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NAND Technology/Product Roadmap Update

Manufacturers 2014 2015 2016 2017 2018 2019 2020 2021 2022
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NAND Flash 2D & 3D Die Floorplan Update
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NAND & eFLASH Report Plan (2019)
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AME Report Plan (2019)
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Trend of Mobile NAND FLASH Components:
Apple/Samsung Products

2D

_~2D/3D~_

| NNAND NNAND
M MLC + MLC *  MLC)\TLC C, TLC * MLC, TLC « TLC
MC *» eMMC « eMMC *+ eMM MC * eMMC * Flash Storage
Apple * E2NAND3.0 * E2NAND3.0 * E3NAND
iPhone 8 GB/die * 8GB/die * 8GB/die *+ 8,16 GB/die 8,16 GB/die |+ 16 GB/die * 32 GB/die
- 32 GB/die 32 GB/die + 32GB/die 64 GB/die (H)
Toshiba * Toshiba * Toshiba » Toshiba Toshiba ¢ Toshiba/WD |+ Toshiba/WD \
SK Hynix ¢ SK Hynix e SK Hynix * SanDisk Samsung * Samsung * SK Hynix
*  SK Hynix SK Hynix
MLC ¢ MLC * MLC * MLC MLC * MLC + MLC
eMMC « eMMC ¢« eMMC * UFS UFS 2.0 « eMMC « UFS2.1
Samsung . UFS2.1
Galaxy * 16 GB/die
4,8 GB/die |- 8GB/die + 8GB/die - 8GB/die 8 GB/die * 16 GB/die 64 GB (59)
256 GB (S9+)
oshiba * Toshiba * Toshiba + Toshib oshiba + Toshiba * Toshiba
Samsung *  Samsung ¢ Samsung *  Samgung Samsung * Samsung * Samsun
Sanbisk
2012~ | 2013 2014 |7 2015 2016 2017 2018

~—_
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NAND Devices used for iPhone X, XS/XS Max

Device Model

RAM (Main Board)

A1901

3 GBLPDDR4 in A11 PoP PKG

SK Hynix
HOHKNNNDBMAUUR-NEH

A1920, A1921

4 GB LPDDR4 in A12 PoP PKG

Micron Technology
MT53D512M64D4SB-046

RAM Details 4 Dice/PKG 4 Dice/PKG
H54M6D63M, 21nm_2"d 211N 2017, 1X nm
6 Gb/die, 0.153 Gb/mm? 8 Gb/die, 0.152 Gb/mm?
256 GB 3D TLCNAND
B/AIRLE RS ARILTE LD (128 GB & 512 GB available)
Toshiba TSBL227 SanDisk SDMPEGF18
NAND Details 4 NAND dice + 1 Controller 8 NAND dice + 1 Controller
FFK8 128G, 2D 15nm_2nd FRN1256G, 3D 64L (V4) TLC
128 Gb/die, 1.28 Gb/mm?2 256 Gb/die, 3.40 Gb/mm?
EEPROM STMicroelectronics (Main) S Max 512 GB

Memory in Baseband
Processor

ON Semiconductor (RF)

Intel PMB9948
Micron LPDDR2 128 MB
1 LPDDR2 die + 1 Processor

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

K Hynix H23Q4T80K6MES-BC
NAND dice + 1 Controller
25FTAMAO, 3D 72L V4 TLC
12 Gb/die, 4.3 Gb/mm?

Tech
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2D NAND Technology Trend

« 2D: Shrink Factor: 0.75 ~ 0.8
e 24/27nm (2011) — 20/19nm (~2015) — 16/15nm (~2017) — 14nm (~2018)

» The latest (and the last) 2D tech node: 16nm (Micron), 15nm (Toshiba/WD), 14nm
(Samsung, SK Hynix) as of Mar., 2018

* No more 2D NAND development due to 3D NAND

(nm) 2D NAND Process Nodes of Major Manufacturers (%) Shrink Rate of NAND Process Nodes
%0 95 —$-Samsung
8o - SK-Hyni
20 Ynix
70 ~i—=Micron(IMFT)
e | 85 —#-Toshiba/SanDisk
50 80 T
e
area s
40 ?.5 "ey .i&
30
70 -
2], 20
20 5lﬁi 16 2016 “]5
10 65
1] 60

Samsung SK-Hynix Micran(IMFT) ToshibafSanDisk 70 60 50 40 50 20 15 10
Process Node (nm)
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Cutting-edge 2D NAND Technology (~2018)

« Samsung 1Z nm (14 nm) 2D NAND

LU LU (OO T

OO T
LA )

bit line contacts

5.01 ym
one full NAND string

v 12.46 mm x 10.33 mm (128.71 mm?)
v WL Pitch: 28 nm, BL Pitch: 38 nm

Samsung 14 nm 2D NAND (128qu/die) i

-
T ODL 5
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Cutting-edge 2D NAND Technology (~2018)

« SK Hynix 1Z nm 2D NAND

1 Tb (1024 Gb or 128 GB)/PKG (ESNAND)
8 Dies/PKG, 128 Gb/Die

8 NAND Dies + 1 controller die (/PKG)
Likely, 15 nm tech node

Bit density: 1.248 Gb/mm?

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.
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2 Types of Toshiba/SanDisk 15nm 2D NAND (on market)

m = 73.74 mm?2
I
SANDIESKZT OSHIBQ

EKBE

: 2) Die Size: 9.1 mm x 11.0 mm = 100.1 mm?

): (;

- IPhone X

14 Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved. I n s Ig h s




2D NAND Technology

* QPT (Quadruple Patterning Technology)

Double Patterning Technology Quadruple Patterning Technology

Toshiba 15 nm Samsung 16 nm

Toshiba 19 nm TEGHIGIGHT Toshiba 15 nm

SIB396964 121 May 2015 IM=4207 UM § EHT = 10

—
Jem
RN RRY

il

[}
==mmm
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2D NAND Technology Issues

Comparison DPT Patterns Comparison QPT Patterns

Toshiba 24 nm SK-Hynix 26 nm Toshiba 16 nm

Samsung 16 nm
> E—

CLLLLELDLREE

Micron 16 nm

Toshiba 24 nm Toshiba 19 nm
S S—

| N t
) 7

Thick-FG Scheme
(Toshiba 15 nm)

l

Thin-FG Scheme
(Micron 16 nm)

Double-Row Staggered Triple-Row Staggered
Bitline Contacts (Samsung) Bitline Contacts (Toshiba)

STI Depth Difference (max., nm)

Toshiba Toshiba SK-Hynix IMFT  IMFT  IMFT  Samsung Samsung

24nm  19nm  26nm  25am(M) 25nm(T) 20nm  27nm  21om

Active Air-Gap Technology Bitline Air-Gap Technology

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

v/ IPD: Thinner
barrier dielectric
& nitridation
(NONON)

v IPD/FG: Effective
FG height wrapped
with IPD layer to
increase couplin
area between FG
and CG

332010 s

r v/ CG: Metal or metal
silicide materials
(CoSi, NiSi, W, etc.)

v/ CG: Deposition/Fill

i pace (<5~7nm)
-able CG poly-Si)
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NAND Technology Trend: Memory Density (2D vs. 3D)

« 2D Planar: Up to 1.28 Gb/mm?2 (Toshiba/WD 15 nm, /die)
« Samsung 3D V-NAND: 1.87 Gb/mm? (32L), 2.64 Gb/mm? (48L), 3.42 Gb/mm? (64L)
« Micron/Intel 3D CuA FG NAND: 4.40 Gb/mm? (64L)

(Gb/mm?) Memory Density (Unit Die area)
5.0
a5 7m 3D NAND Intel/Micron
4.0 .
3.5
3.0
2.5
2.0 |
15 SanDisk (WD)  |ntel/Micron
| [Toshiba SK Hynix Samsung
1.0
0.5
0.0
IS F TSI E L S
G A IR SN - Y A S - s SR ) R A AP
AR AN NP PSSP S G A S i I Al I I S
P A IFTIFETHESFT & & PO L E &8
& oa,e‘ & 4\0‘.’(\ S & & & 6{"0 & @e* @s}’ O V-Q v§9 ?§9 -'o'b\ -*0"’\ ¢\° o\\’°
\‘s"\ POy & & F F g f & -.\r‘\ Q"k Q’é 0‘}\‘ o"\ & \éo
S g N » » T T &S
2 &)
K R e"&’ e“-‘& e‘"&
)
& o o S
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NAND Technology Trend: NAND String Area (2D vs. 3D)

* 0.152 ym? (2D/15nm @132 WLSs) vs. 0.019 pm? (3D Samsung V-NAND@32L/48L/64L)

(wm?) Unit NAND String Area
0.300 Each number indicates the number of active cells in a NAND string
o 2D NAND 3D NAND
0.250

0.200

0.150

0.100

0.050
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NAND Technology Trend: Effective Unit Cell Area

» Effective unit (1 bit) cell area: the area of unit NAND string area divided by # active cells per
each NAND string and # bits per cell

« 320 nm? (15 nm 2D NAND) vs. 88.5 nm? (Toshiba/WD 3D 64L BiCS NAND)

(nm?) Effective Unit Cell Area (nm?, 1 bit)
400

350
300
250
200
150
100
50 I
0

Toshiba/SanDisk SK-hynix 3D NAND Micron 3D NAND Toshiba/WD 3D Samsung V-NAND  Toshiba/WD 3D
15nm 2D NAND 36L MLC 32L TLC (CuA) NAND 48L TLC 48L TLC NAND 64L TLC
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3D NAND: From a decade ago (Academy)

Tohoku Univ.

Flectrical

1) VRAT: Vertical Recess Array Transistor
2) Z-VRAT: Zigzag VRAT

3) VSAT: Vertical Stacked Array Transistor
4) ESCG: Extended Sidewall Control Gate

5) SSCG: Separated Sidewall Control Gate w “ !
6) SCP: Sidewall Control Pillar | d
7) VCSTAR: Vertical Channel Stacked Array ' e '

$SCGY SCP FGO

SN Univ.
"

i

VCSTAR?

VSAT 3

—
2006 2007 2008 2009 2010 2011 2012
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3D NAND: From a decade ago (Industry)

TOSHIBA

SG

Control
Gate

Lower

Memory array

\ BiCS

Bit Line

~

4 TOSHIB A

BitLine  Sourceline

1) DC-SF: Dual Control-gate with Surrounding FG
2) SMArT: Stacked Memory Array Transistor

"""

K TCAT

e —_—

Oxide filler

jK3DMTFG )

—

2006

2007

2008
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3D NAND: From a decade ago (CTF vs. FG)

Bit tine | Sourcslie
T

poly st piar
[
. ik esce
4
‘
Electrical
S/D lay

yer Fi ing Gate
Polysilicon Tynnel
annel

2006 2007 2008 2009 2010 2011 2012
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Toshiba & Western Digital (SanDisk) 3D NAND: BiCS

= Ex. 48L 3D BIiCS
Total 59 Gates TOSH | BA

v
v' 3 SG (Bot., LSG/GSL) Western
v 48 Cell S Digital
v' 5 SG (Top, USG/SSL) | TECHINSIGHTS Jig—
v’ 2DW(B) + 1DW(T) ;; ﬂjﬁ
Bit Line Tk J=——— SSL
I ’ﬂ"%—i;USG
L ==
Memory array - Jfﬁg‘{—i;
2 R
i | e
L ==
. reisine = : ij% ﬁ DwL
= -
yw| ) | F—=—-15G
: ﬁ—:}; L

* Techlnsights Memory Report ID: ACE-1609-802, ACE-1701-801
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Process Integration (I)

Toshiba/WD 3D BiCS

= Process Flow = Cell Design = Cell Integration

* Techlnsights Memory Report ID: PFA-1709-801, PFF-1709-801

Module Process

HV_OX
DNW/NW
DEP/VTP
ACT/RST
PNL
NSD/PSD

CELL OP
WLPs

CELL/WLP ve/Cs. 4mmm” SEG + 1P
C&P CT Vertical Channel

CTF (CTL)
M1/MCT
BL/BC e SSL Eng.
CG Replacement
Barrier Ox. + AlO

WELL/ACT

Material Color
A Silicon

AlO

Copper
Nitride:

Oxide
Oxide2
OxideThermal
Photoresist

GSL Junction Eng.

