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Fig. 2 (a) Top view SEM 55 (m/dec) 55 [mv/dec) 55 (mV/dec)
and (b) cross-sectional Fig. 14 Benchmarking of g, (a) and I, (b.c) vs. S5 of Iny 5;Gay 47As Fin- and
TEM images of the nanowire- FET at V=0.5V and V=05V with [,z=100nA/um. The g, and
InGaAs FinFET. L data are selected from device FW=20-50 nm.
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Fiz. I 3TEM of RMG HGC 51Ge-0I PMOS FmFETs with Wepy Fig. 3 Cross-zection TEM images of RMG HGC S51Ge-01
{measured from the center of the fins) = (2) §7nm, (b) 36zm, () PMOS FinFETs with (3) Lo=2lam, (b) Lo=33%nm and (c)
10nm, (d) Tom, (e) ~3nm, (f, g) ~3-3.6nm and Hepr-19.50m. Fin Lz=83nm. We have scaled the physical thickness of the WF
showz m (g) has 2 d.iffart type of workfunction (WF) setung metal to sub-3pm, which allows us Lg scaling.
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Fig. 1. TEM images of an NMOS GAA Si
NWEFET (L =70 nm): (a) overview of the 51 NW
amay. and (b) detailed view of two stacked Si
NWs. The rounded NW shape, the namrow NW
size distnibution. and the conformally deposited
HE/MG layers are clearly visible.
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Fig. 9: Interaction between logic-level and low-Voo power-performance.
Dashed line indicates an iso-energy/op comparison where TFET exceeds
CMOS performance by 45% due to energy-efficient TFET pipelining.
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CMOS CMOS { Heterogeneous *  TFET TFET

Design (0.65 V) Multi-Vos :  TFET/CMOS : (0.41V) Multi-Voo
Energy/Op 401 401) : 40 £ 111) 111)
1606 MULT (@065V) : (@0.65VCMOS); (@0.41V)
Energy/Op 118 8) 521 30 f.J 3914 241)
32b ADD X32 (@0.45V) : (@0.32V TFET): (@0.32V)
Frequency 3.3 Ghz 3.3 Ghz 3.3 Ghz: 2.2 Ghz 2.2 Ghz

{below spec)(below spec)
Energy/Op Total 158 1) 92U i T04: 501) 351

Fig. 10: Heterogeneous CMOS/TFET extends logic performance range by
50% and provides 42% energy savings on non-critical performance logic.
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Fig. 12 Write shmoo at short pulses at RT
performed on 8MB array. Using 3ns pulses all
junctions do write without ECC
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2/ [ = ‘fn‘s‘]‘ 10100 2050 | s0-200 1-3
-4 <] !
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=5F | o WER
6L < -3(20ms) | -9 (30ms) |-5(200ns)| 4 (3ns)
Tr Cache u|1' ose [Remark] WERs of Qualcomm [2] and Avalanche [4] are
g CAeepmpes defined by inter-bit measurements. WERs of IBM [3] and
oL [ this work are defined by intra-bit measurements.
|
-10 1 1
100 10! 102 108

Write pulse width [ns]
Fig. 14 (a) Comparison of WER between previous work and
this study. (b) Table of comparison in device features. High
WER down to 2 ns was achieved in our work.
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CEA Leti, STOIO| A2 LHER LA £ E2 H2(650°C 015H ZHOA MEsH E A
CMOS A X2+ &M 300nm LO0IHS Z 3D VLS| CMOS-2H-CMOS & =

23 5(CoolCube™Z LHEEHCH. PMOS 2B NMOS L= NMOS 28 PMOS |52
3D CIHE{ = Z&l DAS FDSOI AXSH H20Hs 852 248 A0 2 LIEHGHC.
L5 Leti/STM R DEX S 52 W-M1 28nm A X 210l £2!1 & A9 CMOS
ATIE H2l5H)| St T2ENCR T SUCZMN 2R BX IISHS BHE0Y.

