>TND. NI —F—F 47
(PGIZCMOSE Y v 7 AT IT ié;ﬁ%ﬁﬁﬁﬁ%ﬂ#ﬂ?ﬁ% WEHTTHD. LoL, SRAMITFEIEMEA
FUTHDHIED %PG@?%?T%%A#FEU#’J?S%L T IR ) AT D2 e EE L. Fex (36T
JAIRNT U DA Z A U TCAEFEME AT (NVM) R 285 L 7o AT PESRAM (NV-SRAM)A #2451 C
b\é[l] NV-SRAMI T BT (SD)IZ LV RN — 7 B ZHIR TEDHH, NVMFRE - ~DEX AL
IR &7 =RV —= RN T L0 D, T D728, PGORLE DFFIE T Break-even time (BET)2 N
SPGORIENRKE. 22T, Frx 1T m2h e b EPGE BT 572912, NV-SRAMODBETHIJH 7 —
XTIF ¥R EHRRELTND[1,2]. AREETIE, AF A (SB)REEZTHITHZE/<PGEFEITTED
7 —%7 7 F v [3]ENV-SRAM|Zjii F L7455 & OPGHEREIZ DUV CTHfes 375,
[PCT —FT 7 F X LB HIE] MGEEATS12PGT —F T 7 F ¥ [31%, VAT LNERTHSBIRAED B
B DIWZ IZPG~DBATENEENT)ZBAEL, SBOKE T (IR & tspo& T 5)EEHIZPG LD IFENE
(EXT)ZAT). T72bbh, tspoDBIIAERE T OXAIL 7% TR T HZL7<PCEFITTDH. ZDOT —XT7
F X DIEREAT TR EIE) T 2 a (ULVR-)SRAM [4]DH 4, tw=BET + tent = BET' (fent/ZENT
BRI LB IF ) & T2 2 & CRAR IR U W HITE 3R & 2 CE A [3]. — 7, NV-SRAM TIXENT
FED Nt ESL, tw = BET' S L7256, PGORIEMNME FLTCLE). £I T, twhk =1/ —HI e
YRR BIRET HZETELT, ZDtwkitwok T %), TRAX—HHRKEMMZ IR NOPCORLEZ DD
ZEEMRFT LT PGOMEREMENT CIX, tspoD o3 ARl E%% DATEAREL, €O CME, FEHER72Ee% /3T A
—#EL7-. NV-SRAMODENT/EXTEEIL, 64bit= SIZNERFEITT 5. 72721, SRAMENER O J& 8]
B (PNS) I ZENTEIMED BRAAI (29 =T —FF SD?“%.G CNDDENTII L T2 % /3T A— 2 T %
72912, NV-SRAM 8kB~ /&Rt L7=. \_@7713%:45‘77’1/4’&L“C321<B 256kB, 2MBDOZ & DONV-
SRAMZAERR LTz, KBS 22— al OPGIERE DN IZ M B2 ST A— 2 A filiH LT
[#EMTHRER] PGIEREITRR #%E#E?ﬂ?ﬁﬁlﬂ@SBO)c:%H—%)\\(‘ﬁ%i*/l/s?"%SBH#@?%%I*/l/&\j“‘?;@%*g’ft
L7 F6 Sy % IV CEEME L 7=, 32kB, 256kB, 2MBO R & & HE kL 10° 2.0
72NV-SRAMDBETIZZ N21.0.12, 0.24, 1.4 msTH5D. LT,
OMBONV-SRAMDFEHT # FlCSDWCRT. U152z s 10
BICIIPGE FMiE T, ppS I LA TR A DHPCEEMTD 2y
(RARBI72) BRARE 7 L Dypke i 3. uE 72| iaﬁBET’UJ:T“Z?)é}: ©
%, 7 SDIEEBIN B NAT- D TR VX —% Il &S 10
EOME(ye = ~0.00)ELD. Fz, PNSZ—FIZSDTHILT, u a -
FIXeMBET' BL T CThye% 6 FIF2 B HI Jik T X5 /K D ik (e = i?(s) 10
~0.HNBLND. ZOBIEET LTI OFRWEEIK TIXPGEITH 1. @*a,jb_x ] j‘E)yEg)lu gﬁgf 3
RN, ye = 18725, ZHUCKTL T —ANT —ADPGET VY, 10°
tspoN I CTHHIZPGEFATTHET /L E72D(tw = 01T 9°5), B .
ETCBIT DRI Y D Ty > 18725, K2 19
[ty = BET’J:Lté:%O)yE@ﬂ, ol kfEEa R T, BT T VA 2
THE, KEOFERMBPHEIL, RETRINDZRLX —EHIF T
%m\bﬁﬂm: 7%, 71711, ye > 1ERDPEIT ALV R 10
I, D twE R TE LG AT AE L Dye D i KAED .58 72 Dtwa
ﬁ(\_@ﬁf@twfé’two&ﬁ"é) /\l3 L/g = t%) (= 14 us)E 72L& Dypd 10° LOE:) 10710
p, ofEAFIEER Y. ZORE, RKOLROTRTIORTZINT —% g, |, ”
T % BRSO AL, AT 7 AT IR A s o et SLEES s, ol
(72720, I OFRWEIR D = T 55 TIEDNTye > 1 &7 50D
FHET D). ZOHATIE, tspoz THITHZE/2NV-SRAMOHIRL 107
FEPGANAIREIZ 70D . ZAUE A IS FLIE A VR W ULVR-SRAMIC

