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1) 2015 VLS| Jl& AMEXI82 Jl= &t0I2t0IE

A) CMOS HMEE 98t EUE JI=

HE"E N4ds DEFHE SoC MBS 98 14 nm So€C 2 E D=

EE2 HANE, A", =52 & HAE zH3st 2 MO tri-gate transistor J|l=2
BIE2S 2 &t 14 nm SoC EHEZS =8Ct. 70 nm 2| gate AHOI2] Hel (pitch), 52 nm 2
metal AtOI2l Hel (pitch), 0.0 z 0l

499 um® HOC SRAM &2, 22 nmnode & Y0 202
f

=]
2 i A&ES 28 scaling 2 €46t fIol 14/16 nm node SoC EZZ2 HIA0M Ol 2=
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JIa Z2AAol AH R=0|CH. DAs NMOS/PMOS drive current 2F 0.7 V OllA 2+2F 22nm
node £CF 37%/50% JH& = 1.3/1.2 mA/um O] SAHEYD

=2 o

1 100 nA/ um off-state leakage
current& LACH. =X A2 NMOS/PMOS drive current = 0.7V OlA 0.50/0.32mA/um 0|2

—

loff = 15pA/um OICt. 0le48t SoC Jl=2 =1 3.3V /0 MX X&dte DX 1/0
transistor 2 X¥= S, OtL2, &8s, ARF JIs2 & HAE XASHAH EC.
=& T2-1, ‘2MU0 tri-gate transistor, 70 nm gate pitch, 52 nm metal pitch, 0.0499
ur SRAW &9 SXEZ JIXE 14 mm SoC BHE Jl2, HAE &S IXE 3 SoC HES
Aol HZgE,” C.-H Jan &, 98, =2 CXX~x, “BEZEEZ. A 14m ZZSHAH HEE,”
A. Nalamalpu 2 °/&)

High Speed Logic Transistor

ZXo 28 TEM E (Fin)/HOIE (F), HV 1/P ESiXIAE (0FH)

7 nm node Ol&0iAM2 2l interconnect & HIXgt:
2| Hedd EIt&2 28t interconnect BH&E AXIHO0l 7 nm node COMS 2 2 =& IHA

—

OfLICH. IBM Bt GLOBALFOUNDRIES = +2l2 HIMEH JI0ots &t HIHLISE EsEH2
AL, Damascene (BE 22 UHS0A) 22l HIMEES 40 nm DAl LHeA2F pitch OIA,
ZX  140nm® P2l SHAEWM =ZHCQACH. DSA(directed self-assembly)Of 28
& (patterning)2=2 28 nm LXINAM el cIE=2% (copper reflow)0ll 2I8
metallization O JtsS&CH. SHZH Al2|2 0IATC HY reconstruction 22 R &2

LER(|ine—edge-roughness)S <RUCH. LER HIES2 HINME &S F=X 2= 21o=2

LIEFGCEH. OIUR 222 grain #AE I8 HHH2 grain size b 2&EE %= UL

2= QUCHH, 7nm
TC Ol&UA Al Jisds8 B0l S, BIMEN &E2E0 J=s Hez2 UELLE.

(=2 T8-3, “7 nm node O/&00A1S] 22/ interconnect S HIAE,~ A. Pyzyna 2, 164 &
GLOBALFOUNDRIES)

H

|
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(c) SEM £ CMP = 28 nm LIXIWA DSA IHE &A= 20

B) MRZ= CIBIOIA JIs

48s M54 enhancement mode, High-K S&XME JIXl= GaN MOS-HEMT:
GaN & Xt= D& D=1) = S0t Re2lotCh. 0 AXN=2 E = depletion mode

=

S
=1
—

A
(normal ly-on) HEMT Ol OlX& M&E SoC U= HESHA &LCH. 0l =20A 12 90nm
gate 20| high-K F&XME Jt&l enhancement mode (e-mode) GaN MOS-HEMT £ AJHSHCH:
low loee=70nA/ um (Vp=3.5V, Vg=0V), low Roy=490Q-pum, high lpm=1.4mA/ um, 0.55W/mm
(Vp=8.5V, f=2.0GHz)2| RF SSXMSAUS (RF Pout) OIA 80 % 2 FOH PAE (& =2t
28) & 20ECH olzst ZWIb 20lsks HE2 (i) =S8t breakdown voltage
(BVd)OIA SHEZ Si M =FI| (VR) transistor 2Ct 3.6 8 OI&422 22 Ry, (ii)
mobile SoC Ol X&st 2= voltage OIA YHEZF GaAs =T} power Z= (power
amplifier) transistor 2Ct OH& %= RF Pout OIA >10% O L2 PAE, &2 &&=
PAE OIM >50% 4 =& RF Pout OICt. OIXE ZEZ GaN MAEXC S0t JIE
netde L RF MAEIX (o AHSX, M8 HED|, K=, diold) E H@0AM, ME™
SHtY SoC SENHAI ZE6tH & += Jls XS BHEUL. (=2 T15-1, H&8E
mobile SoC £& JIJ|EE /&t WLHA 2£F0/2 £4L8 N8 XFIIQ LIF+ 8
SEIIE F&t I&E X+4& enhancement-mode High-K R&ME IIXE GaN MOS-HEMT, ”
HW. Then 2, °&)

roh



Composite High-K Dielectric AllnN

Drain Gate Source
Lz =90nm
3
Lgp=230nm Lgs=100nm
GaN

0/ Y79 e-2E high-k GaN MOS-HEMT 24/ .

