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m PIDS
(Process Integration, Devices, and Structures)

® Logic ® Memory (continuation)
-HP: High Performance -FeRAM: Ferro-electric RAM
-LP: Low Power -ReRAM: Resistance RAM
-FD-SOI: Fully-Depleted Silicon On Insulator -RTN: Random Telegraph Noise
-MG: Multi Gates --- FinFET, TriGateZFD#&#R -SONOS: Silicon Oxide Nitride Oxide Semiconductor
-NW: Nanowire -MONOS: Metal Oxide Nitride Oxide Silicon
-LGAA: Lateral Gate All Around
-VGAA: Vertical Gate All Around @ Reliability
-M3D: Monolithic 3D -TDDB: Time Dependent Dielectric Breakdown
-Ge: Germanium -PBTI: Positive Bias Temperature Instability
-I11-V: IIIAR-VIER EEY)HEK -NBTI: Negative Bias Temperature Instability

-Vdd,VDD: EIREE
-Ion: A&, BMERFEFENER

-Wfp: WFrRJUiEDfootprint  (MGIZHTIS) B RF&AMS
-Weff: EZIWFrRIUiE (MGICHT)L) (Radio Frequency & Analog/Mixed -Signal )
-Tr.: Transistor -LNA: Low Noise Amplifier
-DIBL: Drain Induced Barrier Lowering -VCO: Voltage Controlled Oscillator
-SS: Sub-threshold Swing -PA: Power Amplifier
-ADC: Analog to Digital converter
® Memory -SerDes: Serializer Deserializer
-SRAM: Static Random Access Memory -HV: High Voltage
-DRAM: Dynamic Random Access Memory -CIS: CMOS Image Sensor

-RCAT: Recessed-Channel Array Transistor
-VCT: Vertical Channel Transistor

-MRAM: Magnetic (Tunneling Junction) RAM
-STT-MRAM: Spin-Torque Transfer MRAM
-PCRAM: Phase Change RAM

Work in Progress - Do not publish STRJ WS: March 4, 2016, WG6 2
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mOsvy

® HP = High Performance (Fi£)
®LP = Low Power (ffl ; SMEEENAINEE)

O ITI-V/Ge = SIRELRBCh#EL END-DOEERI}

HP LP III-V/Ge HP (HP)
Speed (I/CV) Ref Slower Fastest
Dynamic Power ( Cl2f) Ref Lowest Mildly lower
Static Power (I,5) Ref Lowest Higher

m A€
e DRAM
® Non-volatile

-EBAEREFET : 5 —b (NOR and NAND)

& b>5vIB (NOR and NAND),SONOS,MONOS
-JEEFEBEFET : FeRAM, PCRAM, MRAM,STT-MRAM, ReRAM

mEHRTE
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More Moore (ITRS2015) Mission  STRJ

® More MoorezPPAC(Power. Performance, Area.
Cost) D& liEh T #3FL T, Big Data, Mobile, 759JR
(IoT, Y=)VO)AETNA ADAT—UD I &ITIBICHER
IR, EBKE). FHREOERANRYIDIER
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CIF%6l5EEE (PIDS) : Scopes
T}\'fZ'I‘E (LIE\ %IE\ %ﬁ%)
T I\1 ABiE
RO OTR 12790 —33> il
-{SHATE

Work in Progress - Do not publish STRJ WS: March 4, 2016, WG6 8



Cloud and mobile computing drives More Moore i)

Internst
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ZWHNEBETD
H5M K % :I;U/ xC
HEUIESDD
Micro(data)servers Mobile
and memory Computing

o F)\AR, BEHROFEAMIEINAIOY—NEENAINADE1I-TA T DERICZ—RNIARE
o [0TOIYVZIE1—T12I(3FT/AHREIEZ B LLTHD, BERMEZM L&t
(e.g. motion processor, neural processor unit, etc.)
o 2.5D 127 L =23 (IXBUNTRIE. ND— LAT22DRT U %=EDHD
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Application KPIs and PPAC scaling for More Moore €I