NV, 2MB, ideal case

0 0.0

5 0.0

a(s)

L @
Vg DR T 5. 0 1.0
(B8] 2=l — Lo fIREURFd. lab-VDECEEL, HAL TV ARFE e 0.5
oW J)TiT .

(2% 3R] [1]D. Kitagata er al., JJAP 58, SBBB12, 2019. [2] D. Kitagata et al., m— L — 0
IEICE ELEX 17, 20200032, 2020. [3] JEFft, #5695 &M S, 23p- 07 D10 10
E307-6, 2022. [4] H. Yoshida et al., IEEE OJCAS 2, p. 520, 2021. 213, tw=twok LT=BE Dy, ol (1.
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B ISRAMA 1 12)L DT RE LB

Comparative study of gain cells for pseudo-SRAM

RTR-ASRAE & Hak, HEFEE, FRER

°S. Yoshida, Y. Shiotsu, and S. Sugahara, FIRST, Tokyo Inst. of Tech.

E-mail: yoshida.s.bf@m.titech.ac.jp

[1ZT®IZ] TE, v 7a7aty Y D4RF vy 2 R0AIT 78T — 2R 8 ICE SN KA BT
o ABYRHIFES TS, SRAMD AL X —T7 = — 2% L, &8 EEELARER AT L%
AW TR T DL SRAMIZZ O X572 S HIZHE L 7= ATV TH D, FERISRAMIZH WA AT L ELT,
20w 7 CMOS 7 2B 2D I THERL AT HEZ2DRAM B /L D1 D THAHF A BB SH TS, 7 A
BT FEC2, 3, DT VAR (TO)EBORERSIVAL DN REINTEY, ZEN2T, 3T, 4TtV
LIFIEN TOB[1-3]. ZHHDE M REII TR L > TRESEARD. ARETIE, B—DTres /L4
FWTRE, TrofRER, 7 —F%7 7 F X |ZLDMEREE R HNCRHM, iU 7-hE e HhiE 5.

(71 vrOMER] K1(a), (b), ()ICnMOSHERL2T, 3T, 4T &/ O A9 (2 HIZpMOS THE AL
THIELTED). TRXTOEATIODDOT (Mo)DT —h/—REFE/—R Q)T 5. 2T/ E3TEALT
1%, HOLDHRIIM 2 L TN AU — 2V BIRIC k> TQDOT — 2 NES 5720 T — 2T a2 4
L(DRT)AE . FFIMIZnMOSE FHWVZGAHL ~L DT —4 03, pMOSZ WV ZIGALL ~ L DT —
ARSI T V. 4T EVIE, Ms, Mub72b7 4 —R Ny 7(FB)RZIBINTAHZETT — X2 i)
L, DRTZ KIBICETES. £/2, 2T/ E4T /L OREADIIETIE, MaSONIRAEDIEERIR /L1
F o TRBLEE Ve N B A2 1T 578, 3TEATIXZOIFEIR L OB LHERTXS. 20X, Tr
Batgod 28T, HAELUOMERE R ES N TO<HDIT TS, KL OMEEE - i —E—
HTHD.