High mobility 2 Ge &&0| == Si,Ge,—on—insulator PMOS FinFET:
A

ALY & CMOS &= Qo ME0AM O =2 strain (pMOS 2 B2 O =2 Ge
S)oIL O 52 ME0l ZQGHCH. IBM 2 CMOS of H& Jtsst 2 S AMEGHH Ge

fraction 0l =1 710K 22l AJl= AHLY & HGC (high-Ge-content) SiGe-0l
FIinFET S NSO AJHSHCH. WA E 30-Ge-SZ JI=2 0/E8tH =2 side wall 1t 10
nm OlGh =t AUHEC=Z It 2 E(fin)2 JI& o2 AY 2o MEE HGC £
SHEC. =ESE HHES Ot& JHEE Si-cap-free high-k/metal-gate T2 M ADt
0.6 &2 Ge S0A 0.85 nm 2 EOT (equivalent oxide thickness) scaling, S& Xl
long channe! subthreshold swing (SS=69 mV/dec. ), enhancement-mode 2| A XtE IJtsH UL
sk AHYE EQT OlA long channel mobility E4 (M=1x10"cm™ Ol Al ~300 cm®/Vs) 1
Z£2 cut-off S&E 20l= short channel pMOS FinFET & 20 FRUCH. (=2 T2-3, ‘3
Ge EZ =2 0/86t0] F&& & (Fin)& It& high mobility & Ge &&0/ =2 SiiGe,-0/
PMOS FinFET, Ge Fraction &2 x~ 0.7, EOT-8.5A £ AHL LA E(Fin)S E=2 ~10mm,”
P. Hashemi £/, 16M)

b
t

_ Si,,Ge, (x~0.7)
Fin

poly-Si
BOX

(b)
Si1Ge,~0! (x~0.7) pMOS FinFET Sf A& X ol 57 TEW
(a) Zl(fin) &&, (b) & (fin) &2t &t&f.



InGaAs—on—insulator MOSFET £ CH® A (Large-Area) Si JIE0l integration &tJ| I8t
CMOS Ol M&Jts 8t Confined Epitaxial Lateral Overgrowth(CELO):

=2 mobility 2 [11-V (InGaAs E= JIEH) B ATHE OHZA AclE JIE0
ZHAE2Z integration ot= A2 S Hed2 =M = OtLICH. IBM b EMPA = CELO
(Confined Epitaxial Lateral Overgrowth)2t= MZE concept SZ AZIE J|EH
DEZEO| |nGaAs on insulator(InGaAs-01)= CMOS Ol E&StH integration SMUCH, HdYH
epitaxy O JIBt8 O] YRS HZE HHZE A2 J|& MEHQI CMOS SHLE 22
SHCE. 01242 bulk &2 SOl Si ?0IH £ CHOIA InGaAs-01 2 HIZ0| Jt=otH StCt.
InGaAs epitaxy L= defect JI IR E=2 A2z 4% 10, XtMCO CMOS node Ol
MEEl= ultra-thin-body Lt & (fin) JIBt2| transistor &

2 QUCH SMIX JtE 8501 £2 InGaAs MOSFET on Si 0l A= = U

SH2 Jt& Gate-first self-aligned FinFET (100-nm-Z 0l HOIE, 50-nm-=2| E(fin),
250-nm—=2 Z211 contact)0l A ZIUCH. O ME2 concept 2 CHF2= XHAICH CMOS
node OIA =2 mobility XHE ATE UHEMAO| IS o= EH HHES JHXD
UCH. (=2 T13-3, “Confined Epitaxial Lateral Overgrowth (CELO): HBHE &2/=
JIZ0f CHOS Z &3+ InGaAs-on-insulator MOSFET £ AHEZSIK integration ot/ 28t
MZEL conceot,” L. Czornomaz £/, 16M & EMPA)

CELO O S/3F InP on Si &0 & £4. (a) &5 TEM. HR-STEM 0 S/dl seed E 200 A1
&2 defect 0] Z&E (b) / TEM (c) ((HE2EZ stacking faults). seed WA ZO0I& 204
2I& 5 0/2HE InP Ol S/t 8 %S mismatch & 20/ &5 FH2AEZTF ZEE (d, e).

EOT 0.5nm Q! A2 S 1Ned8t (Reliability-aware) Ge gate stack:

<2 interface state density, MEUH A2 =2 carrier mobility, J2ld =2 AMZAH2
A= 212 Ge MOSFET 2 98t gate stack J1=2 EE MEOQICH. &R Ugn=s LS
148t Ge gate stack 2 & ME2 ANM/SA DB CIXoS EDSHCH. =J19 Ge

gate stack 2 S40| £ZCt1] A HIIHC=z AXe dZH0] BE&HE= 7S OFLIC.
Ol4st 2ME oilZot)l o Ged, HERKIR2 AL MER2 high-K It HREAULE.
0.5 nm EOT (equivalent oxide thickness) ¥ =&03dl %2 interface state density (0;;)
SEE Jt&X EtELSE Ge gate stack O AJMEAUCH. (=2 T2-4, “EOT 0.5 nm S ASES



248 Ge gate stack &7 ¥ &F,” C lu 2, SFHs5')

20 .
Annealed @500°C
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@ Y-GeO,/pGe
O | YScO,/Y-GeO,ipGe © @ |

0
0 1 2
EOT (nm)

CIEEEt Y-GeOr FHE JtE [YSc0; & HfO» / Y-GelO. / Ge (111)] stack OIA E;, - 0.2 eV &
el D;;. Ge interface OIA1 &3f T/= S&Z 57/ Sof HO>, = 1 nm 0/&8 Il EL6FLf
YScO; = 01218 L2171 9E.