£ i eHigh-performance computing
- KPI : &/\JA—~NX>R @ B—/N\D-%5E
— HI% RE, IRILF—HE

¥y eEdge computing
— KPI : @—/{0— JAMCBWTIHEEEHEBEDME L
— %9 AN NyFU ROERERDY—-TJEIB X

e AV—PMZIY—
— KPI : U=ZHliRk. VthitBENMETOD/I NS DK
- Y 1 TA=LT705. DA EF1)57+

T eMore Moore platform for node-to-node PPAC
W = e ; value N o
L8 INTERNETof - 2. - Performance: >25-30% =EEE @ B—/\D—
o THI GS S5 - Power: >50% /NO—HliFk @ [B—EAE
I ¢ — Area: >50% IVU7HIR
=0 _o.- B - Cost: <25% DIJr—I1ANE

30%JAMYI> @E—HEETFYT
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Area scaling per years ; A—7®DERI

Moore®jiERl (Area Scaling) (diFESFEE{LiER (25> 2.85F)
B Scaling(3ETHRIEh S bR
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Original Source ; Prof. Wakabayashi, Tokyo-Tech
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Vdd scaling slowed down since N90 <D

Mobile Computing — The Vdd Scaling Issue

Vdd scaling most difficult:
V, associated with leakage — SCEs, RDF

Vdd Scaling Trend

1.6
Compute Key FOM: 14 | I, = Coxﬂeff

12

Past: Flops/Sec

1 F FDSOI
S FINFET
Now: Flops/W 3 N T
> S ik T
ALL ABOUT POWER! 0.4
0.2 |
® Leading IDM
0
130 90 65 45 32 20 14 10 7
N90: 90nm Node Technology Node (nm)

FOM: Figure of Merit

SCE- Short Channel Effect Low Power Device: SS, DIBL, cAVt

RDF: Random Dopant Fluctuation
Work in Progress - Do not publish STRJ WS: March 4, 2016, WG6 14




2013 ITRS, scaling knobs ST

Scaling paradox - Slow Vdd for Idsat & fast Lgate for Rext and power

/ ® Leading IDM /

/ /

0.90 / 30 l/ N
L I Laate R —1 > 5B 1N?
| Vdd RE—ys g RN | S, PAeRTTUZTE

20 A

080 @

i 3 ~
> —
o7 * 0 ‘R-\.\.
—m—\Vdd: Power Supply Voltage (V) \.\‘ ——| g: Physical Gate Length for HP Logic (nm)
-2%/year -Vdd -8%/year -Lgate
0.60 | | | | : : : . . . : i
2012 2014 2016 2018 2020 Leading I DM [iﬁo)ﬂsﬁ I-E.l ,E:IEAJ_GL \% 8 2020 2022 2024 2026 2028
1800 1.00
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[/ 0.90 @ L
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1400 \.\

Idsat
{

/./
EOT
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1100 ‘-N\?‘“‘-~1|_
—— Id,sat: NMOS Drive Current (pA/um) MG 0-50 " _@—EOT: Equivalent Oxide Thickness (nrm)
1000 -A%/year -ldsat ) \. S
—— Id,sat: NMOS Drive Current (pA/pm) Bulk -4.5%/year -EOT
900 T T T T T T T 1 0.40 T T T T T T T 1
2012 2014 2016 2018 2020 2022 2024 2026 2028 2012 2014 2016 2018 2020 2022 2024 2026 2028
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2015 ITRS 2.0 draft, scaling knobs 1D

Scaling paradox - Slow Vdd for Idsat & fast Lgate for Rext and power
® Leading IDM

vdd Lgate
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Technology Roadmap(ITRS2015)

STRIZ

Front
End

Double

Triple or Quadruple

LELELE
_)rxr).lJ

assembly)
*Multi Patterning

2015 2019
193nmArF
a2 | 193nmArF Tmm. NAL3 S | - Euv
. SMO (Source Mask Optimization) ——
Litho (Directed self