BOTTOM level Layer transfer TOP level

501 BOX 145nm/ Si 16nm
S0l thinning & patterning c
HFSION/TiN/Poly-Si gate stack pmndn! PMD planarization by CMP HFO,/TiN/Poly-Si gate stac| kpammng
Si;N, spacer formation [ Bonding with oxidized 501 wafer | Si2Ms spacer formation

i Raised Source/Drain [0 Banding annealing [IETTa] SiGey,,, Raised Source/Drain
As & BF, implantation mn.mnn Thinning by grinding and etching
Dopant activation by spike annealing
NiPt 10% silicidation 57
CESL & PMD deposition up ta M2

i patterning

Dopant activation by SPER [0 0]

NiPt 10% silicidation

Hot Temperature Process Low Temperature Process

Fig.1: Process flow scheme of 3D CoolCube™ integration: bottom level realization Fig.2: TEM cross-section of the 3D sequential structure up to M2 line. Nanometric
at high temperature, layer transfer and realization of the top level at low thermal top and bottom transistors alignment is observed.
budget.
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28 SO0l OHotH A2 &= U= =S EXICH 430 2d 2Lst H2e ds=
A ACH (£0.8V A&, 10° endurance, 10%s @125°C). J|E 2D OFI| & X 0fl HIH
S50t 48 &8l mel-AlYA AZS JFE 0| 3D O € X = EDP(energy delay
product) 55% E 2+, Vpp 24 74% (L& WE)E MZ8HC.
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characteristics. WNone of four cells
show degradation after 10° cycles.

Besides., consecutive switching is
disturb-free on adjacent lavers.
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o ; ADPLL
with TDC
v oco -]
E 2 : : 0
| ADPLL

S TEIS 0]A-AI2F BB RX FIO 2 ADPLL-JEF TX AMOIO) HE EST 2
ASTE YRG0 NE SH-T OHEIL) OIEIHIO|AS TS5l BLE EEIAIHIL.

CMOS 2toll =& loT AIABIL HE &= =88 ABE g48e
FIOHEQ Jls2 M3¢8ttt gt MU XIS A (SEC), UMC, ARM, =3|0HHI2 =2 XA,
CRES ARM Cortex MO Z2 HIA 2 HIR22let EE8-Z& W2 CAAC-IGZO(c—axis
aligned crystalline indium—gallium-zinc oxide) FET 2 & X & 210ICt. CAAC-IGZO
FET2 QE-AH FI IR E20 CMOS 32 Ao MM HE 6 =0t
SICH 222 MO 20 22 T8 E 3nW, 6nW E E43UCH s H2e M8 &
MIA Z=Z)| 20/0/l CHet HIEHRI S Z 48610 11.700M/MHz 2 SOFECH OIZ A
CHO1& S A0 2480 et el loT SE=Z0H0lA 201 Tt et =El AFOI 20l A
SEHNOI HAO| JtsOH&RICH (©12.2, 2& 5 - “65nm Si CMOS & S&'& CAAC-
IGZO(c-axis aligned crystalline indium-gallium-zinc oxide) FET £ AtEdt= ARM
Cortex—-M0 20/ & LHE 22/ T. Onuki 2/, Bt RHINHXIH2 A, UMC, ARM,
SII0HHIA=2 XA, =R L&)

Global bitline

DOSRAM cell array

Sense amp array, MUX '

7 18 CMOS 814 S5/ 0] SiHE CAAC-IGZO DRAM-=RE 22/ 0/4/0/</
i/ 0] Ot = 0/ L }.



B) 010/ X £IA

0/0/ 71 212H0] HA S 2tAotE BtE 0f JI& JNE X O M2 HE TFX 2T
OIEHHOIALE. HOE BI1ZIE28 =29 MEZE ZTEL0/PLE AKX, 3-D &F&, 2/F
2 X} (diffraction grafting)E 2 &8t [}+9] “20/-H-L20/” HZ5 0] Ot =Z201A

EHEAL

s MEA FY BE= Aot |8t CMOS O|0IAl A E 2 HESHC 0|0l X
AN ETHE HOI-HEHEIE 28 ADC E ME6IH 22 U3 S#HE =0/ =(low dark
random noise) 140uVms E SO M, 25 Z=OH 0| 2 0= FA AN S0
CroILtY) Il XIDOF =l OCH & A= 0] SE20t0H A CCD-218t2] 0|01 M (imager) S
CMOSJI N E JisdsS BEWECH (C21.1, 28 4 - “Jo/-0/EEIE Z& ADC &
2-on-1 ZFil LA 2EXE It 8.3M St4L 480fps S ELZ-AE CMOS O/0/X] HIA7 Y.
Oike 2/, £L/)
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(b) e e et
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@ § part of Column ADCs