£
MoS, 22 JXR2 sr2 219fE9 Uex= ultra-thin body S4&, 2 band gap,
HotM A, CMOS SZ Ol CHeh Hetd 2o AKX SE0 e S HHE

MoS, FET = lo¢ It DS Il 20 H&EE S2=20H0 S 2GHCH. M

M= == JHE S source/drain contact @2 AIEotH S=E(t,~0.7 nm) 1 4
(ten~3 NM)2 2 MoS, M0l CH=H & J[EHO!I 15 nm 2| source/drain 2 0I(Lsp) S
- & E-HO0IE (SG&DG) fieldeffect transistor (FET)E 20=CH.  Lgp=15nm
JHE DG 4-Z MoS,~FET O SHEGHE & S48 ARE o/ lor = 10° 0142 1o/ los &,
Vos=0.5 VOIAM 90 mV/dec 2 =X subthreshold swing (SSpin )2 EUHZTUCE. Lgp=1 um
2 Vps=0.5VUHAM SS;in=66mV/dec R, Ol= MoS,~FET A S IHMA E0&E IJIE 46t
SS OIH, interface % enhanced & IHE2l HHMIISH(electrostatics)0l =01 HAE
Hs QUIsttt. (=2 13-4, “HE&-H0/IE, LE-HOIE PZXS 15-nm HE Z/0/ MoS,
FET,” A. Nourbakhsh 2/, MIT, OF0/% & KULeuven)
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200 nm
-

/ H
prsi MO~} =15 .60 nm
ek
7y TV graphen®
%e“ex o
Gr?

224 E S/D contact £ & short HE SG & DG-MoS» FET S LA} S5

C) H2=E= HIFLH nHel JIs

28-nm embedded SE AXNE FSt SLEASA EHAHEE JIA =2 Al2|H2l Ta0, ReRAM:

Z A0S D|B+2| ReRAM =, (=)

S0 &2 M, & A2 A =2 Ho ISl oAl O
I

28-nm embedde

rlo
T
o

2
0x
=

d MEC 2 HLUst ZlHE X &8 <
=2 ZoHEAHE Jt& Ta0,-71Et2l ReRAM 2 HMICHSICH A2 MZ JHEE CO2s 33
Il & RXTE AIE5H0 G329 S42 ASIMCH: =401 H2 A2, & side &g
(cell side ion), 1A ALOIEIS & X (encapsulated cell structure) SOICH

d I
0 Zo, 4 S0 ZetMEES d4ADl=0 2x=z 830, £ 20-nm & 219
ISHS SOIFCH HotE ZtHE Mt HordS JI=2 AFZ0H0 2-Moit ReRAM Ofl A
e £2 AIHES ARACH: 85 °C OlA 100k AOIZ2D 10 & RXE0l LS. (=2
T2-2, “28-nm embedded E&E LNE FE S0 SITE ZOIHES AFE =2 Tal,
RefMM, ” Y. Hayakawa 2/, OILIAS & OO/ 2)

Iridium (TE)

TaN(BE)

Ir 8l &8 TEW (¥ &=)/Ta0,/Tal (Ot &=') ReRAM.
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2 HE dHEW =2 IDZZI0HY XHelgEs <& 3D == [Ne-4-E

11

HIOI =-HMI QI XI-0I22| (Vertical Chain-cell-type Phase-Change-Memory) O1&I0]:

SSD ME AlAHE Y8 HIEI A2HLD Zzd¥ HMHelzge =2 H3gd

2

>
Mo oA

H2Z22E 2= C. Hitachi = XM M&E JIJI2 22042 XM2E0l =2 3
(30) =& HMel-&-Et HOIE-MXI-H22I(VCCPCM)E &= QICt. Hl

Im y
[m]

r

>
>

o]
— o

2tole] M2 =0 & Hol MA0X= & =2 ZSIHAIZII] fd VCCPCM array
M2 5-nm-5H poly-Si MHES JHA

=

H=-HOIE vertical-chain-selection MOS
JEXIZD UCH.  HICHF CO, dIOIM EXel= A MOS 2 poly-Si & MOS 2| drivability

-

680 pA/umZ INEAIZH D UK =42 AHMEIJACH. XD HeleEFe Me 2o 2ol
SHHEO HIR22l 22 XR=  “pbundle erase” S&O=2 NAERUCH. (=2 T7-1, ‘30

2 & GOoI-A-E12 BIOIZ-FHOIX-HL2El 0308 2 .8-GB/s-MT] L 670-MB/s-AILT/
EX, " K. Kurotsuchi £/, 5/EIT/)

Top plate electrode Memory chain
(TPE, source line)

Memory cel
X chain selection
double-gate MOS

Bottom plate electrode
(BPE, bit line)

VCCPCW 0120 £2t=

D) #3/J12 2= x/&®3l & 3D integration

2.5 & 3D integration 2 {8t WEIS-2I0IE QIEEXN (Active-Lite Interposer):

2.5/30 integration Ol AtE&= == Si QHEMWH JISS Fotot= A0l AIAH
HEerue N - L

o
o=20 =2 T A/!

on N

INMEC & Z2=2-0tA3 (low-mask) 2&FS 0/20t0{ Si
interposer 0l S &

SZ(C0ILE, BJT, SCR(&2IE MO FFJ1) S)2

MHlE =382 Sdof G301 JisoiAct: (1) 8XS 20l XtXdtedlsE ESD 28 JIs

2RE HEE ® (stacked dies)OIM interposer 2 0I5, (2) 24 & HAE JisEt

interposer 2 A& (DFT), (3) Olg=21 JIZE st 2. 0128 S22 Qlofl S0l
O C

/00t 22 2 AHZIMUA AAE HIE0l 24 EHE= Z2UE IHMHA ZIRULH.
(=& JFS4-1, 25830 &2 F& YE/B-CI0/IE LI/ EMH” G. Hellings £/, O0F0/%)