T e e T N B

Bulk Planer HKMG

Bulk Planer
Poly/SiON

Gate First or

Gate Last HK-Last

Gate Last

Fin FET
(HKMG Gate Last)

| LGAA || VGAA |
Nano Sheet

-Ge, III-V Ch
Tunnel FET

Metal Pitch

Back
End

Tazvizs] soowso fso ] eevsz ] as~ss

-2D device
-Graphene etc

B

Round Contact Local Interconnect
‘k<2.4
K=2.6~2.9 K=2.4~2.8 *Low-R wiring Material
Via First Trench First metal Hard Mask :,?\:\:TG\;E
Cu CuMn Air Gap| [CuUuMnCo ?
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Technology Roadmap(images) 'STRJ

2015 2019
5nm
) s
thho Wafer
V\ﬂé‘ﬁeﬁ_'i':'tage
193nm Imm.ArF
Eh“/"}ﬂ‘/&ﬁ
FI’O nt TR F 2D Material
End |IPEENIF, . i o
== ' : : IILE 9 Craphene
Fin FET DSOI(Stain) Gocrarnel
Back .
End " Ml k2423
L',L,,,, ',,,,,;.,'-- 5 Ultra low-k -
CNT Via

Monolithic 3D(#&iR)H5nmUEDOF—#HilfEUTITRS2015# A (ITRSEIFR:E'15/7)
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7nmBUE TriliEh'E5(CHEHE (ITRS2015) STRJ

2015 2016 2017 | 2020 Node definition: Foundry
2y 2y: 2y 3y

A 1t \ 1t \

201(5 5017f I 2019 2021 | 2024 Node definition: Intel like
- 14pm 10om ' 7om  5onm ! 3m~

ED-SOI | Nanosheet

Monolithic 3D Monolithic 3D

Drain =N Source

1

Oxide 12
) . — Drain BEsISIN Source
Bulk Si I(_U
Bulk Planer . C = . 8
S Eis
Stress#fiti S o S
. cC .= o \
SiGe Ch.(P)/ 13 =13 LA V8T -2
£,5 31 S
= = m IE
- > 0 A Monolithic 3D
w15 N1 (CMOS VGAA)
LI‘:: I "' Lateral Gate All Around | Vertical Gate All Around
|
I = “ ‘::‘ \ Drain
— e

EHWE T2 R
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2015 ITRS 2.0 draft, Scaling focus & PP booster

ﬁﬂ%iZDi Scalini | 3D functional Scaling

4
+4

SCE

9
+4

SCE

&
-

Lagic device techialogy harming PTOM52 P48M36 P42M24 P32M20 P24M12G1 | P2AMM12G2 | P2AMM12G3
Logic industry “Node Range” Labeiing (am) MEAA" | ™1M0" g g5 g w3125 w5
finFET
finFET finFET finFET
Logic device structure options n o n LGAA  |VGAA, MID |VGAA, M3D | VGAA, M3D
FOSOI FOSOI LGAA vonn

Main performance booster finHeight | finHeight ?_:::::;Ef I:_:::i:tu:s Luv;[:lfdd Lm;[':.ll'dd Lu'.:[':.ll'dd
vt vt gﬂ

Scaling focls | Perf Power Power Power Function Function Fum:tiur>
Channe! strain Performancétig V. NeddRTFUS IRy bk YesV Yes EnziiisL(GEE)es
S0 strain Yes Yes Yes Yes Yes [CBD. SHeinkiks Yes

] _ Ballistic | Ballistic | Comstc
Transport scheme DD B':I']'i‘:fi'c B':I"I'i‘:ji'c Ballistic | TFET, JFET, | TFET, JFET, T';IEJH:)FSET’

HCMOS HCMOS Spin !

e NodeZDHEIE (5 ; P70M52) ZE A NodeZHMUFRBITEZRIRIZOTVDESH
e 2014-2018 (N14, N10) ; SCE, Weff scaling through cell height reduction

e 2018-2022 (N7 and N5) ; parasitics, Weff efficiency, DTCO
e 2022-2030 (N3 LAfF) ; ultra low-Vdd and 3D functional integration