PolySilicon
SOH

SiCN
SiON
Silicon
SiliconN
TiN

TiSi
Titanium

M3
M3_P/M3_C
BEOL MC3
M4
PAD

Tungsten
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Process Integration (lI)

Toshiba/WD 3D BiCS

(" sics

QG/MOM VC Hole Channel Formation

Ch. Cap. & BC

BL & BEOL

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.
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Samsung 3D NAND: TCAT
Ex. 48L 3D V-NAND

Total 55 Gates
1GST

48 Cell

2 SST

2DW(B) + 2DW(T)

AN NENAN

i1

-
—
-—
—
——
—
-
==
=—
-—
—
—
——
——
=
—_—

SUBRBURERRRNARERERERNE

=

|

* Techlnsights Memory Report ID: ACE-1603-803
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Process Integration (I)

Samsung V-NAND

= Process Flow

Module Process

HV_OX
DNW/NW
DEP/VTP
WELL/ACT ACT
P_GT
PNL
NSD/PSD

WLPs
CELL/WLP VC/CSL

C&P CT

LO
MCO_BLS
BL/BC MO/MC1
M1_BL

M1_P/M1_C
BEOL MC2/M2
PAD

= Cell Design

* Techinsights Memory Report ID: PFF-1704-801
= Cell Integration

CELL OP H GSL Junction Eng.

SEG + IIP
Vertical Channel
CTF (CTL)
SSL Eng.

CG Replacement

Techinsights CONFIDENTIAL. All content © 2019. Techlnsights Inc. All rights reserved
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Process Integration (lI)

/V-NAND

el l

Pen-TR
& Mold & SEG CG & CSL LO& BC BL & BEOL

Samsung V-NAND

. Samsung V-NAND 64L

ITE':scghts

Tech
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Micron 3D NAND: FG CuA

Ex. 32L 3D FG CuA NAND
v" Total 40 Gates

v 1SGS o

FLASH
v 32 cel l TECHNOLOGIES
\/ 1 SGD an intel, micron venture
v 3DW(B) + 3DW(T)

Polysilicon Tynnel = . .
channel oxide ...mw.y.m..osc.rum...,,., } | I | - £  ssL
Top-Metal View | === == e |

DWL

!

Oxide filler

lon and COS Circuits Undor

-’”"'m Diffusion Level View |

* TechlInsights Memory Report ID: ACE-1606-802, ACE-1610-803
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Micron 3D NAND: Process Integration

/3D FG CuA \
I A

Lower Stack Lower Stack Upper Stack
Qnos (Cud) Mold Depo. Channel Mold & Chan. BL & BE Oy

Teshhts
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SK Hynix 3D NAND: P-BICS
E. 36L 3D P-BiCS

Total 43 Gates
DSL: 3 DSTs

SSL: 3 SSTs

36 Cell

2DW(B) + 2DW(T)

ANENRNENEN

Bit Line Source Line

= DSLISSL (|

g = 2
RE
W=

o=
0=
S m:

PGs =

211

PC

Substrate
Slit

0 kV 25 50

TOSHIBA
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SK Hynix 3D NAND: Process Integration

/P-BiCS

>

@P-Gates Mold Channel Formation = WL/Slits M1 & BL

_— —

- PR R R Ty

TesOhts
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Process Integration

* TechInsights Memory Report ID: PFA-1801-801, PFA-1802-803

Micron/Intel 3D FG CuA SK Hynix P-BIiCS

= Process Flow = Process Flow
Module Process Module Process
ACT/PWE/DEP HV_OX
HVN/LVN DNW/NW
DNW/NEW DEP
WRWACT | e wewaer ~
Pipe Gates
NSD/PSD gl o PGIPG_| q oG Junction £
CN/ML/M2/VT PGT unction Eng.
: N NSD/PSD
(\:/\?II__EE Vertical Channel WLPs PG dummy Rmvl.
VCING2 Tunnel Ox. Ve Vertical Channel
SELLLE SDG_C FG Si CELLAWIER = cElL TicELL S Tunnel Ox.
WL C Barrier Ox. CcT CTF (CTL)
C_OP/P_OP Barrier Ox.
T /
TWL_C
BLIBC BWL _C BEOL VIS
BL/STD
M3/V2_B
BEOL V3/M4
PAD

IT%?B hts
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3D NAND Products (32L, 36L, 48L, 64L):
Samsung, Toshiba/SanDisk (WD), Micron/Intel, SK Hynix

Toshiba/SanDisk 64L

L T ?”;‘rﬁ»— 'ﬂf.;"'"_

Micron/Intel 64L  SK Hynix 48L

Samsung 64L

2016 ~ 2017 Products 2017 ~ 2018 Released
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3D NAND Cell Architecture (Building/Integration) Update 1

4 - ' Ml ==cs == S =SS =) L RN o R
E | A\
HEE g = s
2um HEE =ES==)
""" = = = =
'EEH EEE
= 5 ==S==):
—]__ P_n:l_ == = _;;

Samsung Toshiba/WD Intel/Micron I SK Hynix l

fhee Tech
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3D NAND Cell Architecture (Building/Integration) Update 2

Feb. 27, 2019

I]?s‘l:shts

Just Built

96

,,,,,,

2D Samsung Toshiba/WDC Intel/Micron SK Hynix ‘
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3D NAND Cell Architecture (Building/Integration) Update 3

Mar. 4, 2019

e o N e — — AT e SmEResEE S s e ———

---------------- i

(I - - - E | “
2D Samsung Toshiba/WDC Intel/Micron SK Hynix I
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Comparison 3D NAND Products (l): 32L/36L/48L

. . Toshiba/SanDisk Samsun
ITEMS SK-hynix (36L) Intel/Micron (32L) 3D NAN{D (481) 3D V-NAND?’ASL)

Device (Tore down)

Crucial MX300 750 GB

LG F80O0L, V20 2.5-inch SSD iPhone 7 Portable T3 2 TB SSD
Package Markings H28U74301AMR UFS MT29F768G08EEHBBJ4 THGBX6T1T82LFXF KSDUGB8S7M
. . SANDISK/TOSHIBA FPL9 SAMSUNG 2014
Die Markings H27DGS8 Intel LO6B 2014 (M) (C) 256G 1.8/3.3V KOAEGDSUOM
Memory (a die) 128 Gb 384 Gb 256 Gb 256 Gb
Die Area 88.36 mm? 168.2 mm? 105.4 mm? 99.8 mm?
(10.31 mm x 8.57 mm) (15.36 mm x 10.95 mm) (8.46 mm x 12.46 mm) (7.80 mm x 12.8 mm)
Memory Density 3 3 2 3
. i 1.45 Gb/mm 2.28 Gb/mm 2.43 Gb/mm 2.57 Gb/mm
(in a die)
Memory Array 67.5% 84.9% 69.9% 70.0%
Efficiency
Number of )
Planes (or Tiles) 4 (32 Memory Tiles) 2 2
Memory 32Gb (12 Gb / Tile) 128 Gb 128 Gb
(a plane or a tile)
. 1491 mm? 4,57 mm? 37.08 mm? 35.40 mm?
Plane or Tile Area

Memory Density
(in a plane/tile)

(4.45 mm x 3.35 mm)

2.15 Gb/mm?

(2.75 mm x 1.66 mm)

2.63 Gb/mm?
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(6.85 mm x 4.85 mm)

3.45 Gb/mm?

(6.00 mm x 5.90 mm)

3.56 Gb/mm?

Tech

~1Q2018
Samsung, Toshiba/SanDisk, Micron/Intel, SK Hynix




Comparison 3D NAND Products (l1):32L/36L/48L

Samsung, Toshiba/SanDisk, Micron/Intel, SK Hynix

ITEMS SK-hynix Intel/Micron SanDisk/Toshiba Samsung
3D NAND (U-36L) 3D NAND (321) 3D NAND (48L) 3D V-NAND (48L)

3D NAND Architecture

U-Shaped String FG Vertical Modified BiCS Modified TCAT
Cell Transistor Type GAA GAA GAA GAA
Storage Layer Type CTF FG (Si) CTF CTF
Control Gate W Si W W
Channel Hole Height 2.45 um 2.50 pm 412 um 3.72 um
Unit Memory Cell Size P 2 2 P
e T it e e 0.0073 um 0.024 um 0.022 um 0.019 um
. Total 59, likely;
Total 43, likely; Total 40, likely; 115G Total 55 likely;
DSL with 3 DSTs
(& SSL with 3 SSTs) CEY (e LR
Number of Vertical Transistors 36 Cell TRs 3 Dummy WLs (Bot.) 2 Dummy WLs (Bot.) 2 Dummy WLs (Bot.)
(including dummy lines) 2 Dummy WLs (Top) 32 Cell TRs 48 Cell TRs 48 Cell TRs
N Dummv WlLs (BoI:) 3 Dummy WLs (Top) 1 Dummy WLs (Top) 2 Dummy WLs (Top)
i ' 15GD 2USG 25T

(on 2 PGs)

3 55L

GST (SGS) Channel Process
NAND Cell Channel
CSL (Common Source Line)
Memory Array Body (Plate)

WL Contact Mask
BL Half Pitch (Tech. Node)

Metal Interconnection

3 TRs with ONO Gox

Poly-Si with thick cap
(Macaroni-type)

CSL W line
Floating Si

U-Shaped
31 nm

3 Metals
(M1, M2: Cu, M3: Al)

Thin poly-Si

Poly-Si with pad/thin cap
(Macaroni-type)

Poly-Si/WSix

Poly-Si/WSix Plate
on CMOS Circuit

U + | mixed
40 nm

4 Metals
(M1, M2, M3: W, M4: Al)
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SEG Process

Poly-Si with thin cap
(Macaroni-type)

Poly-Si with W Cap
Bulk Si

|-Shaped
19.5 nm

4 Metals
(M1, M2: W, M3: Cu, M4: Al)

SEG Process

Poly-Si with thick cap
(Macaroni-type)

w
Bulk Si

|-Shaped
20 nm

4 Metals
(M1, M2: W, M3: Cu, M4: Al)

Tech

~1Q2018




3D NAND Architecture

Cell Transistor Type
Storage Layer Type
Control Gate
Channel Hole Height

Unit Memory Cell Size
(including slits and contacts)

Number of Vertical Transistors
(including dummy lines)

GST (SGS) Channel Process
NAND Cell Channel
CSL (Common Source Line)
Memory Array Body (Plate)
BL Half Pitch (Tech. Node)

Metal Interconnection

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

SK-hynix
3D NAND (U-48L)

U-Shaped String

GAA

o
oo

T 3‘%5, likely;

DSL with 3 DSTs

(& SSL with 3 SSTs)
48 Cell TRs

3 Dummy WLs (Top)
1 Dummy WLs (Bot.)
(on 2 PGs)

3 TRs with ONO Gox

Poly-Si with thick cap
(Macaroni-type)

CSL W line
Floating Si

31nm

4 Metals
(M1: W, M2/3: Cu, M4: Al)

Comparison 3D NAND Products (lll): 64L
Samsung, Toshiba/SanDisk, Micron/Intel, SK Hynix

ITEMS

~3Q2018

Micron SanDisk/Toshiba Samsung
3D NAND (64L) 3D NAND (64L) 3D V-NAND (64L)

FG Vertical
Two String stacked

GAA
FG (Si)
Si
4.75 um

300 nm?
Total 7(&|@b\“\‘“
156K
2 Dummy WLs (Bot.)
1SLCTR+1MLCTR
31TLC TRs
4 Dummy WLs (2+2)
31TLC TRs
1IMLCTR+1SLCTR
2 Dummy WLs (Top)
15GD

Thin poly-Si

Poly-Si with pad/thin
cap (Macaroni-type)

Poly-Si/WSix

Poly-Si/WSix Plate
on CMOS Circuit

20nm

6 Metals
(M1~4: W, M5: Cu, M6: Al)

IL

Modified BiCS Modified TCAT
GAA GAA
CTF CTF
W W
4.48 um 421 um
2 ?' 2
399 nm \“\((\ 450 nm 2
oy GYP R ol e
Total 73, likely; 3'
1LSG Total 71 likely;
1GSL 1GSL
2 Dummy WLs (Bot.) 2 Dummy WLs (Bot.)
64 Cell TRs 64 Cell TRs
1 Dummy WLs (Top) 2 Dummy WLs (Top)
1 USG 2 SSL

3 5SL

SEG Process

Poly-Si with thin cap
(Macaroni-type)

Poly-Si with W Cap
Bulk Si

19.5 nm

4 Metals
(M1/2: W, M3: Cu, M4: Al)

SEG Process

Poly-Si with thick cap
(Macaroni-type)

W
Bulk Si

20 nm

4 Metals
(M1/2: W, M3: Cu, M4: Al)

Tech



3D NAND Bit Density (1)

H B H Tech
- 3D NAND Bit Density (Die) insights
70 — \
6.0 J
5.0
4.0
3.0
2.0
Intel XPoint
1.0 0.620 Gb/mm?
00 N s | == 0.237 Gb/mm?
Samsun
Samsung 64L Samsung 64L  Toshiba/WD 64L| Toshiba/WD 96L| Micron/Intel 64L Micron/Intel 64L  SK Hynix 72L SK Hynix 72L 1yDRAN£|,
256 Gb TLC 1Tbh QLC 256 Gb TLC 256 Gb TLC 256 Gb TLC 1Th QLC 256 Gb TLC 512Gb TLC
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3D NAND Bit Density (II)