’ with MIMCAP,
& active

1SV, MIMCAP
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7 nm 2HIY SoC & <& dMEHAQl Dl zHS L R Jl=:
HZ 2 FEOL It BEOL & EXMELZ X
HHABSZ ARMCE. SHESHH AHLE 7nmnode CMOS 2f £E-MS 45
High MGtEO0l $Ha{®/CH. BEOL H e
capacitance (Cpin)& =8t RwirexCpin Ol 7 nm node OIA &S
2HoZ mMAZRUCH. Cpin 2f 24 S4S56t= BEOL Rwire &
FINS 2 £0ls A2 Cpin 28 ZA0l)| /s M SWEQl YUHSO

gate HAEE =0 Z=CH. Transistor sidewall 2| air spacer = Cpi

-
x

X&tH(Rwire)Oll logic gate
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Routing metal stack & &ISotHl HEot= A2 Rwire & 2&
Z0& B (fin) At0l2 A2l (Pfin)2 source @t drain Of At
(Wrap-Around-Contact (WAC)) & transistor M& (Rtr) 24AA210] |loh 2ottt OE
ZHAEL ZFSEAM H=EAH B (fin) =8 Z2AIl= A= 7 nmm node 2
HE-H=-HAF-HIE (PPAC) JH&O AA D050, OlXe 28t SoC 2 XIHHOQI
AH L2 (scaling)2 JtsotH &tCh. (=2 JFS3-4, “7nm 26 SoC & F/& HEHE O/
Jl£ #Za & &2 J/£,” S. C. Song £/, &)

TN
&

=
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WAC £F AS E S &'at AIoHE 7nm ESIAIAE S 30 &5 0/0/A]



1) 2015 VLS| 32 AMEXS FR JIs
A) D&s ZZAIA

ODIOI2Z2Z2AME 8 &= D% 2 2Hi (Clock Distribution):
IBM z13 DIOIAZZZ MM AFEE 2 &2 “BHJH0IAl (mega—mesh)” =22% 2
ZHiE HMetotRALH =l & S8 2EH, ot S8 2=, M2 BA-RC

o =
M504, HIST H0o|ARII0 AISH0IED HIDNHS
x

R

HIH, O =2 g A A
SH It A 4.5 X 5.5GHz 0IA =S HAH 2 HIAl 882 50%, & & 852
8RE ZEZoIULL. & S Mg A2 HZ2=z HIHHAI2 &0l JtsoHXIN,
ZUHOZ A2to] MHOZ HA HEZFW & EOIHUHA 2 0I5 2RUCH. 0 2H=
17 0 g &2 J1d IBM & &S 22 nm high-k CMOS SOI Ji=g FEERULCH. (=2
C23-5, " 16U z13 £ S5+ 2L 2& HWI-0IAl, " David Shan £/, 16M)

= lTarget Transition Time

3

—

= 1.2F

=)

c

[}

€ 1.0}

g

e 0.8f

S I

S Uy

= 0.6 s Resonant Non-Pulsed

[72]

[} + +

2.0 0.4 | \Relsonant Pu!sed :

o " " i " i

= 0 10 20 30 40 50

Transition-Time (ps)
s& 2L OE Ho-HAS &= dlw

2HIY CIHIOIAE @8t UKl S20] R =2 ZZAHA:
OlEl Core™ M 1t 5 MICH Core™ Z2AAN(ZEY E2Cg)= 14 m L& 38 J|&=2

1

HMZEE0 D™M-=Ed(feature-neutral) CHOI HEO| 49% 2AMCH zHG Dl
Mot D™ Hs2 ZU 60%MKl &SAl2I= SAI0 TOP(Total Die Power)=
H2AGIALCH. EZ2S20| 82021 2 MO FIVR(Fully Integrated Voltage Regulator)
H Lo S&(droop) HAEED YHZE =2E LVR(Linear Voltage Regulator)2
1 MICHRE Hlwot =& 2 o] &ZF0l 35% 240U, BEZ2EANA S22 &
30L CIEH D=2 WIIKN M 30% 24, MEo &2 MAS JFHd2CH. S0C 2 1/0
clOtEl MY (re—partitioning) 3t DDR AIAECS] CHCHAEQCI THEH=Z /0 M0l 30%

£ o

2 M

O om > © oM
rr

=Tl
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-AOIZ2 Mo, ot CiaZdol XNE s M222 AZEQN  Jlgre
-%| M3l (co-optimization) EHEES FEOIRUCH. SLst 14nm EAZS A=t

02 =22=2& 329 Fd2 =2 #s C21-1, Jl&9 &2 T2-1: Jl& g AE
(=2 0231, “BZ2CE: A 14m ZSHA HEE,” A. Nalamalpu £/, O/E.
2-1, “HEEZ, 285 2 2FZF SoC HEW FZHE 2HH ECIOIHOIE EMTAH,
70m HOIE OIX, 52nm HE OIX,” C.-H. Jan 2, OIE, =2 CI9-1, “0.0499 urf SRAW
&2 0/88 14m SoC EFE J/=,” , V-H. Koo £/, 2/E)

e o In
O

V]
PA e
10

SZCd U0l o

B) DS MZal AlA

e =2 HIE 2= & IOt e 2M S8 Jt&l 16nm TCAM:

MZ& 16nm Fin-FET BIE-4(BC) JI8t2l TCAM (ternary content-addressable memory)Ol
Hete ACH. HMIetel BC = JIE BC £2Ch 15.8% G ZCh. 10kb TCAM OH2Z (Macro)= It&E
=2 L0 1.8 Mbit/m’ S LAGIACH. SH 2, JIE0) HIsH MetE 0132 o ®A
S M2 8% O &UCH. 0.8V 0HIM 2AEHE M HAA AIZE2 484 ps 0104, Ole =Y
1.25 GHCo BMOZ S MAHCAM ItE HE S& £50ICH.