[EADRREHEEHM] HSPICEZ W TR A OGN 21T o 72, T 73 A AI121365nm SOTB B 2D
LSTPET L& Wz, BV OF%GEHCIL, BIREITE Vopl 0% BEZIAATZQDIREENY — 7 EHIZ L~ Tk
X, HU L ELL L OB ZENEIE T DI ZDRTEEFRL, ZODRTA R A E/2DITHK
TrO L X\ MERTF ¥ RVIEEZ RE(L LT, St ofE R, B OmfET, 2T/ TCIZSRAME/L D41%,
3TE/ATIE50%, 4T 'V TIET73%E7 8572, K2I2nMOSH L UpMOS THE L L 7= 45 'L O FF I E ) %
7~9". HOLDHF IZHEWRIRBEIZH DM DUV TWBLO S T A1 Z1 TV, MiZA—S—H kA7, Y
— 7 EIEHIR LTS AL RKIIRT. T XTOF A '/VESRAM BV ED0%LL EORHEREE )%
HI &S, £z, AT AN L > TR R ) 2 SOICHITR T&E S, 3124 B/LODRTZ R . 4
[l =T S A ATV TrEpMOSEUnMOS D L&V ME AN E V28D, nMOSDODRTD 5 A3V, 25°CT
X, AT A ZIT DI WSEA, 2TV, 3TE/LODRTIZAT L D2%FRE L FEF IZENDS, AT A
HENC L > CDRTIZKRIBIZEEL, 4T/ D3S%FEE ETIT-O<. LL, 85°CTIE25°COLG & L~
T, 2Tk, 3TE/LODRTIZ A Y

DODRTHHIHTLL EREHILTH WBL RBL RW\XBL _LRBL RWV‘I{BL BBL
DIZHL, 4TEATIIZOWRELE  RWL Vi Voo

{EIZE > CDRTIZ25%F2E LH 5 ’—MQHQLL Q s

b3, n(MOSD A T4 1ms,  wwil L vy M, MpMGIM:
pPMOSDH;4C3.8 msk V \DRTZ WWLA— wwL— 1T
FPLTX5. 85°CTIE, 2T/, 3T (a) (b) (©

L ODRTIE A T A BN %17 1. (a) 2T &b, (b) 3T &L, (c) 4T L/ O [al AR

7358 THAT 'L D3%FEE &7 Vg control 10° Ve control @

%. FBO#M AIZDRTOEE 1T T 107 L2l " S|
2 RERHECOBEICRD. 2 |y S REmT
[BFE] 2=l —va 3Ry 5088 e T I

d. lab-VDECZ L, HAY /72 £ =5 g =3 22|15
BRSO I TiThi-. z %10"’

[23%3Ci#k] [1]D. Somasekhar et al., “§101 s O

IEEE JSSC 44, pp.174-185, 2009. [2] @ i g0 2

D. Somasekhar et al., IEEE ISSCC, 10° 3 U
pp. 274-275,2008. [3] R. Guiterman et T i 10 7 B —
al., IEEE TCAS-I 65, pp.1245-1255,

2018. 2. KL OFFHERFE /) 3. 4t/L0 DRT
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XNORERZEH T HIRIILF—R/NRAEE-PIMESRAMEIL

A processing-in-memory SRAM cell with XNOR function for energy minimum-point operation
LR ARAF RS, HEEAE, R

°K. Kondo, Y. Shiotsu, and S. Sugahara, FIRST, Tokyo Inst. of Tech.

E-mail: kondo.k.ar@m.titech.ac.jp

[iIZC®IZ] TNy P BEBICBITAAIT 7T — 2 DIKHE B LI R F — /NS
(EMP)#Eh{E2S Al EZ2processing-in-memory (PIM)& ~—R7 =7 3 : 2 H 2 ThDH. EMPEIEIZ =% /L
X —ZhH(TOPS/W)Z i KAL T 57217 T7e<, FAM(MAC)HE B DO FIFFABA RS E L2 M v HeL/e
DA FHBAZ S U TALBRMERE(TOPS )b 7] L TES. feilr, Fex ITEIKEEY 72 a2 (ULVR-)SRAM /L
(10TYRt L)% T, EMPENED ATREZ2PIMAL D2k =2 —F /L %y N —Z(BNN) T /& T —HF =
7aZzBRs L, EMPEIEIZLD = /L — 2R B L OMLERMERE D [A]_EZ B HZLT[1]. LA>L, PIMIC
BIFAMACTHFE O HUL TIE, MACIE R L=y h3TF o 7 HfEE 5O LB BN R T 57200 T, I
FULIZ LG 72 AR T LA NOEEREL D HENNZ K> TRV R E SND (FCBRE S HIIR), /213t
JVIEFEIZ T Y RANR—=2Z LU DH LWVl E 5 EE 2T . BNNOSE TIEMACH H O — A XNOR
THEBTES. 22T, XNORJEEDKEAEZ10TRE /L ICH AT, Z LT, WHHKIZEL 29T R A~ —
2u R CELF T B VORI AT o 72, RIEERTIE, EMPEIEIZE L 7210TVRN— 2D XNOR
W B L (14TURPXNY L ZDPEREIC DWW TS 5.