(mm2) Die Size & Bit Density A

2
180 (Gb/mm?) ,

160 60
140
5.0
120
®
@ 100 40 =
N _ —
I g0 )
30 =
2 7]
Q 60 2.
20 <
40
20 1.0
0 0.0
32L 32L 48L 64L 64L 48L 64L 96L 32L 64L 64L 36L 48L 72L 72L
MLC TLC TLC TLC QLC TLC TLC TLC TLC TLC QLC MLC MLC TLC TLC
256G 512G

Samsung V-NAND Toshiba/WD BiCS | Intel/Micron FG SK Hynix P-BiCS l.l;fs?ghts
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# Net Die /| Wafer

» 64L & 72L (256Gh)
800 ~ 860 ea
= 72L (512Gb)
500 ~ 550 ea
= OXL (256Gb)
1000 ~ 1100 ea
= OXL (512 Gb)
740 ~ 780 ea

mes'fg hts



3D NAND Memory Area Efficiency

Memory Array Efficiency nesOhts
(%)
100.0 V ‘\/

80.0

60.0 |
40.0
20.0

0.0

Samsung 64L Samsung 64L 1 Toshiba/WD 64L Toshiba/WD 96L Micron/Intel 64L Micron/Intel 64L  SK Hynix 72L SK Hynix 72L
256 Gb TLC Th QLC 256 Gb TLC 256 Gb TLC 256 Gb TLC 1Th QLC 256 Gb TLC 512 Gb TLC
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Comparison #ALD Steps: DRAM, 3D NAND, XPoint

DRAM/XPoint

# ALD Process Steps

Intel XPoint

[S—

scynixz: (D
[
—

Samsung 1x

Micron 2y
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3D NAND

# ALD Process Steps

Toshiba 48L

SK Hynix 48L

Samsung 48L

|T$s‘i'3 hts
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TOSHIBA
Sanisk

Western
Digital’

Toshiba/WD
3D NAND 48L/64L BICS

ﬂ?s?la hts




Toshiba/SanDisk 3D 48L BiCS NAND: Array Layouts

= BC, BP and Channel Pad layouts are different from Samsung’s

X ISIGHTS
Imlmlme iy e o it
C 00 Q QO «

o

rooocdeodoom

©0000000000000¢
)00000000000000

X X N N X X N N X

e e e

SH43a55 1 | 19 0ct 2016 1 M4207 | LM | [EHT # 500 K

SkeBHSE) 12008t 2018 (M-42070) BN IEEHD 4500 KV

Tech
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Toshiba/SanDisk 2D vs. 3D (48L/64L):
NAND Die size & Memory Density

= 64L BICS die with 3.40 Gbh/mm?

Toshiba/SanDisk NAND Die Size & Density

120 — 4
> =
100 ( 2
. 35
E 80 25 o
— D
g 60 2 g
7)) 15 =
o 40 o)
a) 1 %
20 05 3
0 0 -
15nm 2D NAND 15nm 2D NAND 48L 3D NAND 64L 3D NAND
FKB7 Die FFK8 Die FPL9 Die FRN1Die
. Die Size (mm?2) === Memory Density (Gb/mm?2)
Tech
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Modified BiCS ~ Modified TCAT

= Different number of stacked transistors (59 vs. 55)

Comparison: Toshiba 48L vs. Samsung 48L

ITEMS SanDisk/Toshiba Samsung
3D NAND (48L) 3D V-NAND (48L)

3D NAND Architecture Modified BiCS

Cell Transistor Type GAA

Gate Last

Gate Process
(Gate Replacement)

Modified TCAT

GAA

Gate Last
(Gate Replacement)

Control Gate W-based W-based
Aspect Ratio (CSL) 53:1 48:1
Number of Vertical

Transistors Total 59 Total 55

(including dummy lines)

GST Channel Process SEG Process

Poly-Si (Macaroni-type)

NAND Cell Channel . .
with poly-Si cap

CSL (Common Source Line) Poly-Si with W Cap

4 Metals

Metal Interconnection
(M1, M2: W, M3: Cu, M4: Al)

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

SEG Process

Poly-Si (Macaroni-type)
with poly-Si cap

w

4 Metals
(M1, M2: W, M3: Cu, M4: Al)

Tech



Comparison: 3D NAND (32L/36L/48L/64L)

» Memory density increased two-fold (Toshiba 2D 15 nm vs. 3D 48L)
= Comparable to Samsung 3D V-NAND 48L
= 64L: 42% memory density (in a plane) increased from 48L

Memory (a die)

Die Area

Memory Density
(in a die)

Memory Array
Efficiency

Number of
Planes (or Tiles)

Memory
(a plane or a tile)

Plane or Tile Area

Memory Density
(in a plane/tile)

128 Gb

88.36 mm?
(10.31 mm x 8.57 mm)

1.45 Gb/mm?

67.5%

32Gb

14.91 mm?
(4.45 mm x 3.35 mm)

2.15 Gb/mm?

Intel/Micron (32L)

384 Gb

168.2 mm?
(15.36 mm x 10.95 mm)

2.28 Gb/mm?

84.9%

(32 Memory Tiles)

(12 Gb / Tile)

4.57 mm?
(2.75 mm x 1.66 mm)

2.63 Gb/mm?
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Toshiba/SanDisk
3D NAND (48L)

256 Gb

105.4 mm?
(8.46 mm x 12.46 mm)

2.43 Gb/mm?

69.9 %

128 Gb

37.08 mm?
(6.85 mm x 4.85 mm)

3.45 Gb/mm?

Toshiba/SanDisk
3D NAND (64L)

256 Gb

75.2 mm?
(6.21 mm x 12.11 mm)

3.40 Gb/mm?

69.4 %

128 Gb

26.10 mm?
(5.80 mm x 4.50 mm)

4.90 Gb/mm?

Samsung
3D V-NAND (48L)

256 Gb

99.8 mm?
(7.80 mm x 12.8 mm)

2.57 Gb/mm?

70.0%

128 Gb

35.40 mm?
(6.00 mm x 5.90 mm)

3.56 Gb/mm?

Tech



Toshiba 48L WL Connections

v' |-Shape Mask for PR Trimming
v' Same with Samsung

et Aot kbbb lababodd fabobadd hebhobabd ot kbbbl ettt kbbb koo kedatedd b

.MWM*M‘:MMMM Dbl Dbt Brbnbatesl Beborbabe 1

.A.Lnl,_x.;_ql._}.x.u bt bbbt kodatntd kabobetd .—LL..L\—L—-A-‘A,_L_.LM._X_J_LJ\A_A_.'\,
U Bhodeden] Bharborben] Dbt Bhobobo! babobo] Bdodadas

Dherberden Bhmdadan! Phadado Bdobabe! Bhordobon fbodbo
berdedd) ferdeberdy

Pl T Y o T Y o ) o Y el S

[ S e T S e .

bbb heberbohd) bt lorborbotd fobodobd ool bkl koot kool ketobotd lodobotd kodototd ld
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I e L e T e I e B e e I e e

PO T et T Y et Y
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HHHH
slolsle
slrlsle

Ref. Toshiba/SanDisk 64L
Lower WLPs
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Toshiba/SanDisk 64L Die Floorplan

Techlnsights Memory Functional Analysis Report (MFR)

52

1. Control I/O Circuits 6. Voltage Pumps and Regulators

2. Data I/0O Circuits 7. Page Buffers

3. Global Data Path 8. Local Data Path with Control and GDL Drivers
4. Row Redundancy Block 9. Wordline Switches

5. Voltage References and Pumps 10. Row Block Decoders

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

11. GWL Switches

12. Page Buffer Control

13. Row Address Predecoders and Page Buffers and Wordline Local Switches
14. Global Wordline Switches Control

15. Parameter Page, Configuration and Data Test

IT1es<|:3 hts



Toshiba/WD 3D BiCS NAND (I): 48L vs. 64L Sanisk

TOSHIBA

Western

Digital”
ITEMS Toshiba/SanDisk Toshiba/SanDisk
3D NAND (48L) 3D NAND (64L)
Device (Tore down) iPhone 7 SanDisk Ultra 3D SSD (250 GB)
Package Markings THGBX6T1T82LFXF SanDisk 05138 064G
Die Markings SANDISK/TOSHIBA SANDISK/TOSHIBA
e FPL9 256G 1.8/3.3V FRN1 256G 1.8/3.3V
Memory (a die) 256 Gb 256 Gb
. 105.4 mm? 75.2 mm?
Die Area
(8.46 mm x 12.46 mm) (6.21 mmx12.11 mm)
Memory Density 2.43 Gb/mm? 3.40 Gb/mm?
(in a die)
Memory Array Efficiency 69.9 % 69.4 %
Number of ) 5
Planes (or Tiles)
Memory 128 Gb 128 Gb
(a plane or a tile)
37.08 mm? 26.10 mm?

Plane or Tile Area

Memory Density
(in a plane/tile)

(6.85 mm x 4.85 mm)

3.45 Gb/mm?
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(5.80 mm x 4.50 mm)

4.90 Gb/mm?

Tech
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Toshiba/SanDisk 3D BiCS NAND (I1): 48L vs. 64L

ITEMS

3D NAND Architecture
Cell /Storage Type
Control Gate
Channel Hole Height
Unit NAND String Size
Unit NAND Cell Size (Effective)

Number of Vertical Transistors
(including dummy lines)

GST (SGS) Channel Process
NAND cCell Channel

CSL (Common Source Line)
# Holes between CSLs
WL Contact Mask
BL Half Pitch (Tech. Node)

Metal Interconnection

SanDisk/Toshiba SanDisk/Toshiba
3D NAND (48L) 3D NAND (64L)
Modified BiCS Modified BiCS
GAA / CTF GAA / CTF
w W
4,12 um 4.40 pm
0.022 pm? 0.021 pm?
0.00046 pum?’ 0.00033 pum?

Total 59; Total 73;

1LSG 1LSG

2 GSL 1GSL

2 Dummy WLs (Bot.) 1 Dummy WLs (Bot.)
48 Cell TRs 64 Cell TRs

1 Dummy WLs (Top)
2 USG
3 SSL

1 Dummy WLs (Top)
2 USG
3 SSL

SEG Process

Poly-Si with thin cap
(Macaroni-type)

Poly-Si with W Cap
4
I-Shaped
19.5 nm

4 Metals

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

SEG Process

Poly-Si with thin cap
(Macaroni-type)

Poly-Si with W Cap
9 (including 1 dummy)
I-Shaped
19.5 nm

4 Metals




Toshiba/SanDisk 64L 3D BiCS NAND

v' Both 1-layer and 2-layer-etch used (Cell WL Cut)

v' 73 Gates total

v 1LSG, 1GSL, 1DWL(B), 64Cell TRs, 1 DWL(T), 2USG, 3SSL
v’ BC & SEG/GSL: Same structure with 48L

48l : : 64L
SEG & GSL under channel WL Contacts (Staircase) Te Ch
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Toshiba/SanDisk 3D BiCS NAND: 48L vs. 64L

B WLP Connection Area, Width (Area Penalty)

v' Area Penalty 45 % reduced by trimming mask/process changes
v Area portion: 0.82% on a die (64L)

58.4 um

WLP Connection Area, Width
8ollJI'i")

70
60

-45 0p
50
e \A
30
20
10
0

Toshiba/WD 3D Toshiba/WD 3D
< > NAND 48L TLC NAND 64L TLC
32.1 um
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Toshiba/SanDisk 64L 3D BiCS NAND

2 @48L
rd

, 1GSL, 1DWL(B), 64Cell TRs, 1 DWL(T), 2USG, 3SSL

2 @48L

rd

v" 1 NAND String: 1LSG

v’ 73 Gates total

¢

RRRRRRRRRRARARRRRRRRRRRRARaRanasananaann AR n A RARRRRRARRRERERRRRARREND )

iL
‘L
L
-
L
L
i
L
1
L
L
L
iC
i
:
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Toshiba/SanDisk 64L 3D BiCS NAND

v 9 Channel Holes

9 Channel Holes
== (9 NAND Strings)
Between CSLs

v 4+ 1+ 4 NAND Strings

9 99 L B J O U U P 000000000000 0000000000000s0ssotossososstonsevosssstosonossnecsoesnseel

Q© 0O O @ 2000000000000 0 0 B > o 90000000000000000
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DOOOCO000 OO0 s °

0 00 QQ.)!Cl@ll)llo.il.l..!iiwhu..‘)Oi'ii.u‘uli'
°

9000 0000NSNDS

° taooo'oatntooucvnoono.qowo-u-o--s»uo.onbicwltoctno-oa-eao
0000000000008 0000095000000 00000000000000000sssenee
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000000000000 00000000000000000
U0)