Work in Progress - Do not publish
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Lateral GAA (gate-all-around) ]
2018-2024 Vertical GAA

Lgate/NWD=2 2022-2028
finFET Scale Lgate ~ power reduction Lgate/NWD=2
Lgate/finwidth=3 3D Re§istive RAM
Weff, SCE Massive storage

1D CNFET, 2D FET
Compute, RAM access

STT MRAM
Quick access

1D CNFET, 2D FET

Compute, RAM access ~ Monolithic 3D (M3D)
2024-beyond

L ey 1D CNFET,2DFET  Lgate/NWD=2

=4 Compute, Power, Clock  Fynctional scaling

el Source: Prof. Mitra, Stanford Univ.
Work in Progress - Do not publish STRJ WS: March 4, 2016, WG6
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AEY.-- PF ; HEFR (R2)
XBYRL > RESEDRT -2 RiAd
DRAM
NAND
PCRAM-ReRAM
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AEUDO M Y RESEODRT—UYI RiAH STR)
AEYFTINAZADRT =TI ES I OEAA—TK2016

XAEUBLR2016
DRAM(ZIT /\A ZAPRR(OE DB FRERT U 5kt
NAND(EZ /A RIRE DS AEY FLADIRIAL TS ™= IRDS

) AR EZER,
NOR-Flashid7 ) ARRTEER T U o 1TRS20

*MRAMIIRT V> T fk%e
-PCRAM/ReRAM(37 /N1 A PR S Hkttk & [E]BF(CHAEY
7LADIIRTTALITHED (Intel Xpoint)

— [ TRS1.0 j— @

B¥

Lok

C

IERFACLDEE
B ERFCLDEE

)\ AR

5_

JOTAPRFUCLDEE
RE

Industry Growth

FEFEL
DEE

TS ArF
Timeline
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DRAMYRR STRI

ITRS2.0 2016£FEMRTI(d. \—=JEYFREBFZEDSY, HENSOIRY (VCT)EAIZESIC24EF
END2018FEISEFH BlIE, VEAFRILVNS YIRS (RCAT+FIN)Z2 &SR 5. ChiCH
L\ 6F2H'54F2DIB1TH2FIBIEUL20184F . TDEEGEPICS AV VIR GEL T EHERIEh
Bo

SHRITRS2.0#1T(IRDS) LAV, O—RIVIBER(E20304F T, 24FE (2021FLUfF(E3
F8) OR=RICRS,

ITRS2.0(IRDS)More Moore®RM (S&(ECDERET) .

Logic device technology naming P70M56 P48M36 P42M24 P32M20 P24M12G1 P24M12G2 P24M12G3

"16/14" "11/10" "8/7" "6/5" "4/3" "3/2.5" "2/1.5"

Logic industry "Node Range" Labeling (nm

Half Pitch (Calculated Half pitch) (nm) [1]

Min half pitch [1] 21 19
Cell Size Factor: a [11] 6 6
Gb/1chip target 8G 8G

EERDITRS PIDSEREC(BEHFZRED. JapanPIDSTIER) : KABF(EMore MooredDRMEKRECICIADFIE.

Year of Production 2015 2016 2017 2018 2019 2020

Half Pitch (Calculated Half pitch) (nm) [1] 24 22 20

Min half pitch [1] 21 20 19

DRAM cell FET structure [6] RCAT+Fin RCAT+Fin RCAT+Fin

Cell Size Factor: a [11] 6 6 6

DRAM Cell Transistor Gate material (Buried/Planer/Vertical+Gate material) Buried/TiN Buried/TiN Buried/TiN Vertical/TiN Vertical/TiN Vertical/TiN
Gb/1chip target 8G 8G 8G 16G 16G 16G

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known

: : L1
Work in Progress - Do not publish STRJ WS: March 4, 2016, WG6 26



&%) DRAMEIL NS SR YiEE STRI

HIAHEIY RILFINRS > XS (IRTE) HEN>IRAA(AFAETWRA)
B RCAT+Fin: Saddle—Fin B VCT: Vertical Channel

® Symp. on VLSI Tech. 20086,
T5-1.