[ #E] XNORDIEHEA FF7- ¥ 7=SRAM B /U LIRS TSN TOAA3[2], EMPEWKEE T
DOENMEEEBR T D0 W B E2ITo72. KT 14TIRP N )L o [A] 1

HEkA R, BT/ — R Quorl AR R TIEnMOSh T o2 T 1 Q QL
(T THBEEATo TV, SEILEBETLT AT v 7 RS Pt pos]

pMOS TriZ B ® L7z, £z, His LR —MIIZ2Trik R Disolated 5
read port (IRP)Z 52 & THi A H LI D IEZRINE L DR A P X%NOR
BL7. 2O TIHI0TRE 45D Tea A I 571 XNOR ANOR

XNORB(H AV AT 1725, F/ —RQIHLM L RAEHEL IRPTRPL]
NTEBE, HEmBFTAMIE SO A ZE Y MRWBLEWBL ISR E (5L WBL’ RBL

ﬁ‘é:k?‘: E?f&)\ﬁk@miomﬁéfﬁi%%ﬁf%é. ?t%fiﬁf&@ . 14TURPN 40 oo 5
H#AEITH72%, XNOREFE H % 3 CTnMOS Tr R L7= /v

(14TURXN Ly U7 04

[ARATHER] LA ORRETICIIHSPICER iU 2. 734 AIi6Sim 2] [V

CMOS7 HEADLPEF L% VT2, F2IZ14TURTNL 4T0RXN TN

DO XNORB{EF(RBLI B 1) DB T 27~ 3 (Qxvor, RBLOTE 2 31 15 A Twee

(7 Voxnor, VraL 3 L ORBLICHEREL A2 /S =2 DH T Vour). BIE § afma X0 14T :
BIEI130.4 V (EMP) ThD. 14TWRNY )L TIIQxnor D FEFEENLAY S 0.2 mﬁ\
T THHOIHLT, 4TRPNE L CIZEMPEETHH04 V- 09 —
FTHERICHBTES. 207D, UTRNE Ll T g //J/
14TURDXN- )L GIIRBL LB 2343% 17 ECX5. [3lcn—h/L 0.0 :
EDOEXEEE LT T AL Il — 2 BN L7ZRBL O ey

BRI O B2 R, 14TVR N )L ClIQxnor P A T3 72 FE B

2. XNOR #MEDWZ(RBL fitE R
BT, BN K E BB L. — 7, 14TURPN L (RBL i)

1%, Quuor DB AEMPIC E TR AICHBINLZEND, S 10 ‘ 04y
INESEEREE AR, L2 T, TR I IEG O EmE o R

MRS, @ EICHEA LB AR THD. SO TR N o /‘“

T, 10T ZANTT =4 Fi A HLEZICXNORY — RV 206 4 UReXN
THEETLHHALLBRLT, 1T A7V OEBE = X —% £

~30%HIIECTED. SREIRFLIZIATRPNG LG, FyRRR—2 S04 4
BHELDHZERL, RBLEI6WFETED. LIz - T, REFIX "Iy

BNN% FH U= 5IEPIMO 5 (7 L T — % 7 7 T ke . 02Ty

[B#] 2ol —2 o TAUURE. ab-VDECEBL, HAY /7L A6 AN

RO I T, -0 5 10 15
(BE 3R] [1] e, 2584[15 A B # K2k E S, 2023, 20a- RBL discharge time (ns)
A304-11. [2] K. Tamaru, IEICE Trans. Electron., E76-C, 1993, pp. 1545-1554. 3. RBL Jit &Rt ] D 57 1k

© 20245 [CHYEZS 12-070 13.5



16p-C302-16 HESEISAMEE AHELIMRS BRTFHE (2024 KEAVLEN2RIBEAVS 1Y)

IRIILF—R/NRATEET DINTHERNNT VESL—2 -7 /0D KE
Design of an INT4-inference neural-network accelerator macro for energy minimum point operation
LR AR HREHEBEAE, &R

°Y. Shiotsu, and S. Sugahara, FIRST, Tokyo Inst. of Tech.