Otomtcono.to DOOOOOOOOOOOOO0O0
0000000000000 08000ss0se

.ooo»o-oo-ooc.ooao--o-o.o-ooo--sacoo-to;oonnc-ooouuecote-'u
© 0 O 0 0000000000000000000000000000000000000000000000000000000006008
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ta‘.oo'.acont.'oooibt--o.a.otosc.utluiu.to.olotovo'nol‘notw

Tech
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Toshiba/SanDisk 64L 3D BiCS NAND

v 4 + 4 BL Contacts

M N N N N N N N N

~— 4 BL Contacts

~— 4 BL Contacts
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Toshiba/SanDisk 64L 3D BiCS NAND

Middle Region of Cell Array

Cross-section
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Toshiba/SanDisk 64L 3D BiICS NAND

Sio

source select gate

4. TEM/Bitline 1/Bottom memory array_8,9Kx_257323

Sio
E
‘_s'?: selective epitaxial
g growth (SEG)
E
113 nm k eI
g AL ;,g*ﬁ; i

<58 nm & l

S50 1
o EEEE

Tech
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Toshiba/SanDisk 64L 3D BiCS NAND

contacts to WLs at the bottom edge

i

WL Edge: WL direction

staircase of word lines
alternating layers of W/SiO

Tech
Insights
SAN-FRN1256G_257144_LG

EHT = 500 kV 2 ym
Width = 37.24 ym

3.SEM/Wordline/064_WL contacts_257144
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word line
contact W

- - B
Si substrate Ih‘?‘iﬁhts

SAN-FRN1256G_257144_LG
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Toshiba/SanDisk 64L 3D BiCS NAND

Array Edge: BL direction

passivation 1 SiO

~ M3bitlineCu -

alternating layers of SiN/SiO

I°4

Si substrate

ﬂ%ﬁghts

- 2 um
Ev'i*;h‘:igos‘év - i SAN-FRN1256G_255523_LLS
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Toshiba/SanDisk 3D BiCS NAND: 48L vs. 64L

B Memory Density

p— Memory Density
6.0
I Memory Density (/Die)
5.0 I Memory Density (/Plane)
60 %
4.0
3.0 /
40 %
2.0
1.0
0.0
Toshiba/WD 3D Toshiba/WD 3D
NAND 48L TLC NAND 64L TLC
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Toshiba/SanDisk 3D BiCS NAND: 48L vs. 64L

100
90
80
70
60
50
40
30
20
10

B Memory Array Efficiency

(%) Memory Array Efficiency (%)

-0.5 %

\

Toshiba/WD 3D Toshiba/WD 3D
NAND 48LTLC NAND 64L TLC
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B Memory Cell Area Efficiency

(%)

2100
2050
2000
1950
1900
1850
1800
1750
1700
1650
1600

Memory Cell Area Efficiency_Effective (%)

16.7 %
Toshiba/WD 3D Toshiba/WD 3D
NAND 48L TLC NAND 64L TLC
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oshiba/SanDisk 3D BiCS NAND: Cell Design & Process Flow

Mask # Mask Process Description Recipe Description 1931 AE K Line | Mask
1 HV_0X  [Hv_oxPhoto HV Oxide Removal, FR/ARC, KIF 1 1
2 DNW DNW Photo Deep NW (Cell), PR/ARC, i-line 1 1
3 [ NW Photo Cell NW, PR/ARC, i-line 1 1
4 Depletion [Depletion Phota Peri_Depletion VTN, LLVN VTN, PR/ARC, KiF 1 1
5 HVPVTP  |HVP VTR Photo Peri_HVP VTF, HV FLD I1P, PR/ARC, KrF 1 1
3 ACT ACT Photo [Active STI Periphery, Kif 1 1
7 RST1 RST1 Phato Resistor Close, KiF 1 1
8 RST2 RST2 Photo Resistor Open, KiF 1 1
9 PERI_GT _|PERI_GT Phote Periphery Gate (Poly2) Patterning, PR/ARC, KiF 1 1
10 PERI_NL _|PNL Photo Periphery only, NMOS LDD 1P, PR/ARC, Krf 1 1
11 N_SD NSD Photo Periphery only, NMOS 5/D 1IP, PRYARC, KIF 1 1
12 P_sD PSD Photo Periphery only, PMOS 5/D IIP, PR/ARC, Kif 1 1
13 CELLOP  [cELLOP PRoto Cell removal all (Cell Open), PR/ARC, 1 1
14 WILPL WLP1 Photo WL PAD Photo, PR/ARC, 1 1
15 WLP2 WLP2 Photo WL PAD Photo, PR/ARC, 1 1
16 wLP3 WLP3 Photo WL PAD Photo, PR/ARC, i 1 1
17 WLP4 WLP2 Photo WL PAD Photo, PR/ARC, i 1 1
18 WLPS WLPS Photo WL PAD Photo, PR/ARE, i-li 1 1
1 WLPE WLP Photo WL PAD Photo, PR/ARC, 1 1
20 WLPT WLP7 Photo WL PAD Photo, PR/ARC, 1 1
21 WILPE WLPS Photo WL PAD Photo, PR/ARC, 1 1
1 WLPY WLP Photo WL PAD Photo, PR/ARC, 1 1
3 WLPI0  [WLP10 Photo WL PAD Photo, PR/ARC, 1 1
2 WLP11  [WLPT Photo WL PAD Photo, PR/ARC, 1 1
25 ve \VC Photo VC (Vertical Channel) open 1, PR/ARC, ArF 1 1
2% CSL Photo CSL Trench Open, PRYARC, ArF 1 1
7 cenl_CT Photo [Cell WL CONT on WL/SSL/GSL/WLD PAD Photo, FR/ARC, KrF 1 1
2% Peri_CT Photo Periphery Contact, PR/ARC, Krf 1 1
29 M1 Photo M1, PRYARC, KIF 1 1
30 MC1 Photo MC1 & BL Stud Photo, PRARC, Arf Immersion 1931 1 1
31 M2 Photo M2, PR/ARC, ArF Immersion 1831 1 1
32 MC2BL_CT  [MC2 BL €T Photo ME2 BL_CT Photo, PR/ARC, ArF Immersion 1931 1 1
33 M3 M3 BL Photo M3 BL Photo, PR/ARC, ArF Immersion 193 1 1
34 M3_F M3_Peri_Protection Photo (M3 Peripheral Ares Frotection Photo, PR/ARC, KF 1 1
35 M3_C M3_C Photo M3 BL Cut Phota, PR/ARC, KIF 1 1
3% Me3 MC3 Photo MC3 Photo, PR/ARC, Arf 1 1
37 M4 4 Photo 114 Phota, PR/ARC, KIF 1 1
33 PAD Pad Open Photo PAD Photo, PRYARC, i-li 1 1

4 2 17 15 38

Tech
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Toshiba/SanDisk 3D BiCS NAND: Cell Design & Process Flow

m)dule 9: VC \
Step 22: 4670 PolySi etchback

Gas

Nitride

Oxide

Oxide2
OxideThermal
Photoresist
Polysilicon
SION

Silicon
SiliconN

iso camera w/o cuts iso camera without cut: iso camera without cut:
top-relative -0.25 offset bottom-relative 0.25 offset

Module 10: CSL
Step 32: 5070 W-TiN CMP

AlO
Gas

Nitride

Oxide

Oxide2
OxideThermal
Phatoresist
Polysilicon
SION
Silicon
SiliconN
TiN

Tisi
Titanium
Tungsten
asi

iso camera w/o cuts iso camera without cut: iso camera without cut:
top-relative -0.25 offset bottom-relative 0.25 offset
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Samsung 3D V-NAND Cell Technology @

B Cell Design & Process Integration

Samsung Samsung
ITEMS 3D V-NAND (32L) 3D V-NAND (48L)

Samsung

Number of Vertical Transistors
(including dummy lines)

Control Gate & Storage Layers

Channel Height (on SEG)
/ Thickness

Total 39;

1 GST (GSL)

2 Dummy WLs (Bot.)
32 Cell TRs

2 Dummy WLs (Top)
2 SST (SSL)

W/TiN/AIO/SiO/SiN/SiON/Si

2.76 um /7.9 nm

Total 55;

1 GST (GSL)

2 Dummy WLs (Bot.)
48 Cell TRs

2 Dummy WLs (Top)
2 SST (SSL)

W/TiN/AIO/SiO/SiN/SiON/Si

3.67 um / 8.8 nm

3D V-NAND (64L)

Total 71;

1 GST (GSL)

2 Dummy WoLs (Bot.)
64 Cell TRs

2 Dummy WLs (Top)
2 SST (SSL)

W/TiN/AIO/SiO/SiN/SION/Si

410 pm /7.0 nm

WL Stack Pitch (W/Insulator)

68 nm (35 nm /33 nm)

63 nm (35 nm / 28 nm)

57 hm (35 nm / 22 nm)

Tunnel Oxide

Charge Trap Layer

8.0 nm
4.9 nm

7.0 nm

5.2 nm

6.2 nm

6.3 nm

GST (SGS) Channel Process
NAND Cell Channel
# Holes between CSLs
WL Pad (staircase) Formation

BL Half Pitch (Tech. Node)

Metal Interconnection

SEG Process
Poly-Si with thick cap
4
I-Shaped
20 nm

4 Metals
(M1, M2: W, M3: Cu, M4: Al)
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SEG Process
Poly-Si with 88 nm Si-cap
4
I-Shaped
20 nm

4 Metals
(M1, M2: W, M3: Cu, M4: Al)

SEG Process
Poly-Si with 67 nm Si-cap
9 (including 1 dummy)
Hybrid
20 nm

4 Metals
(M1, M2: W, M3: Cu, M4: Al)

Tech
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Samsung V-NAND: Array Cell Layouts

= 48L V-NAND cell array layouts (STI, GSL, CSL, NAND String, Plug, Pad,
MC, BL, Strap, etc.) are same with 32L V-NNAD
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Samsung V-NAND: WL Connections (48L)

v |-Shape Mask for PR Trimming

PR Trimming
| Direction
LELLLEEE R L
Cell Array WL Interconnection
WLD & WLS
PR Trimming
Direction
Tech
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Samsung 48L V-NAND: 3D Emulation

= 3D Emulation: Memory Cell Array & Periphery

Cell Array Cell Array Cell Array

I.['lestlzghts I.Lescllg‘hts

Tech
Insights
Mold Channel & CSL BC &BL

Bl

I-rries?'g"hts
WLD Area

Memory Peripheral Area TeCh
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Samsung 64L 3D V-NAND Products I ®

SAMSUNG

Portable SSD

T5

Windows | Mac| Androld

T5 SSD Galaxy S9+ u-SD Card

Tech
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Samsung 64L V-NAND: Cell Structure

v NAND Cell Layout & Vertical Structure

5.75 pm
ESE3c = = =
ESCEElE: ===
i — sourceline =; : : = =
=i={ [= trench = i=i=] Efcellaray= - SES=SRES
EH EEEEE H= : EEE
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Samsung 64L V-NAND: Cell Structure

v BC & BL Plug

be l'l'l'l'l' rrrrrrrreie

e
i 11]111]1

il u{t i
e i | * 1‘ ‘11 l*‘ll‘ll‘l""

vias to_bitline position.4
(\((( e SIri

D st
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Samsung 64L V-NAND: Cell Structure

v’ Bitline Pitch: 40 nm (16 nm Line & 14 nm Space)
v’ Cell Channel Tube Structure

BL

20 nm

I.Ir-les‘i.ghts

Tech
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Samsung 64L V-NAND
v Array Edge: WLP Contacts (2 or 4 WLPs Etch)

X-section View op-View

R T SR, = ®§ AL

wordline

contacts ;
wordline

staircase

wordline
contacts

N T Npgrr thget o ay

Toch det HV spot
9™ TLD  10.00kV | 2.5 |

wordline
: stairca

. D770 R O

Tech
Insights
Tech X

msidhts T 0 | 1000kV | 2.5 | 53mm | 6.81um KIAFGD8HOA 261206 S2 RS Tech

det HV spot WD HFW , 2 um
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Samsung 3D V-NAND : 32L/48L vs. 64L

B WLP Mask Shape

I-shape Trim Mask (32L/48L) U-shaped Mask (64L)

TECHINSIGHTS

SI-37469-1 12 Aug 2014 U-261® OEH)TFOSJ,
; LOo 50
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Samsung 3D V-NAND: 48L vs. 64L

B WLP Connection Area, Width (Area Penalty)

v' Area Penalty 27 % reduced by trimming mask/process changes
v' Area portion: 0.44% on a die (64L)

Samsung 48L

WLP Connection Area, Width
40(uml
35

30 27 %

25 \
20
15
10
5
0

Samsung 3D V-NAND  Samsung 3D V-NAND
48L TLC 64L TLC

20.3 pm Tech
79 Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved. I n S Ig hts




Samsung 3D V-NAND: 48L vs. 64L

B # Channel Holes between CSL

Four Channel Holes (48L) Nine Channel Holes (64L)

L AN 8 A L AL BL AL BL RA W aWw i W iw .