® RCAT: Recessed—Ch. Tr.

active field oxide

Transistor
® ESSDERC 2011, p. 211.

®VPT (Vertical Pillar Tr.)

_C)_ _____ O Cell
Capacitor
~ |© o [of w
- P 0 ==
/ DU | 4 [ N S e et e BT VET
/ @ |8 |® | {
BL 2F
channel (a) (b)
.,.‘; WL Figure 2. (a) 4F" cell layout. (b) Schematic diagram of VPT 4F° cell amray

Fig. 1. Schematic diagram of S-Fin. The
groove like RCAT and fin structure to
the channel width direction are formed.

Work in Progress - Do not publish
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£%) DRAMU)IEREZEEE(8F2—~>6F2—~>4F2) €D

Bit line contact

Bit line contact Word line

|

s

Word line J

QW
P

Bit line

C g ¢

Storage capacitor &

it line

2F

node contact N

[ 8F2 DRAM Cell
-Bit line is contacted pitch a

S

nd minimum pitch

Bit line contact storage capacitor &
. node contact )
Word line / Active area (Blue)

0Ty

Work in Progress - Do not publish

\L  L/2U Y. AN

6F2 DRAM Cell
-Bit line is contacted pitch but relaxed
-Active area is minimum pitch

Bit line

4F2 DRAM Cell

-Bit line is contacted pitch and minimum pitch
-Bit line is buried

-Active area is pillar
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#1) DRAMMNI#%iF UVYIS5I1— STRI

EUVZRWI 20nmOFr /SR RDTERIR I 2128 AR—Y -1l TZ2[EI1To/AE
EyFIITZAVSIETEIR

(a) Photo (b) Etch (c) Spacer Etch (d) 2°¢ spacer (e) Mask Etch (f) Hole Etch
Figure 10 — A proposed process flow of honeycomb structure without EUV technology.

J.M. Park et al., “20nm DRAM: A new beginning of another revolution”, IEDM Technical Digest, p. 676, 2015.

DRAMOD#EMIEIE(L. EECOLIREM AN TZRMEL RN T2RE 0L TWS.
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NANDRR STRI

20155 BUFFEZRFENAND Flash®3D{ENE T U, O—RYYIRBAREKEEBRZDR . SR
BHEIBPITET, A7-U2I%EHTOCEDEHER, HERD2D-NANDEEYL M AT—-U>I T3
FRITHBID ., Z<(I3DIBEICBITITHMEHENR,

Fle. VDS EREICDOVNTIE. SLC(1bit/cell: Single level Cell)>MLC (2bit/cell:
Multi level Cell)>TLC(3bit/cell: Triple level Cell)&iBEHEIBL TEED.
TLC—QLC(4bit/Cell: Quadruple level cel)ADETIFBEThT, TLCH B EITIEDLHE
Al

Flash Memory Technology

Year of Production 2015 2016 2018 2020 2022 2024 2026 2028 2030
DRAM %2 Pitch (nm) (contacted) 24 22 18 15 13 11 9 8

MPU/ASIC Metal 1 (M1) % Pitch o8 18 1 g e e " "

(nm)(contacted)

More Moore 2.0 MPU/ASIC Contacted

Gate Full pitch for node designation (nm) 70 52 42 32 24 24 24 24

More Moore 2.0 MPU/ASIC Contacted

Metal 1 (M1) Full pitch for node 56 36 24 18 12 12 12 12

designation (nm)

NAND Flash

Year of Production 2015 2016 2018 2020 2022 2024 2026 2028 2030
2D NAND Flash uncontacted poly 1/2 pitch 15 14 12 12 12 12 12 12 12

— F (nm) [1]

L\'tmge[;?f word lines in one 3D NAND 32 32-48 48-64 64-96 96-128 128-192 192-256 256-384 384-512
Product highest density (2D or 3D) 256G 384G 512G 768G 1T 1.5T 2T 3T 4T
3D NAND number of memory layers [6] 32 32-48 48-64 64-96 96-128 128-192 192-256 256-384 384-512
Maximum number of bits per cell for 2D