E-mail: y.shiotsu@isl.titech.ac.jp

[(XU®IZ] [FROAIFIN T, 2N ETL EIZ= RV =3 RO Em N =2 —T /L Ry NI —Z(NN) T 7
BT —ZNERIILS. Processing-in-memory (PIM)HN—RT7 =7 INNT 727 — 2O ERg kic
HEhTH5. B2, SRAMZ HWZPIMEINNT 78 F7L —2 1%, BLkO w7 CMOSHAT 0 T I3
AREZRT=D, I EEETHD. ZOLIINNT 7271 —2OMRER_EI2iE, =L —f/ NS (EMP)
LR DEREN A W - HERR BN E D D CTRIRAI CTH 573, SRAMDEMPENMED K72 Z L7 n, 20
FHUIE S TlIv. fwilt, o4 1 30EkOCMOSE T T3, EMP TOSRAMENELEBIKE %4
FN2RT — 5 —F > 7 A EZRULVR-SRAM [11% AT, PIMBLR{E{ENN(BNN) 7 7T L —4 <
7z S LIZ[2,3]. FEFI(MAC)HE == M FIEFEEEL , EMPENMEL W= HEGR 217528 T, =
FIVF—ZhER(TOPS/W), ALEEMERE(TOPS)EHICENT 78T — 2 A C& DI LA /R LT [2,3]. A%
FTIL, INTHZ LD HERR YN AT REZREMPEN/E - PIMAINNT 7 & T — & -~ 7Dkt s, ZOEMPEIEIC
DN THETS.

[PIMEl<=ZD#RL] ULVR-SRAM TR SHIZAEY T LA DH NI AR RZN T 52 LR MACTHHL
2=y et APIMT —% 77 F v & VT~ 7z Lz, INTAOMAC =y MIFEH IR TEAR
AT RINVE DFEER LD, ZOfE A Adder treelZ XV R LS DOEAZLE TCMACEHEZFEH L. 20
MACTEBEAE R DO NAT AEMZ, TIT 4 =23 (ACTV)ZHETHZETI OO H IR ED
N5, ZO~IaDEHRT —HDEEITIEKBTHD. /AT AZOW IR EIR A R T ThD. 2D
~ I NRETHDLN, ZO~I/arb B A G DL ETEROEED R N — 72 T&5. 1
~ 714720128 ) — Ry OB FRETHD )Y, 256, 1024/ —R THNIZENF N4, 64~ THEK T
5. KZEFELZINT4 MAC=v ;M HWENNT 72T —4</uadDL AT U NeRd . Zh~7/u
TIIMACIHA 2= M1 B2 A LA EEZTT> TR, 2O E 2=y MIRTLO B FLA R &1 T
VY, BEIECE RIS E > TER L. £, SEIE~Z7aRICACTV 2=y My LT~ £72, MACTHE
2=y MESRMA L, 8WFIOMACTH A A FAT TEHV /U OV THREIEITo 7.

[FRbTAE R] GXatL7o~2uotitely, FARN - & B2 L CE#ESPICE (FineSim)% FH\ 7= KB
Ralb—ar MBI L=, T3 A 21E65nm CMOS 7 2t ADLPET L% -, K21ZINT4D
MAC =y MR HHZH THNNT 7T —F -~ B DEMEE RS, FYTE ) Pave, 1HE T FIL
X—E (1M A7V BT ORAREIRE L V Vot A7~ 3. ElZVVpp = 0.4 VTR, T/ HEMPE
725, ZOLX, 13650 MHZz 540 MHZIZAK T 7523, Pave99%HIIR CE 5. HERDO =R LX —%h%y 1T
EMP g K E72D, 9.7 TOPS/WE7ao7=, ZiUE1.2 VOils BIEEEL LD L8R (T e > T
%. ZOnDEIZBNNO A O~ 7 [2]E i L ThAI /765 TH A TEY, INTHIB W TH O TR /LF
—NFEEBL TS, Fe, SIFIMACTH R 2=y M 751 5{t~27 2 TlE, EMPIZEITH3E5H
(217 TOPS/WE Tl 4%, EMPEIMEIZINT4D A Th B T RLFX—WRILICHE R TH 5.

[3#BE] 3=l —T a3, RS, lab-VDECAEL, B AY /U AEREEOWH 1 Tirbhr-.