0 © 0 © 90 000 © 000 @
000000 O® ® ® (Active) @
PO OOO®O®O®O®® ® Channels) @
0000000000000 0
IDummy ChannelsSor@. 0. 0.0 0.0 @

| PActivend
Channe@

e®

000000000 NOCOOO
DO OOOOO©®OO®O 0 ctivec@ @
000000 e ®®®Channels®
»® OO OO OO ® @

500 nm
KOAFGD8UOM P2A Chipworks BMD
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Samsung 3D V-NAND: 48L vs. 64L (256 Gb/Die)

B Memory Density B Memory Array Efficiency
(Gb/mm?) Memory Density (%) Memory Array Efficiency (%)
6.0 [ | Memory Density (/Die) 1;3
5.0 / Memory Density (/Plane) 80
N 48 % . -10 %
o —)
3.0 50
2.0 40
30
1.0 20
0.0 10
Samsung 3D V-NAND Samsung 3D V-NAND Samsung 3D V-NAND  Samsung 3D V-NAND
48L TLC 64L TLC 48LTLC 64LTLC
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Samsung 3D V-NAND on UFS2.1

Bl KLUDG4U1EA 64L 256 Gb/Die eUFS (UFS2.1)

Memory Density: 256 Gb/Die
Bit Density: 3.42 Gb/mm?

Huawei CLT-L29 (P20 Pro)

4 NAND Dies + 1 Controller Die IR
(128 GB) 64L 3D V-NAND used
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Samsung BGA Package (PM971 NVMe SSD, 128 GB)

16.0 mm

B Microsoft Surface Pro

BGA lands

PM971 PoP
(after removal from
motherboard)

Microsoft Surface Pro Tablet — Model Number 1796

Microsoft Surface Pro Tablet — Motherboard

Tech
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Samsung BGA Package (PM971 NVMe SSD, 128 GB)

Report code

ACE-1708-801

Manufacturer, part number, common name

Samsung, KUS020203M-B000 , PM971

Package type

PoP package

Package size (PoP)

20.0 mm x 16.0 mm x 1.36 mm thick (BGA ball included)

Top Package (K9OKGY8SOE)

Package markings

KUS020203M-B000
VXL4829U7E 713

SEC 713

K90KGYB8SOE 4000

<pin 1 indicator> MXCV889U

Manufacturer, part number, Type

Samsung, K90OKGY8SOE, V-NAND Flash Memory

Package type

Multi-Chip FBGA

Package size

20.0 mm x 16.0 mm x 0.72 mm thick (BGA ball not included)

Bottom Package (KE0100103M)

Package markings

SEC 713
KE0100103M B102
<pin 1 indicator> NAURS8MNA

Manufacturer, part number, Type

Samsung, KE0100103M, DRAM & Controller

Package type

Multi-Chip FBGA

Package size

20.0 mm x 16.0 mm x 0.45 mm thick (BGA ball not included)

Tech
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Samsung BGA Package (PM971 NVMe SSD, 128 GB)

K90KGY8SOE (top package) X-Direction
K9IOKGY8SOE PWB

H gyl

‘l [frrgjqi

V-NAND Die (8) L PDDRA4 Die (1) Controller Die (12|_ .
ec
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Ref.: Toshiba BGA Package

8 dies/PKG
256 GB/PKG
32 GB/die (256 Gb/die)

o —

SANDISK/ TOSHIBA
FRNI1 25 18 /33U

Die Size: 4.64 mm x 8.31 mm = 38.56 mm?
Controller Die for Toshiba 64L TLC NAND

Toshiba 64L TLC NAND
Tech
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Ref. SK Hynix BGA: 21 nm 2"d Gen. DRAM + 48L 3D NAND

HOHP52AECMMD-BRKMM
eMMC BGA
LPDDR4 (8)

48L 3D NAND (4)
Controller (1)
(2018 on the Market)
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Micron/Intel 3D CuA 32L FG NAND

= Tore down from Crucial MX300 750 GB SSD
= COP (Cell array Over Peripheral circuit) with memory tiles

TECHINSIGHTS

1 mm

Memory Array and CMOS Circuits Under Array

Top-Metal View

SI-42083 21Jun2016 U-2610 MEC EHT = 500kV }—{

Bitline
SGD31
- scwﬂéﬁéﬁéﬁ dﬁ@f-r
3 1 FG
i | s = ll LI 11 L1 I]l o
=1 Diffusion Level View . i = | oo s 2 1>
| @ Si pillar
} 13 C )
= = I 11 11 ) I -
Plane 2 L1 L1 11 11 Xl'
C T J
Select Gate Source ( SGS )
I [l ll
Common source plate [ SRC plate

Tech
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Micron/Intel 3D CuA 32L FG NAND

= BC with staggered contacts
= Poly-Si/WSix Common Source Plate used

SGD_Low Mag.

BC Level
/\0 sl
000 010

00 /\/\/0 Dmﬁ

4.95 pm)
(Total 16 Plates)l

Cell Gate Level

SGS
818 nm

CellPitch (818 nnv5 Cells=164 nm) =

|

| [ o =
- t
ok 145 nm 1\ \
52 4 I____\ Bitlino Direction

165 nm

Memory Cell Size
0.024 p®

Tech
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Comparison 3D Cell Structure: CTF vs. FG

= CTF NAND Cell with WANOS Type vs. FG NAND Cell with NONO IPD

- Polysilicon
' Channel
L 1

Intel/Micron G NAND Cell
CTF NAND Caell
Tech
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Comparison 3D Cell Structure: Channel/Cell

= CTF NAND cell with WANOS Type (metal CG)
= Micron/Intel FG NAND cell with NONO IPD and poly-Si gate

Polysilicon

Intel/Micron (FG)

J-2010 SI 43955 03 Nov 2016 IH

Toshiba/SanDisk

(CTF) Tech
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ACE#2
Micron/Intel 32L CuA WLD & WLS Region

MDP

et 2 1) SSL/GSL word line
decoder | | switches switches

word line ! ‘ I ‘ ‘ HV NMOS ‘

decoder L LV HV.PMOS |

transistors transistors
<l =l

3 SEM\WI decoder region.png

TEM
; cross section

94 Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved. I n s Ig hts



ACE#2
Micron/Intel 32L CuA Page Buffer Region @

MDP

Selectors —=

f  Capacitors
|| & Switches ™

Page Buffer

Capacitors ' ' ' : :

& Switches e

Page Buffer — C '...: .{.’ o )
Cache T T e e

.....

Tech
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Micron/Intel 32L 3D NAND: Process Integration/Sequence

v' PFA (Process

Flow Analysis)

Mask # Mask Process Description Recipe Description 193i ArF KrF i-Line Mask
1 ACTIVE Active Lithography PR/ARC, KrF 1 1
2 PWE P-Well Lithography PR/ARC, i-line 1 1
3 Depletion | Depletion VTH Adjust Lithography |PR/ARC, KrF 1
4 HVN VTH HVN VTH Adjust Lithography PR/ARG, i-line 1 1
5 LVN VTH LVN VTH Adjust Lithography PR/ARC, i-line 1 1
6 DNW DNW Lithography PR/ARC, i-line 1 1
7 NWE N-Well Lithography PR/ARC, i-line 1 1
8 HVP VTH HVP VTH Adjust Lithography PR/ARGC, i-line 1 1
9 LVP VTH LVP VTH Adjust Lithography PR/ARC, i-line 1 1
10 LVOX LV OX. Lithography PR/ARC, i-line 1 1
11 PERI_GT PERI_GT Lithography PR/ARC, ArF . CD L/S=260/325 nm 1 1
12 NSD NSD Lithography PR/ARC, KrF 1 1
13 PSD PSD Lithography PR/ARC, KrF 1 1
14 CN Contact Lithography PR/ARC, KrF, CD=130nm 1 1
15 M1 M1 Lithography PR/ARC, ArF Immersion 193i, CD L/S=56/33 nm 1 1
16 M2 M2 Lithography PR/ARC, KrF, CD L/S=220/160 nm 1 1
17 V1 V1 Lithography PR/ARC, KrF, CD=160 nm 1 1
18 CSL Plate CSL_Plate Lithography CSL_Plate Lithography, PR/ARC, KrF, CD=180 nm 1 1
19 WLP1 WLP1 Lithography WL PAD Lithography, PR/ARC, i-line 1 1

20 WLP2 WLP2 Lithography WL PAD Lithography, PR/ARC, i-line 1 1
21 WLP3 WLP3 Lithography WL PAD Lithography, PR/ARC, i-line 1 1
22 WLP4 WLP4 Lithography WL PAD Lithography, PR/ARC, i-line 1 1
23 WLP5 WLPS Lithography WL PAD Lithography, PR/ARC, i-line 1 1
24 VC-1 VC-1 Lithography VC (Vertical Channel) open 1, PR/ARC, ArF, CD Hole/SP=90/75 nm 1 1
25 VC-2 VC-2 Lithography VC (Vertical Channel) open 2, PR/ARC, ArF, CD Hole/SP=75/90 nm 1 1
26 SGD Cut SDG Cut Lithography SDG Cut, PR/ARC, ArF, CD=60 nm 1 1
27 WL Cut WL Boundary Lithography WL boundary, PR/ARC, ArF, CD=130 nm 1 1
28 Cell OP CELL OPEN Lithography Cell removal all (Cell Open), PR/ARC, i-line 1 1
29 Peri. OP Periphery OPEN Lithography Periphery removal (Partially), PR/ARC, i-line 1 1
30 V2_A V2_A Lithography PR/ARC, KrF, CD=155 nm 1 1
31 TWL_CT Top WL_CT Lithography Top WL CONT Lithography, PR/ARC, KrF, CD=180 nm 1 1
32 BWL_CT Bottom WL_CT Lithography Bottom WL CONT Lithography, PR/ARC, KrF, CD=180 nm 1 1
33 BL BL Lithography PR/ARC, ArF Immersion 193i, CD L/S=45/39 nm 1 1
34 STUD STUD Lithography PR/ARC, ArF Immersion 193i, CD=52 nm 1 1
35 M3 M3 Lithography PR/ARC, KrF, CD L/S=350/160 nm 1 1
36 V2_B V2_B Lithography PR/ARC, KrF, CD=250 nm 1 1
37 V3 V3 Lithography PR/ARC, KrF, CD=185 nm 1 1
38 M4 M4 Lithography M4 Lithography, PR/ARC, KrF, CD L/S=370/180 nm 1 1
39 PAD Pad Open Lithography PAD Lithography, PR/ARC, KrF 1 1

2 7 13 1 35
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Micron/Intel 32L CuA Cell Design

Techlnsights Memory Design on Cell Array Report (MDC)
v' CMOS circuits under Cell Array (CuA)
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Micron/Intel 64L 3D FG NAND (TLC)

= |ntel SSD 5, 512 GB

IR

T uipmsp——y g
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Micron/Intel 64L 3D FG NAND (TLC)

ITEMS Intel (32L) Intel (64L)

et e Crucial MX300 Intel SSD 5
(750 GB 2.5-inch SSD) (512 GB, 2.5-inch, 7 mm, SATA 3)
Package Markings MT29F768GOSEEHBBI4 29F01T2ANCTH2 29F02T4A0CTH2
(760p SSD)
Die Markings Intel LO6B 2014 (M) (C) Intel B16A 2016 (M) (C)
Memory (a die) 384 Gb 256 Gb
. 168.2 mm? 58.18 mm?
Die Area
(15.36 mm x 10.95 mm) (7.43 mm x 7.83 mm)
Memory Density 2.28 Gb/mm? a406b/mm?  90% 1
(in a die) ' ' 0
Memory Array Efficiency 84.9% 89.8%
Number of i .
e TS 64 Memory Tiles 64 Memory Tiles
Memory . .
(a plane or a tile) 6 Gb / Tile 4 Gb /Tile
. 4.57 mm? 0.55 mm?
Plane or Tile Area (2.75 mm x 1.66 mm) (1.10 mm x 0.50 mm)
Memory Density - -
[ (in a plane/tile) 1.31 Gb/mm 7.27 Gb/mm X 5.5

Tech
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Micron/Intel 64L 3D FG NAND (TLC)

. 4 dice/PKG (SSD5, 128 GB/PKG), 8 dice/lPKG (760p SSD, 256 GB/PKG)
. 256 Gb/die

« Die Area: 7.43 mm x 7.83 mm = 58.17 mm?
« Memory Density: 4.4 Gb/mm? (vs. 2.28 Gb/mm? @Micron/Intel 32L NAND)