NAND 3 3 3 3 3 3 3 3 3
Maximum number of bits per cell for 3D

NAND 3 3 3 3 3 3 3 3 3

Work in Progress - Do not publish

STRJ WS: March 4, 2016, WG6
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(2%#) 3D-NAND i8i& STR)_

- . .
. I .
I == =

Souce 3er] Gate
- [De-tia=ed r=lsiive to Source)

* H4 Source [Erass Valtage)

Fr—>
FoyvTiEE
@ 3D-NAND Floating Gate 1#&:& M

3D-NAND

{b)

L IEDM2015, A Floating Gate Based 3D

ISSCC2014, Three-Dimensional 128Gb MLC Vertical I:E:I NAND Technology with CMOS under

NAND Flash-Memory with 24-WL Stacked Layers i ;
and 50MB/s High—SrE)/eed Programming, Ki—Tge Park Array (Invited), Krishna Parat et al

et al.
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PCRAM-ReRAM®DR

2015 MDPC-RAMA—=ADI0OANRL > MAEUNE S

PC-RAMA—=ZADJ0OARA > PAEUNEZU. RMITGED . 20nmOD/\-JEYFTEZLTY
3h, SEBEBHEIBEMEETIKERATRAT-U2 )% EHHEHER,
ch5Non-chargeX—ADAEURMIZS#%2D/3D¢PC-RAM/ReRAMDIEA# S HOETHE

HEhd.

P70M56

P48M36

P42M24
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Logic device technology naming
Logic industry "Node Range" Labeling (nm) "16/14" "11/10" "8/7" "6/5" "4/3" "3/2.5" "2/1.5"
. . . finFET finFET finFET finFET VGAA, VGAA, VGAA,
Logic device structure options EDSOI EDSOI LGAA LGAA M3D M3D M3D
VGAA

device) [31]
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More Moore 2.0 MPU/ASIC Contacted Gate 11/2 Pitch for node designation (nm) 35.0 24.0 . b . . d
More Moore 2.0 MPU/ASIC Contacted Metal 1 (M1) 1/2 pitch for node designation (hm) 28.0 24.0 . . . . .
2D NAND Flash uncontacted poly 1/2 Pitch (nm) 15 14 12 12 12 12 12
3D NAND Flash contacted Metal 2 (M2) 1/2 Pitch (nm) 20 20 20 20 20 20 20
B. 3D Cross Point Memory (3D XP) [12]

3D XP technology node F (nm) 20 20 20 20 10 10
3D XP cell size area factor "a" in multiples of F2 (Cross Point Selector Device) [13] 4 4 4 4 4 4
Number of 3D layers [14] 2 4 4 4 4 4
Number of bits per cell (MLC) [15] 1 1 2 2 2 2
E. Resistive memory (ReRAM) in 3D BICS array [28]

ReRAM technology node F (nm) [29] 24 16 16 16 16
ReRAM cell size area factor "a" in multiples of F2 4 4 4 4 4
ReRAM 3D layers (using 4F2 GAA x-y selector + high ON/OFF ratio in-layer selecting 8 8 16 22 64

34



STRIZ
SRS
WGEAYIN—=¢iEE)
PIDSiERE. More MooreiEE
a>vyy
More Moore KPI
More MoorebL >R (TVU7. 1488
59.)0>5-0-RvS
7nmB O TrigSEE(b
AEY
AEYRL Y RESEDZT )2 RiAds
DRAM

NAND
PCRAM-ReRAM

=Y .)

Work in Progress - Do not publish STRJ WS: March 4, 2016, WG6 35



XD I

STRJ WG6 (PIDS. RF&AMS)D;EEEIRELE.

B RFTARITRS2015(c5EEEHEN/z3D Functional Scaling
HROFNL AEEZRUE,
ABVIDOVT, SEODAT-UYIRiAH. BEATUDIRRER
L.

Work in Progress - Do not publish STRJ WS: March 4, 2016, WG6 36