[2%3CER]) [1]1 H. Yoshida et al., IEEE OJCAS 2, 2021, p. 520. [2] Y. Shiotsu ef al., IEEE JXCDC 8, 2022, p. 134. [3]
S, 2584 1E1S PR PR IR 23, 2023, 20a-A304-11.
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Operating frequency f (MHz)

,Precharge
ULVR-SRAM
(128+8) x 128 (128+8) x 128

Decoder ver/Control switches
e ———————————

D 0 O
oS O

" Sense amp:, Output v Precharge
; MAC CTV :

I
S

Sense amp., Output FF, Precharge

Cycle energy E (pJ),
average power P, (mW)

Decoder
ULVR-SRAM

Energy efficiency # (TOPS/W)
o
o
S

(128+8) x 128
Write driver, input FJF, B 04 06 08 1.0 1.2

Virtual supply voltage V'V, (V)

L ~78aDVAT T 2. Pag, f, E, n O VVop {RAFE.
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16p-C302-17 HESEISAMEE AHELIMRS BRTFHE (2024 KEAVLEN2RIBEAVS 1Y)

{EEEEE ) —FR—MM1E10T-SRAMEL D R B EERE
Design and performance of a 10T-SRAM cell using isolated read ports for low voltage operation
BLRANME R0 B, HHEBAE, B
°T. Yaguchi, Y. Shiotsu, and S. Sugahara, FIRST, Tokyo Inst. of Tech.
E-mail: yaguchi.t.ag@m.titech.ac.jp
[IFCHIZ] CMOSEY YT AT AT HEMEREE ) OBIEIZIE, = F —K/NR(EMP)E2132
DIFHFOIREFEINEIC LD/ RAX =R R A THSD. LinL, v¥y 7 A7 LMTEE HWHi
5H6T-SRAMIZE, ZDLH7RMKEEIEIC L > TREADID /A X~ — 2 (NM)EWRITER; O {E~—
/(WM)ﬁ>%h%2rthé°< AT D720, HHTHZENEELVY. ZD6T/L TIZFREADE—R/NY — Xk
= ATHDHIEND, TTIIREADEFONMZ ] E S 55%FH0NEELZ725. Isolated read port (IRP)IFAK
B IE CTHREADRFONMA R CEHHAT THD[1,2]. ZOIRPHFESRAM /L TIE, WMINY — AR —
AET2 DT80, WMIZFHE L T2 VIR MR EEENEICA D ThHEE 2 bND. LorL, 2O X783 7
FNFEALEHBI TRV, RFER TIIREEEED AT REZRIRPAFE 10T /L DR FHI DWW TR E T 2.
(LR ERET] XUCIRPAFEI0T BV O Z R T[2]. 10T2/VIE, 6TR/VELDIRP THERK S,
READEWEEWRITEEN (E% /3 B3 57- 0 IZREADH DT —RFRRWL)EE Y MERBL), WRITEH DT —
RER(WWL)EE > MR(WBL)DO 4 il ##R% 5317 5. 10T ' /VIZIRPE W CRBLAEE 52 Ciils/
— R ~OEFDOIRNANZEAELDHZE72READEIEATTH72, READRFDONMA AZ L /A REONM & [F] 4
IZE T ETED. @, IRPAEREE L TIIERDOTE VO GFEZDEERHAL TOD5E )
2\, LocL, WMAY — A7y —AEZRBIRPAT&E /L CliE, 2O H 5L TV, IRPAFE 10TV
TIIWMZFEIEE LT iR G B L 72D, LUT, ﬂfux.ﬁr%ﬁoIRPH%’zzwzrlOTOPTé:ﬂ“é
[BR¥TA3E] AAFETlE, NV VAKX ET /L245nm bulk CMOST 31 A% {# FH L, HSPICE CfEtT %
{7o7-. READFFONMIZITHEAZ T (27 /A X~ — 2 (QSNM), WRITER; OWMIZIET — R~ —
(CWLM)%E VN Z[3,4]. #%5FT :ﬁﬂzmr“ HEREL, 25°CE85°CTHENTLTZ. 10TP'D fiviiax it Tl
CWLM® Wpry, Wip, WetlEAFMEIZIB W TR A 723 0D, U—7% jj?ﬁ’Hi/J\kfoﬁé;ﬂ#‘E%{j%
ELTZ. CWLMO FEEME IXEL 7 b m /::LI/~/E!/GLJ:Z>“IZ/I/@T RFBR6cDHAEL T3 LI
AT VAT UNIRE L. ZORGEEEBEEIEICR LT qyr

170, BWERTREEIE D FIR(Vopmin) 2P0 7. F7=, REEICL TR M T T
OB SRAME L (Wip = 90 nm, Wor = 135 nm, Wory = |} L] LSDF* *’ELD il
200 nm)Z ST Vopmn L 72 DL, ZRACTUL LT [0 %ﬂ@ ol LT
5. Flz, 6TYIIRPZFIT7210TR/L(10T )% LLEZ I V.