Top Metal Vlew ____ Bpol
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Micron/intel 64L 3D FG NAND

 Tiles with WLD, WLS, PB and Data Path

Techinsights Memory Functional Analysis Report (MFR)

T T T T T I I T T I T T T T e

BL Connection & Page Buffe

- Data Path
BL Connection & Page Buffer

WL Decoder'
WL/Selector Switches
: WL Decoder

N
(]
= =
O
—
3
(7p)
E S
(o}
[P
(S
=4
(]
n
~
=

Tech
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Micron/intel 64L Die Floor Plan Detalils

v' 256 Gb Main Memory + 25.6 Gb Redundancy (10%)
(281.6 Gb in total)

TechlInsights Memory Functional Analysis Report (MFR)

CMOS Circuit Level : — L e
(Under Memory Array) | il sls SN

Tech
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Micron/Iintel 64L Die Floor Plan Detalils

v’ 256 Gb Main Memory + 25.6 Gb Redundancy (10%)
(281.6 Gb in total)

Techinsights Memory Functional Analysis Report (MFR)

3D Memory Array Level
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Micron/Iintel 64L Die Floor Plan Detalils

v' 128 Gb Main Memory + 12.8 Gb Redundancy (10%)
(per plane)

Techinsights Memory Functional Analysis Report (MFR)

=== S=_pes— e L S
i xsl B S Bl i e R ey
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Micron/Iintel 64L Die Floor Plan Detalils

v' 4 Macros/Plane (35.2 Gb/Macro)

Techinsights Memory Functional Analysis Report (MFR)

)
= m
] e L';
T e B B

\ B =t
o =

e
= <
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Micron/Iintel 64L Die Floor Plan Detalils

v 504 Blocks/Macro v' 3 Pages/WL
v 2,304 Pages/Block v' 19 Kb/Page
v 69.8 Mb/Block

Techinsights Memory Functional Analysis Report (MFR)

3D Memory Array Level
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Micron/Intel 64L Die Floor Plan Details (MFR)

TechInS|ghts Memory Functional Analysis Report (MFR)
‘: |
1 )

|||‘

llli_'l
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Micron/intel 64L Die Floor Plan Detalils

Techlnsights Memory Functional Analysis Report (MFR)

emory al e

| |

| Analog

\

ASIC
1 - Data Input Buffers for Two Pads
2 - Data Deserializers for Four Pads
3 - Data Serializer For One Pad
4 - Data Output Buffer for One Pad
Charge Pump Charge Pump 8-Da0 M St

6 - DQS Serializers

7 - DQS Output Buffers
8 - RE Input Buffers

9 - RE Output Buffers
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Micron/Iintel 64L Die Floor Plan Detalils

TechInsights Memory Functional Analysis Report (MFR)

- Wordline Decoders

- Wordline Switches

- Page Buffers

- Column Block Decoder

- Local Data Control, Column Address Register
and Error Detection Decoder

6 - Local Address Path, Local Data Control,
Local Data Write Registers,

Local Data Read Multiplexers

G WN -

g liep e | -

L.
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Micron/Intel 64L Macro Floor Plan

Techinsights Memory Functional Analysis Report (MFR)

ONE HALF MACRO CONTAINS:
512 NORMAL COLUMN BLOCKS X 32 BL - 16384 BL
BL[19135:0] 86 ADDITIONAL COLUMN BLOCKS X 32 BL

\. 38272 BL (TOTAL NUMBERS OF BITLINE)
(32768 BL (NORMAL BITLINE)

BL{19135:0)

~/ ~/
WL_E[18647:0) W oligsT
EVEN BLOCKS 0oDD OCKS
AX8.7.0_E[3:0] AX87.0_0(3:0]
\ Y
~

504 ROW BLOCKS - 37296 WL (TOTAL NUMBER OF WORDLINES)
FOR 64 WL IN STRING WE HAVE - 504°64 - 32256 WL
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Micron/Intel 64L Cell Array (Top View)

= BC Level
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Micron/Intel 64L WLP Contacts (Top View)

32L : 40 Contacts for WL Cell Gates

64L: 72 Contacts for Cell Gates
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Micron/Intel 64L Dummy Patterns (Top View)
ACE#2

MDP

Tech
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Micron/Intel 64L WL Decoder (Top View) ACE#2

« WL Decoder @

MDP

Tech
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Micron/Intel 64L Array Structure (X-View)

A
2 Stacked 3D FG
NAND Cell
NAND Array (NAND String
(Strings) Not aligned)
—> Likely, Dummy
Block
a ¥,4M4% N ammees
UU@UDWBEJUUBUUUG
AR RN RRR T EARARERARERNERNERRE
i e iV
* CuA Structure Tech
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Micron/Intel 64L Array Structure (X-View)

VT L o et Total 76 Gates

SGD )
IHEE
NAND Array - 37 WLsS
(Strings)
Likely,
1SGS
= 38 WLs 3 DWLs (Lower/Bot.)
32 Cell WLs
2 DWLs (Lower/Top.)
2 DWLs (Upper/Bot.)
32 Cell WLs
3 DWLs (Upper/Top)
1 SGD
_ - 37 WLs
Total 40, likely;
PPp—sa|  15GS NAND String Aligned
Total 40 Gates e g;gm;:m (Bot) > Active Block
3 Dummy WLs (Top) -
15GD

|T$s‘i'§ hts
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Micron/Intel 64L Array Structure (X-View)

IDAUILEI  Total 76 Gates

SGD

1 SGD

2 Dummy WLs
1 SLC Cell

1 MLC Cell

31 TLC Cells
2 DWLs

2 Dummy WLs
31 TLC Cells
1 MLC Cell

1 SLC Cell

- 37 WLs 2 DWLs

1 SGS

NAND String Aligned
—> Active Block

From TechlInsights Waveform Analysis

117 Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved. I n s Ig hts




Micron/Intel 64L Cell Design & Process Flow

Techinsights Memory Design on Cell Array Report (MDC)

B

errrrssererss

7777
77

N

Z
7

.%

_

N

N

e

BL STUD M6
Tech
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Micron/Intel 64L Array Structure (X-View)

= SGD

32L 64L

select gate
drain

B e

,,‘ I
; :
cha annel

wa £ 5CEU3 / c0ntrlgaxa
b : ' L el /

flo tnggt —"'
OOnrﬁ

5142983~ 121 Jr1 2016 U-28% MEC EHT 5;30kv y__{._1 ’
42 nm BL HP 21 nm BL HP
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Micron/Intel 64L Array Structure (X-View)

= SGS

32L 64L
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Intel 3D FG NAND QLC (64L): First 3D QLC!

el 4L TLC el 4L QLC

Die Markings B16A N18A
Memory / Die 256 Gb 1024 Gb X4 1
Die Size 7.43 mm X 7.83 mm 13.83 mm x 11.33 mm
(58.17 mm?2) (156.70mm?)  X2.7 1
Memory Density 4.4 Gb/mm? 6.53 Gb/mm? 20% 1

Die Photograph

Vertical Cell Structure 64L Double Stack 64L Double Stack
Technology Node 20 nm 20 nm
# Tiles 64 128

Tech

121 Techinsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.



K
SK&’:ynix

Digging Into

SK Hynix 3D NAND
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Summary Table of Comparison 3D NAND Products (l):
Samsung, Toshiba/SanDisk, Micron/Intel, SK Hynix

. . Toshiba/SanDisk Samsun
ITEMS SK-hynix (36L) Intel/Micron (32L) 3D NAI\/ID (481) 3D V-NAND?’ASL)

Device (Tore down)

Package Markings

Die Markings

Memory (a die)

Die Area
Memory Density
(in a die)

Memory Array
Efficiency

Number of
Planes (or Tiles)

Memory
(a plane or a tile)

Plane or Tile Area

Memory Density
(in a plane/tile)

LG F800L, V20
H28U74301AMR UFS
H27DGS8

128 Gb

88.36 mm?
(10.31 mm x 8.57 mm)

1.45 Gb/mm?

67.5%

32Gb

1491 mm?
(4.45 mm x 3.35 mm)

2.15 Gb/mm?

Crucial MX300 750 GB
2.5-inch 55D

MT29F768G08EEHBBI4

Intel LO6B 2014 (M) (C)

384 Gb

168.2 mm?
(15.36 mm x 10.95 mm)

2.28 Gb/mm?

84.9%

(32 Memory Tiles)

(12 Gb / Tile)

4,57 mm?
(2.75 mm x 1.66 mm)

2.63 Gb/mm?

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

iPhone 7

THGBX6T1T82LFXF

SANDISK/TOSHIBA FPL9

256G 1.8/3.3V
256 Gb

105.4 mm?

(8.46 mm x 12.46 mm)

2.43 Gb/mm?

69.9 %

128 Gb

37.08 mm?
(6.85 mm x 4.85 mm)

3.45 Gb/mm?

Portable T3 2 TB SSD

KSDUGB8S7M

SAMSUNG 2014
KSAFGD8UOM

256 Gb

99.8 mm?
(7.80 mm x 12.8 mm)

2.57 Gb/mm?

70.0%

128 Gb

35.40 mm?
(6.00 mm x 5.90 mm)

3.56 Gb/mm?

Tech
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Summary Table of Comparison 3D NAND Products (ll):
Samsung, Toshiba/SanDisk, Micron/Intel, SK Hynix

SanDisk/Toshiba Samsung
3D NAND (48L) 3D V-NAND (48L)

ITEMS

SK-hynix
3D NAND (U-36L)

3D NAND Architecture U-Shaped String
Cell Transistor Type GAA
Storage Layer Type CTF
Control Gate W
Channel Hole Height 2.45 um
Unit Memory Cell Size 2
(excluding slits and contacts) 0.0073 um
Total 43, likely;

Number of Vertical Transistors
(including dummy lines)

DSL with 3 DSTs

(& SSL with 3 SSTs)

36 Cell TRs

3 TDWLs (Top Dummy)
1 BWL (Bot. Dummy)
(on 2 PGs)

GST (SGS) Channel Process
NAND Cell Channel

CSL (Common Source Line)

Memory Array Body (Plate)

WL Contact Mask
BL Half Pitch (Tech. Node)

Metal Interconnection

3 TRs with ONO Gox

Poly-Si with thick cap
(Macaroni-type)

CSL W line
Floating Si

U-Shaped
31nm

3 Metals
(M1, M2: Cu, M3: Al)

Intel/Micron
3D NAND (32L)

FG Vertical
GAA
FG (Si)
Si
2.50 um

0.024 pm?

Total 40, likely;
1S5GS

3 Dummy WLs (Bot.)
32 Cell TRs

3 Dummy WLs (Top)
1SGD

Thin poly-Si

Poly-Si with pad/thin cap
(Macaroni-type)

Poly-Si/WSix

Poly-Si/WSix Plate
on CMOS Circuit

U + | mixed
40 nm

4 Metals
(M1, M2, M3: W, M4: Al)

Techinsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

Modified BiCS
GAA
CTF
W
4,12 um

0.022 um?

Total 59, likely;
1LSG

2 GSL

2 Dummy WLs (Bot.)
48 Cell TRs

1 Dummy WLs (Top)
2 USG

3SSL

SEG Process

Poly-Si with thin cap
(Macaroni-type)

Poly-Si with W Cap
Bulk Si

|-Shaped
19.5 nm

4 Metals
(M1, M2: W, M3: Cu, M4: Al)

Modified TCAT
GAA
CTF
W
3.72 um

0.019 pm?