Pixel Array

o DT /
0] &2 28 HE, 8.3M gt TE T2 +480 S AL O/0/ X LIACE FH 2/
HEEIE Z& ADC E AIE0I0] CFO/LFE! HOITE SE L 020 FH= [ Cf
MWE SAOCE 25520

i Partof ColumnADGs uii

2HALE2 ZAl, TOF(HIZAIZY, IS SEE0H0 2l AelCt.
EFRH LAY I MIUALMOIZAEEHEREA=E JIE & ZEL0IL2E0 Hiol 12
2z & 2= 850nm OlAl JHESH 10um E ZEU0ILEE 2L n—EHY
JEe 2-ttH oL &a s3= Sol 2 AME ZEU0ILEE =280l 18 ot
FCIE D 40% HE ME JIsS RASIH 2R Sst= QU (7224, J&8 1 - ‘&2
NIR B2t & =2 MTF E E480o10/ Fol Z § ZELI0/LEE S8 MEE 3/4L
7ZX" H. Takahashi &, Bt Z0ILIA S, DL S)
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"- Light Shield 1
= Liale

Isolation (2}

P"Iu:dl.
Tsalation (1) dll:'d't
I']'I

Nelype Subsiralc

Epitaxial (1)

}» Epitaxial {2)

UL L Potemiial

P-rvpe Subitrane barricr P
(a) Photodiode ()

9 JEE (a) 2010t MEtE Ol & ZELIOIPLE (b) EFIMZTF IHE S MZE 2

XML 2 250 FelE 5 EFEL0/LEZ b/ ileF X0/ L.

grating)dll 2l &ote 8l X Q= ﬁDPE HAC HRE AHSHC 0] "2 0H-H-
BEATIE MZ0| Ui BTHOCE A EHE & UD T2 HNE o) e
EEEPO'O =10 QUL HI‘&'II It € (point range finding), Al& == THa!
ZA S SE =08t ._aJ_lf’_ ULCH |dl= B2 = & 0|01 X AlM E‘||O|E'|01|A‘|
OI0IXIE 2&0| MAAHGHA 20 2 == == AJ| 20l I EEE ESE =

[

UL (C8.2, & 2 - “BIX Q= AOIE A AISCIEHI S F/8H 25 2 & A7 P
Gill, T. Vogelsang, SfH/A)

BHHHA O =& =22 J|E 0/01& Hl0le IAHX ilx”dﬂ(diffraction

W W W, w W
#

-I W, = W - W, | _ i W, I'——l w,

e e s [—« e —y
Curtain /1|:
l
Imaging array

7 1E8E 8IX Q= AUIE HAE Flet 788X o] ZF A 2F L}

C) S212CE g8t 84
O/ AOLE AlS]9 ZFHE 222 Z2FRLE LH9 “ZHFE Z(compute farms) 0] CF.

AMZOIEHA A B olE S 29 HIOIHE S0t HE2/IE ME2 H TS 0/
Z 2511

ALEA J|IE BEHOIo MetE JI| HEZE &2 SAlI=2 XI&ot)| < oH
4 CHH| PAM4(pulse amplitude modulation) &S & X256t 2EE To LS
HAZEBl= 56Gb/s S EHMMAIHE LES 210ICH O 88J|= PAM4 ==

A & A (amplitude linearity)S S Xlot)| ol X &&=l (auxiliary current
injection)S AFZSHCH DSP DBt #=AlD|= 28-GS/s 32-way Et2-0IE{2|E SAR



ADC E JIBt22 14GHz Ol A 25dB =4 JHE 2l 56Gb/s LI AI0I@ S A et
(C5.4, Q& 8 - “16nm FInFET O A 32-way E}F&-CIHEIE SAR ADC £ AtE St
56Gb/s PAM4 24 EEIAIH” Y. Frans /)
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PAMA Level Histogram after DSP

[a} &6dB Channel [b} 25dB Channel
0/ & E 56Gb/s PAM4 EiAIH Sl ADC O A & 2l& OFt0ICHO/OF2 24 0/CF DSP 0] =
dEgE @EZE A= 2508 £& HE S 1e-8 BER N&E ZHZ=LL
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Ol&aotL, D=2 Z A& T2 MM HIoH

2l &l (supply—-scaling) 1t
M Sole dU-AH L (precision—scalability)S ME&tCH (C17.1, 3& 2 - “AAlzF
Y72 ConvNets E F/8F 0.3-2.6 TOPS/W S Z-AFHLE ZZMA” B. Moons, M.
Verhelst, KU E )

i . .
i This Chi
| P RISC control 16x 1-D SIMD
L FRug |
IIu & - Max-poal
| Huffman-based L —+ 16kE - Reczified Lrear Unig . -I-
:': compression | Program MEM (e} II
. " - Mlisc L fer |
1| decompression 3
1
1
: Two-Symbol 16116 Image In
| Huffmanencoding | =< 2-D SIMD
t lzern, nonzera) =L 128kB — MAC-array
| 16b0 —» 160 L | Reconfigurable |
' 1Bk < 1b1, 160 Data MEM
1
¥ 000
pto5.8x &
i BW reduction i D D D
| e » 000
1 -
L Guard MEM V. calable
!