[RATRER] RGO OFER, VoominlT6TTI130.8 RLI.“’I?{LPH%IOTJM@E%“;%RBL’

V, 10T¢CTI30.7 VERD, FRHERGH /L Tldal i EE(.0 V)b

>
2-3FIFEE DIRBERICHE D23 bhoT2. IRIZ, IOTOP‘@WJ@ 1350
FH>5 Vopmin D RFEZAT 72 KI21210T /L D0.5 VIZE TS = 80 Z
CWLM® Wpry(= Wip), WerlK1FH% 7" 3 (Wprv = WiplZV—28 £ =
HERO B D, A0 IR ELE). ZORTIEETE 2 60 =
T AT —F—DHNECWLMOY —AMiiZ 7 my kL. ’fofRk 40 &
PuIAYEE (110 mV)LL EE72DCWLMO A R L CThH 5. 0.5 V 20
THIEMEE A 7= T fEIMFAEL, T OMEBN T — 28 N1 0

100 150 200 250 300
INETRDWory = Wip = 90 nm, Wer = 240 nmZ 10TPORREHESL Worys Wip (nm)

7. 31T 10ToP e B AR AERR B2V D0.5 VICEIT DA R EHMHTHE 2. CWLMO Worv(=Wip), WerlK (7%
RERT . 6TWE/LIXREADKFDQSNM, 10T, 10T & /L1 1o ‘
WRITEFFOCWLMA 7KL T4, 6T, 10T /L Tli~— 0 A3
KIEIZHIELTEY, 66% KEL LRIDRRERERSD, —J7, 10T

8
5
. E :

T, 0.5 VT IRV 60 RERZHER TE TS, LEA 10 (WRITE)

Q b;
-7C, IRPFZ10T R /VId AR 519 528 T, EMPIlTf DR EE 21076 g —25°C!
LB IFRFTED. K o V ------- 8055(\:/*
[#182] © 32l —2 o UK. lab-VDECKIEL, HAS /7240 §10% /[ (WRITE) bo~0-3
SO T oF SR
(£%X#k] [1] Y. Morita ef al., IEEE Symp. VLSI Circuits, p. 256, 2007. [2] 10 " ¢""735""160" 150 200
H. Noguchi ez al., IEEE ICICDT, p. 55, 2008. [3] H. Yoshida ez al., IEEE OJCAS Margin (mV)
2, p. 520, 2021. [4] H. Makino et al., IEEE TCAS-II 58, p. 230, 2011. 3. QSNMECWLMO B 43 A
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BREIRILF—R/NAEELTEELZULVR-SRAME/L D ERET
Design of a ULVR-SRAM cell for highly stable energy minimum-point operation
LR ARAE g, HEBAE, &Rk

°K. Ito, Y. Shiotsu, and S. Sugahara, FIRST, Tokyo Inst. of Tech.

E-mail: ito.k.bp@m.titech.ac.jp

(EXCHIZ) Frx 1T 2y NI H (ST AL N —F e _R—RELT2T 27 /VE—RDM)A /N —F %
FWTHER L7 K EE = CTY 7 > 2 (ULVR) AT HEZRULVR-SRAM (10TVYR) 2 /L2422 CTUVVA[1].
10TYVRE LY, STE—RTAELDT =R/ 3y Z(FBYARICED0.2 VOULVRE, 0.4 VIR D= /L —
5/ NR(EMPIZ BT HSRAMENEA FEBLL , FREERFHEE ) LB EREEE ) 2 20 R AU ICHIT T & 5[2]). f&ilL,
T & 1X8ME DT P AZ THER S D 7 @ULVR SRAM (8TVIVRY L 4R R L7-[3]. 8TULVR“IZ/l/6i
STHERL LT 2 DA OFBMEZ AL, (KFEE 23V THOLDIRAE @/4’;<<7~//(NM)€»
KRIRIZETHLRTES. LaoL, 0)8TUWW/WDEMP®H’E I THDH(READENEIZ iéJr’\te
NMOFERBEELY). 22T, ZO8TUVRE /L |Zisolated read port (IRP) [4]% 3 AL 7=t /L (10TULVRHRP)
DR E4T > 7=, IRPZ W AUIZREADEIER; ONMZHOLD FFONME [ 45 (2 TE 5. AR ETIX
10TUWVRIRP )L DG B L OWEREIZ DWW TS 375,