G
(=2 C19-6, “16 nm Fin-FET 23 OW0S JI== P&IE L LA AIZH0] 484 ps 2/
1.8 Mbit/mm2 Ternary-CAM O3 =2, “ Y. Tsukamoto, £/, ZAA HI=Z24])



(n x 2) clock cycles >

)
WL2 WL3 WL4 WL5 WL6 WL7
SL /SL SL /SL #1a X #1b X #2a X #2b X #3a X #3b
wi7{#3b] . WL3-[#2b[#3b]-ML3 ;
WL6—#3a WL2—|#2a | #3a |-ML2 /\/
. i | Address
WLS-{#2b L ML2 WL #_O_b_ ftj_b_ ML € (n) clock cycles ——>
WL4—{#2a WLO0-{| #0a [[#1a |-MLO ot | sune | oo | i
] T 1 [ 0
WLAVHIB] s 995 BoX #0a X #0b X #2a X #20 X Reduced by 50%
WL2—{#1a 5 DDDD read/write cycles
WL1-1#0b L MLO TCAM BC
WLO-{{ #0a #3b
0~3=TCAM BC address # (n) : the number of entries
BLO /BLO a/b = lower/upper 6 T-SRAM

HIE-ASl A HIXI, AFOI2 EIE 24

= DRAM IEHHIOlA:

Olgw 29 ==&

J

2 1V Olst 2= H20AM 6.4Gb/s TX-2IH2Y JIgS
. Olchel 26t DRAM QIEHIOIAS PIoH LPODR4 CHE =S| 2 HHQ! 51.2 GB/s £
25nm DRAM SE UM FEoIULCH. REAEHE AXNE MESHH FEE 0l
2-IE TX QHc2IY JIEE clIleHE S0 dHAAHIE INHN SASM, 6.46b/s
Ol A1 LPOOR4 Off HIGH 40% JH&E 1/0 & S8 2L, (=2 C12-2 "2H/2 DRAW
OIEHIHO0IAE FE 1V 0/618 B5 WA 6.4Gb/s/pin &/ TX-Q/IE/E/E J/E,” C-K. Kee,
9, AE5I)

o
0

A HD H 0B 0
10 Ju

On W mx oz |

J

Q

Conventional TX Proposed TI TX
'_g:_1.SERIALIZER .__2_:1_ SERIALIZER
CLKB 4— ' ; B4 Ghps’y
: : PRE-DRV + MAIN DRV : :
DATA F+ : Tt DATA F : ;
: : MAIN-DRV : '
CLK +— : CLK : :-X
CLK +— ' X ; '
DATA_S+ : — L : e
' . Operating Frequency | s Operating Frequency
CLKB + H CLKB b
T 5 D> 6.4 Gops A S D> 6.4 Gbps
temmm P> 3.2Gbps - P> 3.26bps

JIES TX 2 MOHE interleaved TX 2 Hl

C) HIOIR BICIZ2 ¥ MIA

24 16-2e &F B0l SoC:

UCSD 2 S. Ha 209 =22 O0CIHE AEIZ30IE(adiabatic stimulator)E HEst
16-ZHE 24 AlA CIHHO|A! SoC & AJEHCH. O] SoC = BIIJF 2 2AF EES glos
(o]

SAO 85I & diZ2dl0le0lAe &2 TlotJl ?olfl, 190-MHz 2-& QtHILIE Sof



d8s B2 2=0. MotE MEdot= O8I E ALE6t, AEIZd0lH=E =
145-uA £ Z=otHA 63.1%2 MESEEd 6.0 2| AEISd0E &8 H=+E 2L

0.18um CMOS-SOI SEOAM MZE 0 &2 MM W delst® Z2A(in-vivo)0lA
AEIEdI0ldE Jtotll Z2UE MEG ABACt. (=2 06.1:0 ‘RA-EEEZF
OILAXI-MHES OICIOIHHE AEIEI0/1LAS 0/8E 16-HE F& 413 QIHE 04 SoC,”
S. Ha £/, UcsD)

Seo
~~.
..

External Tranceiver Wireless [ On-Chip Antenna
(Data / Power) Neural- Interface-On-Chlp L,
{ ‘ L2=23.7 nH
Scalp i i e : E C2=29.6 pF
------ : : Q2=11.2
Skull et e oo 6 2
Dura = T
AT < > ! 100pm 2
Cortex f ' 3 mm . Y o
------------------------ x4 3 mm "

.~
~~.
-~

5 LY N
SO0 . . — 7 llv
V LL
ASK | B\ila:ngeln I - Differential _L
Receiver Rectifier Adiabatic C. L,
| POR | Stimulator VRR T

? " 1 f_'*_*? DD On-Chip

Segmented

) | 16:1 I | )
ADC Analog Front-End 1 o i l Electrodes
[ ) MUX j HV Tolerant |} D

Switch Matrix

L u

S8 AF HHoIAS Ay =5 OO0

8GHz UMB ESDI8 JIX XPIIEAE 248 dIN LE:

DIAIZE OHEre] ZEA 219 ==2& 10.6mm3 FLIZ B=3tet
AOHEtCEH. O dN 22 &X
energy harvesting), Z&7) ,

U &&D1, 7 DIEH g9 A8 HHILIE XE&tetCt. 012 201 &2 AJIZ2 HEE
AMAENAMN 2&ol] S0 24 HdA Jis2 dEQ A2 0/H0l HSOICH. (€13.2-
‘BaHz B HZT/E JtA 10.6mm3 & S&E FH LA =T, ZELE 2, O/AIZ
yét)
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D) 30 AEH OJ0IXl (stacked image) 4l A

H&E8 Jl=2 30 A= CMOS O|DIXlI MAL:

TSMC 2| Shang-Fu Yeh 212 =&& CCMS(Conditional CorrelatedMultiple Sampling) JIES
ANESH M-Z A 3-AEH HES CMOS OI0IXI MAME HHSHCH. 0 JI8=2 0l e
NS S#HIZE AMZ0tH HEH A== oiZot)| ol HMAZIAUCH. 5-212] COMS I =

Eoll 0.66e-rms O LUBI|Z=-AIZIE-HSES(input referred temporal readout noise)=
AAOMH, & &S RTS (random telegraph signal) &S 2% COMS JIEHS AI=256H(M
=2 &= UAALCE. =2 (04.2,” COMS(Conditional Correlated Multiple Sampling) J/&/2/

0.66e-rms AlI2+E F-B=-&E(temporal-readout-noise) 30-AE MOS OI0IX EIA”
Shang—Fu Yeh 2, TSMC)

1.E+06 :
: Gain=8. M=l mw/o CCMS (M=1)
1.E+05 - .
- [ Bw/i CCMS (M=4)
S LE+04 1 : ww/i CCMS (M=5)
(=]
S 1LE+03 A
=
S LB
&
LE+01 4 ‘ i: =
1.E+00 ; — — “
0 10 20 30 8 1%

Input referred RN (e,,,,) Gain

CCMS J1E = 0l ESHE=S 0IF /UL

2Y-AHH 2E L DN MY DEZE JFEl 30 AE CMOS O|0IAl HlA:
A9 Toru Kondo 219 =2 400 8+ 00|22 YHXZ(bump)S Soff A
OIE{HU M = 16M-Z A 3D AEH CMOS OI0IKl MAHES MHEQICH.

o=F

MM



2 JHel Br&R DIEOl 7.6um TIIXIZ2 S22 U220, AELX =& O{dl0l(storage node
array)= PLS(parasitic light sensitivity)E &4&AIZ]1D] o BIE JIEO A S RUCEH.
PLS -180dB 2 1eM—Z &l ZZ2H-HE 252 10000fps & 2M-=A 1= O|0|K ZBHE
QEI 2% REERUCH. (=2 4.5, 400 LY OIHFHEHZ AES 16M-Z&
SZE-MHH 25 L W-ZL 10000fps ZEE TIN 30 A OWOS O/0/X A~
Kondo 2/, S&ZEA)

Toru

10000fps &I 1= OIOIX BHE ZEE Soi =& & 0l0IXIS

E) mmWave E@iAlItH(transceiver)

WiGig E_HAIY:

LAYl Takinami 212 ==& WiGig/IEEE 802.11ad E =0 (& 60GHz radio &
Jlz=stth, Z2aeE &2 A=9 UHER/INA 28t diole 2E=2Y 2 <o, I3l
Chelo] ME 2td(adaptive interference) M JISE Jt&l GHOIECIE Ot 2/CIXE
U S (beamforming) 2 AIJMESHCH. EdAIHE 4-2X IAUILCHHILE (phased array

antenna)E JI&l 2-AE2 AFE(analog front-ends)2 FRAEMH, Mt 2t& HH RZe

JlE ZA0l diol 3.1dB EW OISE B2RACH. (=& 622.3, ‘(& AI8AtS Gigabit/s

IO YMAE L& ZHY FH J150/ UE 610182/ OIEET/CIAE EEFEE
O0/E8t 60GHz 241 EEHAIH,” K. Takinami 2/, OILIAS)



CoarseLABF FinelDBF

SN T
e

(Directivity)

AFE2

Frequency

AN N \\
STF \ CEF\ DATA " \ﬁ) Time

e %‘% \mww\

(Arrival Signal)

(Frequency Response)

N \g%mw
R

FFT2
Uz
L J \ )\ )
Y Y
Interference Measurement Channel Estimation IRC Equalization
Weight Calculation
U= [ug uyJ” h=r*ref Re=[ry ryd”
Ruu = E[UU,H] Hy = [hy hyJ X' = WR,
Wy = HHHH 4R, )
= [wy wyl
At 2 =1k S0QI0A Mot RX 2 S&

o £-A|2F 2 E-AI210F ADC:

B2EA2 6. Wei 22 =22 M=Z2 SAR (successive approximation register)
2 Xt3t I (quantizer)E 01E8H ZEI-HIE H=E-Al2F 2E-AIDON 2E20IEHE H2QICtH
MeteEl SAR 2R3t = 0 O HEO QHHEZ FTU-FE-XHAIZ
& (excess—loop-delay compensation)2 &&GIUCE. 28hm CMOS Jls=z F&E 0l
Sdi0OIEHE 5SMHz CHE=0lM  13-ENOB 2 210, FoM(figure of merits)2
A4fJ/conv.-step & 175.9dB OICt. DAC HId&H= CIXIEZ 2&GHM SFOR Ol A 94dB 2
SEOe ZUME LJUCH. (=& 021.2, 7 SAR SASII0 HEE EJ FE X HAI2H0]
&L= 28nm MOS8l 13-ENOB, 5MHz B, 3. 16mi 2 E/-HIE %1=5-A12F ZEF-AI0F ADC, ”

G Wei &/, BEZEZ



1st Order LPF

Quantlzer

FBDAC1

ADC =&

G) & |4 2AIH

45nm CMOS SHO0IAM 9.2mW 2] MHEALPE DJiXl= 40Gb/s Ol &2HO0IH:

0= 2IAIH AEWA = UCLA 2 A. Manian 2 B. Razavi w==J} 9.2mN 2 &= A2}
A0l 40Gb/s CMOS O|ZCtOINE ZLHSHCE. 0l Ol&c2tol M= WoM(wavelength division
multiplexing) AIAES DNEAR |/0 E <o ZAHCRUCH. CTLE BAE Ao RHS
2t3HAI210] S5, 2-tap half-rate/quarter-rate DFE 2F SZ&E QI 1-tap discrete-time
linear equalizer (DTLE)Z FHE 1-CtH CTLE E MBolA LD

Jm I-H

, MEALZE INH SUL.
TINE RAS SIZANII=s sAl =2 XN =82 I 2Adl HOH-AEIHE
(Charge-steering) 22& S AMZoIHLCH. 45nm CMOS UMM FREEAUD, Oled 01 S&6HD|
fIoh LIOIAAE (Nyquist)IA  20dB 2 XHE &4&2 Bag = JU. (=2

C15.2,” 40-Gb/s 9.2-ml CMOS O/ 2F0IH,” A. Manian £/, UCLA)
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e

IR S8 Jled o 02 F9 :

ADC, or Analog-to-Digital Converter - H=£E SCIAE 2(F2 M)S UXNE =X=2
gHetol== & XIO0ICtH.