Total 55 likely;
1GST

2 Dummy WLs (Bot.)
48 Cell TRs

2 Dummy WLs (Top)
2 SST

SEG Process

Poly-Si with thick cap
(Macaroni-type)

W
Bulk Si

|-Shaped
20 nm

4 Metals
(M1, M2: W, M3: Cu, M4: Al)

Tech




SK Hynix 36L 3D P-BiCS NAND

= U-Shaped NAND strings with pipe gates and block slits used
» Floating body (pipe gates) on substrate
» 43 stacked gates including 36 Cell WLs

43 Gates in total
Likely with;

DSL with 3 DSTs
SSL with 3 SSTs
2 DWLs

36 Cell WLs

2 DWLs

s
)
Y

O
8
28]

Substrate
det HFW HV spot WD 1 um

’ TLD | 510pm | 10.00kV | 25 5.0 mm H27DGSB P1aS1 Chipworks RS

Te_ch |
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SK Hynix 36L 3D P-BiCS NAND

= |sland type STI, oval type PGs
= Slits on PGs, NAND strings connected through PGs

Y Y Y Y e

SALK

CSL

00000000DOOOOOOOOOOOOOOOUOOO@
0000000000000000000000000000004

U RO

00000000000000000000000%000
00000000000000000000000000000000000p00v00000¢

P0000000000000000000000000000000000000000000
[000000000000000000000000000000000000000000004

-
D00000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000¢
—_— -

P00000000000000000000000000000000000000000000
j00000000000000000000000000000000000000000000¢

I-Les(lza hts
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Comparison: WLP Cutting Mask

» PR Trimming with I-shaped mask (Samsung, Toshiba/SanDisk)
» U-shaped mask with 10 WL stairs (10 contacts in a row) (Micron/Intel, SK Hynix)

TECHINSIGHTS

Samsung
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— o0 oo —O-
(8: lower WL Plates)
e 0 o 0o 0 0

e 0 0o 0o 0o
Contact 10 Source Plate

Pum © 0 o
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Comparison: Cell Capping

» Poly-Si landing pad only (Samsung, Toshiba/SanDisk), thin poly-Si liner only (SK Hynix)
= Hybrid (landing plug + poly-Si liner) (Micron/Intel)
TEGHNSIGHTS Samsung : INSIGHT To&iba/SanDiSk;

A ‘ e j SION oo
o o Si,N,
Charge Trapping SiN . 4 E . |
/ Tunnel! Dielecizic SION v o ’ SR
o « ———————e

4
| Polysilicon 3
| 57 nm

=+ =70 nm SIONISIO,

= k55 nm Si,N,

113 nm Si0,

-— ; 168 nm
o Asme e
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Comparison: BL Connection

= Conventional Patterning (Micron/Intel and SK-hynix), DPT (Samsung and Toshiba/SanDisk)
= W BCs on channel pads with/without CMP

» 4 staggered BC plugs (Toshiba/SanDisk), 2 staggered BC plugs (Others)

= BL with etch-stopper (Toshiba/SanDisk), BL on stopper (Micron/Intel)

'-!-!-l-b”-ng mScatbessentie
BE i E

A AL A L DL DR L A L L L Y L L

T R R R R R R B B ~N

=

S 27:Aug 201t Y e o e W®_ e e e e
SI1:37469-1 127eAug 20142610, r.\; HL= Jﬂv_h——'{ M @EMT 50K ——a

TECHINSIGHTS

Micron/Intel

200 hm
S1420837 722 Jul 2016 M4207 | LS EHT =/5:00 kv i
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SK Hynix 48L 3D P-BiCS NAND

v E3NAND, 256 Gb/die, 4 Planes/die
v NAND Die Area: 92.01 mm?

v" NAND Array Efficiency: 61.8 %

v" Memory Density: 2.78 Gb/mm?

Tech
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SK Hynix 48L 3D P-BiCS NAND: UFS2.1

v’ UFS2.1, 128 Gb/die, 8 Planes/die

v" NAND Die Area: 61.85 mm?(11.56 mm x 5.35 mm)
v" NAND Array Efficiency: 48.5 %

v" Memory Density: 2.07 Gb/mm?

Die Photograph Bpoly View
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SK Hynix 48L 3D P-BiCS NAND

Overall Array Structure
v' 32 nm BHP used

passivation 2 — SiN

passivation 1 — SiO

M2 Cu bitline
| il
J Il

drain contact

il

rnating word fline &

6.27 pm

memaory array
3.08 pm

- 0 ay
ARAASAARARARASA R AR AL RAR AR RARALR AR RS 3P R
T YT PIP Y EYYYYPYPY oy £
Jitsten s s - e
s — - ’

pipe gates

det HV spot WD HFW

spot Tech | 0€
nsgts TLD  10.00 kV 5  41mm | 847 um H

10.00kV = 25  45mm

BL Direction WL Directio
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SK Hynix 48L 3D P-BiCS NAND

I s

55 Gates in total on PG

Likely,

3 (DSG/SSG)

3 DWL (top)

48 WL

1 DWL (Bottom)

gl fEs
SIS
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SK Hynix 48L 3D P-BiCS NAND
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SK Hynix 48L 3D P-BiCS NAND: PGs

x>
\\\\

ﬂ-‘lestlﬂg]hts 50 nm I-E-'ies%ghts

BL Direction WL Direction
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SK Hynix 3D NAND: 36L vs. 48L (1)

Device (Tore down)

Package Markings

Die Markings

Memory (a die)

Die Area

Memory Density
(in a die)

Memory Array Efficiency
Number of Planes

Memory (a plane)

Plane Area

Memory Density
(in a plane/tile)

LG F8OOL, V20

H28U74301AMR UFS

H27DGS8

128 Gb

88.36 mm?
(10.31 mm x 8.57 mm)

1.45 Gb/mm?

67.5%

32Gb

14.91 mm?
(4.45 mm x 3.35 mm)

2.15 Gb/mm?

Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

Apple iPhone8 Plus
H23Q2T8QK6MES-BC
H27EGLM

256 Gb

92.01 mm?
(10.85 mm x 8.48 mm)

2.78 Gb/mm?

63.9%

64 Gb

14.75 mm?
(4.90 mm x 3.01 mm)

4.34 Gb/mm?

Tech
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SK Hynix 3D NAND: 36L vs. 48L (Il)

ITEMS SK-Hynix (36L) SK-Hynix (48L)

3D NAND Architecture
Cell Transistor Type
Storage Layer Type
Control Gate
Channel Hole Height

Unit Memory Cell Size
(including slits and contacts)

Number of Vertical Transistors
(including dummy lines)

GST (SGS) Channel Process
NAND Cell Channel

CSL (Common Source Line)
Memory Array Body (Plate)
WL Contact Mask
BL Half Pitch (Tech. Node)

Metal Interconnection

Techinsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved.

U-Shaped String
GAA
CTF
W
2.45 um

0.00078 um?

Total 43, likely;

DSL with 3 DSTs

(& SSL with 3 SSTs)
36 Cell TRs

3 Dummy WLs (Top)
1 Dummy WLs (Bot.)
(on 2 PGs)

3 TRs with ONO Gox

Poly-Si with thick cap
(Macaroni-type)

CSL W line

Floating Si

U-Shaped
31nm

3 Metals
(M1, M2: Cu, M3: Al)

U-Shaped String
GAA
CTF
W
3.08 um

0.00054 pm?

Total 55, likely;

DSL with 3 DSTs

(& SSL with 3 SSTs)
48 Cell TRs

3 Dummy WLs (Top)
1 Dummy WLs (Bot.)
(on 2 PGs)

3 TRs with ONO Gox

Poly-Si with thick cap
(Macaroni-type)

CSL W line

Floating Si

U-Shaped
31nm

4 Metals

(M1: W, M2, M3: Cu, M4: Al)

Tech



SK Hynix 72L P-BiCS

TechlInsights Memory Design on Cell Array Report (MDC)

72L )

HHHRNT ¥ 5
‘ l_ _ i .| ’ i DSG1-| DSG1
SK Hynix 72L TLC Die [FEfH 1 E : pscz pscz-|
48L : ; - g DSG3- DSG3]
1 g pwiLo| DWLo-|

36L Kl 1 -
i i E 3 owa-] o3|
Y3 gz g ; wi143-| viLo-| o wL143-)
: s ; g E é witaz| | | w142
% g é gj ;'- w1z | wis1|| w112 w31
 x E H owLa-]| owLa]| owLe—]| DwLe]|
: g 2 = E g owLs | owiLs| owLs—| DWLs|
: : § E E g WL111]| wisz|| w11 wiaz|
: TS T Y
N ool owell  owsT  ome]

upper PG

T
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3D NAND: 64L & 72L (256 Gb)

Device (Tore down)

Package Markings

Die Markings

Memory (/die)

Die Area

Memory (bit)

Density

Memory Array

Efficiency

Samsung

64L 3D V-NAND TLC

Portable SSD T5 250 GB
MU-PA250B

KSCKGY8H5A
(4 Dies/PKG)

KSAFGD8HOA

256 Gb

74.84 mm?
(5.94 mm x 12.60 mm)

3.42 Gb/mm?

64.6 %

Toshiba/WD
64L 3D NAND TLC

SanDisk Ultra 3D SSD
SDSSDH3-250G-G25

SanDisk 05138 064G

SANDISK/TOSHIBA
FRN1256G 1.8/3.3V

256 Gb

75.20 mm?
(6.21mmx12.11 mm)

3.40 Gb/mm?

69.4 %
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Micron/Intel
64L 3D NAND TLC

Intel SSD5 512 GB
SC2KW512G8X1 SSD

(2.5-inch 7 mm SATA 3)

29F01T2ANCTH2

Intel B16A

256 Gb

58.18 mm?
(7.43 mm x 7.83 mm)

4.40 Gb/mm?

(72L c
89.8%

SK Hynix
721 3D NAND TLC

M.2 PCIE NVMe
512 GBSSD

HFS512GD9TNG-62A0A

H27Q2T8QQA3R_BDG

H27EGLM

256 Gb
512 Gb

72.14 mm?

(6.47 mmx 11.15 mm)
118.97 mm?

(12.15 mm x 10.67 mm)

3.55 Gb/mm?
4.30 Gb/mm?2

ie from iPhone XS Max A

57.1%

1921)

Tech




Comparison Bit Density: 64L & 72L (256 Gb)

S Bit Density (Die)

5.0

4.5 512 Gb

4.0

3.5

3.0

2.5

2.0

15

1.0

0.5

0.0
Samsung 64L Toshiba/WD 64L Micron/Intel 64L SK Hynix 72L
3D V-NAND 3D NAND 3D NAND 3D NAND
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Memory Array Efficiency: 64L & 72L (256 Gb)

o Cell Array Efficiency
100.0
90.0
80.0 |
700 T [
60.0
50.0
40.0
30.0
20.0
10.0
0.0
Samsung 64L Toshiba/WD 64L Micron/Intel 64L SK Hynix 72L
3D V-NAND 3D NAND 3D NAND 3D NAND
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3D Vertical Cell Efficiency (256 Gb)

3D Vertical Cell Efficiency

(%)
92.0

90.0

88.0

86.0
84.0
82.0 I
80.0

Samsung Toshiba/WD  Micron/Intel SK Hynix
64L V-NAND 64L BiCS 64L FG 72L PBICS

142 Techinsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved. I nSI g hts



Memory Cell Array: Channel Tubes Misalignment?

———— e~ ———— — T
M ; i e cutlined upper channel tube
= A_A,?vf,cw Vo VSR A

T T

memory cali array

Tech
insights

\3 SEM\Cross_section\wordline direction\034_array_ 303828 png \3 SEM\Cross_section\wordiine direction\024_amray_middie_303828.png
Memory Cell Channel Tubes — SEM Memory Cell Channel Tubes Etch Misalignment - SEM
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Memory Cell Array: Channel Tubes Misalignment?

measured offset ——p

!
! «
misaligned
channel
2 : tubes

-~ -

0 II?{.ch'h‘cs

|I1°sc|3 hts
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Pipe Gates (PG) for 72L

poly-Si 2

upper pipe gate _| - ~ lower pipe gate
trench inside poly-Si 3 sio trench hom. p?y“-svz
ubstrate
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SK Hynix 72L Cell Design & Layouts (MDC)

= MDC-1804-801 TechlInsights Memory Design on Cell Array Report (MDC)
PO OOOC
PO OOOC
PO OO O C
PO O OGO ¢
DOGOG6AI:E
STI PG2

VC Slit
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SK Hynix 72L Top View Images (MDC)

TechInsights Memory Design on Cell Array Report (MDC)

= MDC-1804-801

(STI ~ M3) M3
M2
M1
VO

Plug
VC

U-PG
L-PG
STI
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# Masks & Lithography Tools for 3D NAND

O Example: SK Hynix 72L

# Photolithography Steps 3D NAND Lithography Tools (%)

Ex. SK Hynix 72L

Ex. SK Hynix 72L (estimated)

From Techinsights Process Flow Analysis From Techinsights Process Flow Analysis

* ArF-i steps: Pipe Channel Gates, PG Plugs, Slits, S/D Plugs, MO, Via 0
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3D NAND Die Design

0 Conventional Die Design (Planes) O Intel/Micron Die Design (Tiles/CuA)

Mamcey Aty bt CMOS Circuts Undae Any

Top-Metal View

IT\es‘lghts

3D V-NAND (Samsung 64L eUFS2.1)

Il‘\es(lgh(s

;‘:m
—

= | Diffusion Level View !