(EEE#ER] X 1Z10TVVRRP L Rl A A7~ 3. IRPIESTVVRE /LD — 5 DR/ — R Iz B
T 5. U—FHR iWRITE%M’EFH(WWL)J:READ%M’EFﬁ(RWL) (2 CRARRL, 28U — B v MR(PBL,
PBL")[ZWRITEEM/ERFOFEAHE > MR EARAR B IR B VVDD%:%mé [3]. EHITHEAHLHE OB Y M
RBLZ#& (T THD. IRPEHWHI LT, LD EIRIEIZ R L 5 2 52 L7 READ#NEE FEH TE5
25, READEIERFONMIZHOLDK LIZIE R & IZETH L T&S. FBRT7 UV AZ(FBT)D /AT A
VesZ VVpp&E [RIUAEIZER E 528 C, ULVREBLUEMPEIED EH 5 THNMA iy KL TE 5.
(BFFER] A ORGEMENTIIHSPICEZ W TIT o7, T8 WL
Z|Z1E65nm CMOS 7 B ADLPET L& AL =, STUVRE L E: RWET 5T Q,LPTAL

FIRAZDITIHHEHEE LT, ULVRIEOEEAZ T 497 ) A R~ —

T (QSNM) [11425°CE85°CTHEIR TE DI, NIV AZ YA R H L
Rk it Lz, 20L&, WRITEBHERF O B {fE~— F

(CWLM [5])b BB L7=. £7=, IRPIZREADENMER; OB /E K E % & VPBI: """" TR ppL  RBL
FE‘L/TDXIJ‘I'LJL (X217 f i 5% 51 L 72 10TVLVRARP g TULVR =1 gTULVR 1. IOTULVRHRP—E/I/@@EQ*%EE
TAACBIT 504 V@READEJJ1/EH#®/\5'77/(7? TERT. T O]
STUVRAL L CIIFL I/ — RO BALSE Y MR O F B E < Z 1T BTz S~ |

O, NETITAT1—T 7b>j<°a°< S7p. —5C, 10TUWVRARP 7 )1 g R 2
TIAT—T7 TlE, IRPIZE > CEDEEL YR TEH-0, B
O —TBNREILANBY, FBD TEWONMRIELND. ZiuE
10TUVRE LT H A~ ThIEANT @ ONMEZR D, [X31210TULVRARP, 10TULVR
STUVR, 10TUVR )L DQSNMZ 75 3. fil B 1325°CE85°CIC BT 5 . N
A DHBHQSNMAMEL N7 (7 — AR — )& 7R L TG, 8TUWVRE JOTUVEREE ™
JVCIXREADENEREDQSNMITE LUK T 9543, 10TVHVRARP & 1 0.0[VVpp=0.4V, READ mode — |
TIIREADENERE, ULVREFD &5 5 THQSNMIF 10T VRE /L 1Y 0.0 VO'(ZV) 0.4
BWMEEZEBTES, ok Aa—F—DU—ANr—ATHo> T N .
&, 10TVIVRARPL )L 3 | OTUVR L 1 Heiis L CREADBY G Gig2.3 02 READBIERF O S50 =
%, ULVRIF TIX LA OQSNMZ R TES. T BT RIZ[X2 40071‘0TULVR*H?" STULVR JOTUNVR |
TRLIABER M L TWD. EBIZ, B— L0525 &
L7ZQSNMDE T HaiIal —armnb, 10THVRIRN i3
REIETOocDIRD TNIWA RBEZER TEHZ AR, L
B, 10TVVRIRP )L I IEMPENEIZ 1T DNMZ KB IZ 5 TX
HTEEBBNZLTE.

0.27

Vo (V)

300¢

T \ /

QSNM (mV)
[\
S

(1] 232l —al TR Yd. lab-VDECAIEL, HAY /7T AR FR 100f

oS TiThik. b

(5% 3X#k] [1] H. Yoshida et al., IEEE OJCAS 2, p. 520, 2021. [2] Y. Shiotsu et || |
al., IEEE JXCDC 8, p. 134, 2022. [3] Ftifth, Z583[00S B Ptk Z 1R & § &
2, 21a-C105-5, 2022. [4] Y. Morita ef al., IEEE Symp. VLSI Circuis, p. <§9 0\’ q& NI

256, 2007. [5] H. Makino et al., IEEE TCAS-II 58, p. 230, 2011. 3. %\-YZ/I/@QSNM
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