Back—End/BEOL and Front-End/FEOL - & & 3|= AU A, transistor S8 s& A Xt=
HI SO A D (MA2tlo] 22 the front end of the manufacturing line or FEOL),
i< & interconnect = 1 CHS0l SHSOURICH. (Matetel FZ, back end of the
manufacturing |line or BEOL)

CMOS/MOS/MOSFET/FET— =Y, S&FHo=Z AMEHe UEE29 transistor &
HMAS Y EHXIAE (FETs, or field-effect transistors) OI0, (RZ2 MHS
EdXIAHE &S B26ls MNEEMAAEH CMOS manufacturing technology

(complementary metal oxide semiconductor) EE2 HAZON UCEH.

4

Compound/I11-V  Semiconductors - OIR=2 B&X AX= A& JIEO
OFEUXIXICH, ARXNER2 O #WeE AKX AEo)l o & o =2 dX
mobility £ JiXle CGE BI&X 2& HYS HS oi=ttt. talo, 1 SEsS=2
a2 20 XE5H)| gst. 3 =0V E o

O M, GaAs, InP, GaN,

DAC or Digital-to Analog Converter - CIXIE OIOIHE Otg21 &5 (M7, MY,

= dohE detoi== & XI0IC.

Droop Control - Droop & voltage regulator A =8 A& H&go itz oIl

2 aol= MM power supply 2 M 2GS 2I0I8tCH. Droop control 2 &l
XEA

overshooting2 AH =0 load 8F2 2&AH HSY [HE UE SE= NS

K

27 &= decoupling capacitor 2 = &£
DRAM - Dynamic Random Access Memory (& 2
daoz FEE MEotLD, BIEAl =D
2 Yo AFH, tHER, AOEES U2 HRele HRES XHXISHCE.
EOT or equivalent oxide thickness - Dielectric 2 SHE Si02 &

&I FH. REE80 =2 dielectric 2 JFR= E0T £ 2ZAAIE = UUHA

MOSFET 2| 5= SafAlZ += RULCH.

HA

o

it

Equalizer (CTLE/DTLE/DFE) - Equalizers = LBHEO0Ol 2| HHHES At=2olse £4
SHUMNM Fo==2 JiH 2o 2Ba2 o AIZECH. Continuous time |inear

equalizers (CTLE) 2t discrete-time linear equalizers (DTLE)= &&9 DFI 422
JFE NEHEHE AI28HCH. Decision feedback equalizer (DFE)2 0Olcl HoH&l

BIESOH WOt =& ds9 eSS 2Fot= Bldg HEO0IC.

ESD - Electrostatic discharge. &2JIJF Hel So6lX L= 2150] 28 &MIIE H0
AsS M, 2X)| HHAHdsS 2D IRI s2&= 4. & 320 0 &0l
SEMBIH SI20F &AL HU S& =H0| 2 A8



FO-SO0I - &&A3Gl (&MSkIt)  DZ(deplete) 2= U= alc
(Ael2/Zda/aela JlE). JI&EQ Ael2 transistor € SJtote &2 M9
ESESE—2—EN| = U A StLt.

FinFET - FIN 2 transistor. On/off ASIA ZHE Z0I5HAH ot fAGHA
2 FINFRAZ CS gate It EHE0NH US.

Front-End/FEOL and Back-End/BEOL - & 3|2 MAHNIA, transistor 82 s A X=
HI SO A D (MA2tlo] 22 the front end of the manufacturing line or FEOL),
i< & interconnect = 1 CHS0l SHSOURICH. (Matetel FZ, back end of the
manufacturing |line or BEOL)

HEMT - High Electron Mobility Transistor 1= &I Ols® EXIAHS AUX2

D”ru
—
=
QO
o)
%)
()]
—
o
-

Ot

018572 EdXAHU &8 &8E EHdXAHALE =22 20. =2 M2 UE
BHEMS IJiXle= 111-V = BtEX2 018 E3 L& 0I26tH, Ol X B&
HEH = DoIsT 2X& &84 JIAE Ol=8 AX0ICH

High-k Dielectrics/Metal Gates - dielectric 2 MI|Ho=z HAHM OICH. k = AU
&2 (relative permittivity)OlZd field effect transistor 2 Mg F A gate
M= A0|2 MNFE JOtL # LUz =30l S0 Ol, on/off ARIEZS
X&GH)| <o capacitively coupling O] OlZ=ICH. 0lcHe CMOS & & 3IZ2UHM HE
Aol 20|+ 10 nmLE 1 222 scaling & A otJ] fIHA gate dielectric 2 Xl

He

X SN Si02 =1 =S8 capacitive coupling 2 MIZSoloF &CH. JIE2

doping & poly crystalline &2l2 ATECH metal gate A= high-k gate

o

dielectric Ol O H&olCt. =20 DAEs &9 MAMS ol CMOS Z2FHo EHgE
metal gate &N 2 LHOl UAHZCH. 111-V —— Compound/ I 1-V Semiconductors
e=E

resistor s

=
J
13
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e
=2
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-