7 182 CNN-ZZMA S FH&F OF/8H0/00 28 & AHEP=8 5 =02/
AFOION IFE] & 0] = 01 2L LH.



D) 8/ 2 HI0IL LIA

MZEZ LA EXEES AMSOE R0 A)EX 0 22 PLIEHE W &§=Fol= 88 =
MAIGIAI B BFZ 4] T2 E J1&E AIAEE = WAt MES MNEt 2 ZF J/52
BEg + 0 0/=Z2 Ot W7 2010/ == b CMOS &A1, 23500/ £ 2F
S&l&E 20/ H R0/ J|EE AEEH}

ol t
US| (beamformers)E Z2EHNS ASIC 22 0S50 2AF A0 S0HIt=
HOIE £E 6x 014 EF =0 0ls AL ¢tO2 200 YA S5}
DIAOH X A3 =2 (mismatch scrambling)2 HE A2 XA & (delay lines) il A
2t E(tone)2 MHSICE (C4.4, & 1 - ‘3-D 4L HE ZEDIE 32 x 32 PZT
WEEA EAFAHI S&E +4 HE-0/2/0] EEFEIIE = ZEEHNC ASIC” C.
Chen £/, 2TEZ Y5, WA RPALE R, SLTESEIASL

(a) 3-D TEE proba

" Gastroscopic tube {® ~ § mm)
containing < 200 coaxial cables
connecting to the mainframe

(B) Transducer Amay 2 <JT (€) ASIC
I o =
H+ MNA

O RX Element B TX Element O Un-connected

O ESNAFA 010/ & & ASIC £, 0] =2/

NIDEK, Utet&E cttstD =g 2ele =20 A S8 W S XH0IAH HISHE Al
HEE JEANAHAF=E 02 BUBEHS HAHSHCH STS(suprachoroidal transretinal
stimulation)= QMU MAIES HF M 2HEGHD SE

= : Mol Aoz AR &=
= XEMICH AIAE0IA SOteoll et 845= AIA"E2 O8I = & atolf OF StCt.
dElSHAM=E A F U= =EX0A = ¢t2 8= Hl0lZ2 sHE HOICH AC 8=,
OIOIH 8&, Mot 2", WA 8222 Qg =4 M7 P S2 o4& 4 K40t

OHACIRUCH 49-THE K0S A LA LSatRACH (C8.8, J& 1 - “FI/8/ =2



2E A E STS(Suprachoroidal Transretinal Stimulation)E AIE8F 282 E J/5” Y.
Terasawa £/, NIDEK, L}2}&E £t} 8t0] =) 8})

Stimulation

Hectrode array
STS(suprachoroidal transretinal stimulation) A|AEE Z8F otY JfF HIES
LHZEI D A FHo &18E FETG L0956 2/IEE Soff FZ L0 LIOIEHS HEE 2o
92 L0 PHAOE ZEEL.

Hexible Lead

NP YZRES OFX 2SO0t S012) GHXIBH DIRIZHOIL JIE 2SS0
MNEN ASE ZHHS 2D AUCH 24 4| ARHS 0lohctei® DUE M3 02000t
LG 2HDSUS DS SR UUSDE R AHIHE Sol 2H M )=
SIZ0| ZE 2of JHSE 0I0IAZ HHs Do +XE Y HAlS HES AZ 2X
DIOI2ZAIASS SESICH MHESSS I QS ZH WOl P2l Al Au-TSV 2
AFEBICH Ol 8t + XX I gAl2 3I|2 2A5HE # Ol £ 29IE 50/
HTEC £0/0 UAEE S0IES U5 MM 5|22t A S S0ICH 288um &3
DIXIOIA 256-TH2 OII01S SYBC. (720.4, 28 1 - “TSV-YHILIE S IS8t

O0I3Z2-Ht= 0/d0/, 4AHZEet KA CIEHEX, 41F J/F 8/2 L 413 L4
Ol0IZZAIAE S &8 Y.—-C. Huang £, =& &8 W, E=2/I}35! i)
ENIG pad to Sn ball bonding ENIG pad to p-bump bonding
Cdbnbetd Parylene C
RDL
TSV (Au)
Flexible

/ Interposer

Silicon
p-probe

tluu- e e B G B - - | - ' TS‘I(C]])
Nitride ™ TSV-embedded dissolvable p-needle array Ptor Au
0l J&8& Zoif IS8t U0/ Z-bl=, R CIHEX, A 4F J/1= [10/<

FHH ZHZS BOIELL,
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