Integrated Circuit - Bt=X of
el RAE HZGH SHIIs2 &S 2tE 32,
Interconnect - transistor St CE 3|29 AXS
BH 4. Back-End/BEOL &%

Interposer - O && LIXIZ2 HBH&OILE &Hel &I HZE, &=

ChE 822 AZot)| et AHHOIA XS 2ELh. AUHEMS dE2 M2 UE

1/0 BE0IE€2 Dl & A3 MIIRo=Z HAGH| <8 2H0It

Linear Voltage Regulator - Load &F0l et =2 M&S HHFEON LS MAS
SAstt. &8 dIB0 =8 28 MdY0l 27E0H, LEHES=Z  switching
regulator Ol Hlo ¥2 == Jt&LH

Low—k Dielectrics/Interconnect - interconnect = =x481 2HES M0 U=
HAMZ OIR0{&IC. 288t wire It I X®H chip &=2 XMolict=
capacitance Jt MAEC. ZHH2HQ MI|N ASHEE capacitance £ E A3totkD]

ol STS0l L2 (lowk) dielectric 0l ZRoICH, U 0 =2
SC|HOZ AN MAH Gt=0 HHAZ20] UL,
MEMS - Micro-electro-mechanical system. OIO|3Z FJI2 2 0l= T

TTAT 2 AIABS S& HAAAL £= gA AX2D &

4 o —

A
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N-FET/P-FET or NMOS/PMOS - MOSFET 2 n- XHE 1 p-XHES & & IHXNZ2 LtE =

ULCH. 0 & MHEe2 s S2AHC2 A ZEHL.

Non-volatile memory (NW) - 80| HHE HEJ MEZO Use SHEHS HIRZ2I AKX
Phase-Change Memory/PCM - AlHSI =22 ZFE D HIAES MEE JIE &= U1
OHES ZEHHS HIFEEAS HR22ZM 07 2 A

gdicle €2 ol =&2E2 11 &HE BRI H, 0 & & AOIOIA A9E Z

ReRAM or RRAM - Mg HIZc2lct) =20 MU BIFZEE 0Zce 8 SF=2
SHO JtohXl= M0l et ME0l Hols 42 018 2el.

Scal|ng/DenS|ty/Integrat|on - scaling 2 transistor Lt CtE 322 AXN=2 &

OLE 0] oftLtel & ool A8 A0l JisotHl sttt. DEXSG = a2 OZX %22

FELD E2 £9 transistor £ KA L. &Ag= JIsY O 2 HIsS82 2]

ol (8t &) O %2 Jlss Fiteldl 2 AXNES otuel & ool A

HAZot= 2A0ICH

Semiconductor - 215 X0 et EIEEZEE HIRHE &= U= AMEM HEE

MESIAL 28ote s¥2 MBS8HC

SoC - A systemon-a-chip. otLtSl X320 ERe Jlss EBF Zgs dXE
ZEEL 8X AAY 2ES J1212I0H OXE S, 0lg20 dME, &4 s

RF JIs S0I &2 &0l #EZ0 A= AS ettt

SOl - DI capacitance & =010 ol AlcIEZ/&tet/AlelZ J|Ee] MES3RXE

Strained silicon & SiGe stressors — &2|22 |X=0| i 20 ¢ Ze2l E2 ¢
=5

IOl /XIS US M, strained TACID LSHCH, )N SO2M 4Algl22
sot dXe sE2 T&EE £ UL, transistor Il WEH =2 & 2ol A

A= g = U H=LH. StrainsS MoiF== 2R stressor S22 2

Cte JX2t HelE Il ULCE. OHE SO0AM, p-ME a2 A s
transistor OIM 2= strain & & = U= B39 LEH2 source 2 drain X0
Ael2E0 2 X2t HelE I /Y= SiGe 2 &dt= 240IC

SRAM - ZRFH M2 & Bz < AXIF ol 6 I E£= 0IAQ
transistor & =&, 2 WE =2 F2E X1, AEE 2t HE2AX0ICH
STT-MRAM - ATl 3MEOCZ MYS £+ U= A& random access memory 2 2F01.
HMIIHQl MBtUl 2ASHADIE OtLlet AXtel AT MEHOl [Metd HS6te

2= d L4 HZ2el2 oL, STT-MRAM 2 S & et& &2 = UL
TOC, or Time-to-Digital Converter - S& A2 ClAIGtD 10| &Mst A2t
CXE2 Z8diz== EXIOICH

Ternary content—addressable memory (TCAM) - Content-addressable memory = XNZ&
HIOIE NN RAEE Z2ME = U= S8 e HZe2l0ICt. “Ternary” = 0
10 HE0 “X" =, don’ t care & M&EGtLD HME £~ UASES 20|&HL.

UM - Ultra-WideBand radio = X4 500MHz 2| BandWidth £ At&Edt= 3.1-10.6GHz
Band I M S&dt= R4 SECZ UBINO=Z YALE= T Density It 01 RCt.

nio

il

]



Global shutter - =OU{& &=2t0l &Xl scene = SHEHO X ot= A =
=XEHOZ AMGt= rolling shutter &8 REEC.

Effective Number of Bits (ENOB) - ADC O S=OI 50 et SAXIZ n-bit S0
et =O0l=et =9 Fes HEsHH

Transistor - EXAH= HHIZ0 AIEE= R &2 &IJIE AKX AX0ICH
SOz SN0l FES 2UlH, B8 &2 22 BEXE SN UL
E™MIIAHE EOAM £ & WL 20l 20 A1, HEE ¢, =2E5i1
MNEoIHL HE2E &35t E2 4158 Modle S22 Z28 o UL,