I‘E‘fs‘fg hts

Ref. 2D NAND (SK Hynix 2Z)
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WL Switch HV & WL Decoder LV Transistors

Devices Samsung Toshiba/WD Micron/Intel
64L 64L 64L

WLS HV Ox
Thickness

WLS HV TR
Gate Length/Pitch

WLD LV Ox
Thickness

WLD LV TR
Gate Length/Pitch

Switch Gate
Stack

Switch Gate
Height (Total)

Space between
Gate and Contact

* Measured Data

42 nm

930 nm/ 2,300 nm

7.6 nm

317 nm /600 nm

WSix/poly-Si (1 & 2)

126 nm

90 nm
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40 nm

890 nm/ 2,400 nm

6.4 nm

290 nm / 580 nm

WSix/poly-Si (1 & 2)

250 nm

120 nm

40 nm

1,070 nm/ 2,620 nm

6.2 nm

260 nm / 640 nm

WSix/poly-Si
138 nm

105 nm

|T%‘."§ hts



# Masks for 3D NAND Fabrication

v' Samsung V-NAND 48L vs. 64L Single Stack
v Micron/Intel 3D FG NAND 32L vs. 64L Double Stack

# Masks for Fabrication

8% I

Samsung V-Samsung V- Micron 3D Micron 3D SK Hynix Toshiba 48L Intel Xpoint
NAND 48L NAND 64L CuA32L 64L D-S 36L P-BiCS BiCS Optane

Tech
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3D NAND Cell Design: Layouts

[ omeie 0 00 0 ¢ 1 ‘..
2 Channel Contacts Bitlines
Jop00o000o0000000000o0|
U0000000000000000C
A 00000 O0PPRPOOPPOPOPOPOPOOEO
000 00O0COOLOLNOS

1%0%0%0%00"0 6 0 0 6 00 60080
00006000000000 0000000000000
00000 O0OOOPOLS

000000000000004
&0 690000006000

s | B cktans | by I ] jo 0229209909909 000000
il CRCRONCRE OSSR 0 MO

Metal Gates | Bitline Straps
|IIIlIllIIIIIllIIIIl.....

Cell Gate Level

CaltPhch (818 s Colls =164 am) =

0. Q<

71 5 [

.

165 m.
Memory Cal Size
0024

Micron/Intel

SK Hynix
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CTF/Charge Trap Layer Engineering

W-gate
1.5nm layer

L TIN

&y

745 nmies
3.0 nm:

0 nm

v' Laminated SiN/SiON Layers
v" SiO/SION/SIO TOX
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YMTC (XMC) Xtacking™ 64L 3D NAND: Gen. 2
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YMTC (XMC) Xtacking™ 64L 3D NAND: Gen. 2

TN e W

155

Source: YMTC (FMS 2018)

4 Metals (Array) + 3 Metals (CMOS)
74 Layers (W)

SiN layers under/over Metals

W Plug on VC, 1 VC between CSLs

* W Via CONT on each MC
Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved. I n S Ig hts
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Major 3D NAND Players,
What have they been doing?

156 Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved. I n s Ig hts



3D NAND Review/Comparison
m Die Size, Bit Density

(mm?) Die Size & Bit Density (Gb/mm?)
180 5.0

160 4.5

140 4.0

120 3.5
3.0
100
2.5
8
2.0
6 1.5
4 1.0
2 0.5
0.0

32L 32L 48L 64l 48L 64L 32L 64L 36L 48L 72L
MLC TLC TLC TLC TLC TLC TLC TLC MLC MLC TLC

Samsung V-NAND Toshiba/WD BiCS| Intel/Micron FG SK Hynix P-BiCS
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3D NAND Review/Comparison

m Memory Array Efficiency

(%) Memory Array Efficiency

100.0
90.0
80.0
70.0

60.0
50.0
40.0
30.0
20.0
10.0

0.0

32L 32L 48L 64L 48L
MLC TLC TLC TLC TLC

64L
TLC

32L
TLC

64L
TLC

36L 48L 72L
MLC MLC TLC

Samsung V-NAND Toshiba/WDBICS [ Intel/Micron FG SK Hynix P-BiCS
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3D NAND Review/Comparison

m Technology Node (BL HP)

(nm) 3D NAND Technology Node

50
45

40

35

30 Oo—0O——0a
25

20 O——0—4030 Oo—a0

15

10

5

0
32L 48L 64L 48L 64L
TLC TLC TLC TLC TLC

32L 64L
TLC TLC

36L 48L 72L
MLC MLC TLC

Samsung V-NAND JToshiba/WD BiCS] Intel/Micron FG SK Hynix P-BiCS
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3D NAND Review/Comparison
m NAND Cell Gate (WL) Pitch

o) 3D NAND Cell Gate Pitch (WL) B Ihsights
100
90 -B-Gate Length (Lg, nm)
30 =#-Gate Space (nm)
70 -e-Gate Pitch (nm)
50 — —
40 \‘
» T S e
20 b
10
0
32L 48L 64L 48L 64L 32L 64L 36L 48L 72L
TLC TLC TLC TLC TLC TLC TLC MLC MLC TLC

Samsung V-NAND [ Toshiba/WDBICS | Intel/Micron FG SK Hynix P-BiCS
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3D NAND Review/Comparison

m Si-Channel Thickness

(nm) Si Vertical Channel Thickness

20.0

18.0

16.0 —

14.0

12.0

10.0
8.0 \.
6.0

4.0

32L 48L 64L 48L 64L 32L 64L 36L 48L 72L
TLC TLC TLC TLC TLC TLC TLC MLC MLC TLC

Samsung V-NAND [ Toshiba/WDBIiCS | Intel/Micron FG SK Hynix P-BiCS
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3D NAND Review/Comparison
m TOX, CTL, BOX Thickness

(nm) 3D NAND Cell ONO/FG Layer Engineering

18.0

=O=Tunnel Oxide Thickness (nm)
16.0

=#=Charge Trap Layer Thickness (nm) O
14.0

-0-Blocking Oxide Thickness (nm)
12.0
10.0

O———0

8.0 ‘\/ 64:
6.0 > >
4.0
2.0

32L 48L 64L 48L 64L 32L 64L 36L 48L 72L

TLC TLC TLC TLC TLC TLC TLC MLC MLC TLC

Samsung V-NAND J§ Toshiba/WDBICS § Intel/Micron FG SK Hynix P-BiCS
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3D NAND Review/Comparison
m Channel Hole Height, A/R

(um) Vertical Channel Hole Height & A/R
6.0 * A/R by bottom channel CD
5.0
= 70
o0
O 40 60
XL
2 50
O 3.0 E.
E 40 =
[T
c 20 30
c
= 20
O 1.0
10
0.0 0
32L 48L 64l 48L 64l 32L 64l 36L 48L 721
TIC TLC TLC TIC TIC TIC TLC MLC MLC TLC

Samsung V-NAND jToshiba/WD BiCS}Intel/Micron FG] SK Hynix P-BiCS
Tech
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3D NAND Review/Comparison

m Vertical Cell Efficiency

Vertical Cell Efficiency (VCE)
100

20
80

7

o

6

o o

5
4

o o

3

# Vertical Gates

o

2

o

1l

32L 48L 64L 48L 64l 32L 64L 36L 48L 72L
TLC TLC TLC TLC TLC TLC TLC MLC MLC TLC

Samsung V-NAND JToshiba/WD BiCS}Intel/Micron FG] SK Hynix P-BiCS

o
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3D NAND Review/Comparison g
= WLP Size, Effective WLP Width

32.1 pm "
) WL Pad Connection Area (Hm/WL)
* Effective Width = (Width of WL Pad connection area)/(#Gates)
60 1.0
50 =
g 0.8 g
'§ 40 =
<
I 06 M
©
o 30 =
< 04 o
’ -+
20 5
10 0‘2
0 . I 0.0
32L 48L 64L 48L 64L 32L 64L 36L 48L 72L
TLIC TLC TLC TLC TLC TLC TLC MLC MLC TLC

Samsung V-NAND Toshiba/WD BiCS Intel/Micron FG SK Hynix P-BiCS
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3D NAND Review/Comparison

m Process Integration: # Masks, # Metals

# Masks & # Metals
50

45
40

3
3
2
20
15
10
32L 48L 48L 64L 32L 4

TLC TL

o U

# Masks

o un

TLC

"

36L 48L 72L
MLC MLC TLC

()]

19,

=3

w

=
<
o
-
Q
n

N

[y

C
Samsung V-NAND Toshiba/WD BiCS Intel/Micron FG SK Hynix P-BiCS
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3D NAND Review/Comparison
mLV TR Gox

(nm) LV TR Gox Thickness
10.0

9.0
8.0

7.0

6.0

LV Gox Thickness

4.0

3.0
32L 48L 64L 48L  64L 32L 64L 36L 48L 72L
TLC TLC MLC MLC TILC

Samsung V-NAND Toshiba/WD BiCS Intel/Micron FG SK Hynix P-BiCS
Tech
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3D NAND Review/Comparison
m Inner CG Diameter, A/R

(nm) Inner CG Diameter & A/R
150 60

130

110

e 40

9
7 30

5
20

3
10

1

48L  64L 48L 64L 32L  64L

-10 32L 36L 48L 72L O
TLC TLC TLC TLC TLC TLC TLC MLC MLC TLC

Samsung V-NAND Toshiba/WD BiCS Intel/Micron FG SK Hynix P-BiCS

168 Techlnsights CONFIDENTIAL. All content © 2019. Techinsights Inc. All rights reserved. I n s Ig hts

Inner CG Diameter
/v

o



3D NAND Review/Comparison
m ArF & ArF-i Steps

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00

% of ArF & ArF-i

-

32L 48L
TLC TLC TLC

32L 64l

TLC TLC TLC TLC MLC MLC TLC

Samsung V-NAND [ Toshiba/WD BiCS]Intel/Micron FG] SK Hynix P-BiCS
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Transistor Characteristics: Samsung V-NAND

NMOS PMOS

NAND Cell Array Length (Lg, um) 0.31 0.31
Width (W, pum) 1.2 2.1
VT, lin (V) 0.77~0.78 -1.03~-1.04
- E— SS (mV/dec.) ~90 ~90
EPeripheral Circuitry gm (US/um) 211 ~ 215 108 ~ 110
e lon (MA/um) 403 ~ 408 - 197 ~ - 204
loff (pA/um) 1~-2 ~-1
L1 il BV (V) 7.5~8.0 85~-9.0

VPT (V) ~9 ~-9

Tech
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Transistor Characteristics: Samsung V-NAND

i Vs = 0.1 VA TR =iV an __J 'E®
450 4 Wds = 3.0V-in- 1 E08 400 — g = 3.0V din- _______._-—--" J e
i Vs = 0.1 V-log- 1 Vds= 0.1V Jog- [ -

s0n fl——Vds=3.0V-log- - Vs 1E.04 . ——Vas= 30V deg. e ‘/
rd 250 / 1E-05
250 e ! 7 1 E-08 E / | /

/ | // 300 P 1 E-0f
200 —I 1 E-06 / [PuosTRansiIsTOR | /]
/‘ HWMOS TRANSISTOR | / 250 B1 80 my/Dec 1E-07
- N1 80 mViDec 1E07 / L y
/ / 200 1E-08
200 / 1E-08 / /
150 1E02 5 / e
100 // 1E-10 - / / e

an 1.E-11 a0

1E-12 0

| D-VG

I (pa) -lin-

Ip (pA) <lin=
Ip (A} -log-
Ip(A}) dog-

1E-11

TE-12
0 0.5

=00
Vgs=0V
a5 4 Vgs= 08V
Vgs=-12V
m | imeasy - —
Vge= 30V /-——"
2500 4
300 150 /
E =0 E / [
I V < 5‘ / e
D_ D i 00 3100 / —
- a
150 - /
100 0 y/
50 4
a | | n I I
o 05 3 25 3 o ik 1 15 ) 15 3

Vos (V)
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Transistor Characteristics: Intel/Micron 64L 3D NAND

Lg = 0.27 um

NMOS IoVe * lorr = 8.9 pAM
il p——re—rr V-log- LEE " gy = 487 pAum
40| ——vde =30V dog- o R * gy =28.5 pAfpm - LOCEthﬂ Of.
oo | —vos=aos v ___———" . s AVge =127 MV measured fransistor,
g L VeE =50V - 7 - = DIBL =-46 & Y
00 /.&.—NFT 1l {/ 1. E-06
¢ // ] e
5, 7 =
T ,/ /‘. e 2
“EE 200 f }/ I sat e
= /’, / 1E-10 =
10 P / 1E-1
el “-\.Eﬁ{‘{f 7 lo.m torr 1.E-12
AT as e 0.5 1 1.5 2 25 3 PP
TECHINSIGHTS
Vg (V)
PMOS Transfer Function (Ip-Vgs) 3 " loee =-1.3 pAfum
e —— BT Y AT e " oy =-215 pA/Um
e o g P ——vos=saviog [ * gy =-2.2 pAUmM
——de =05 A || o . _
LEGS ‘\ —  ds-0v.m 225 Mgz =77 my
1.E-08 LY -200 = DIBL=26
\ VI un—s \
1LED7 Q\\\ 175
gu 1LEG8 150
T oi=m Iy, 53t \\, _mzf
L - \ F
£ 1Euw q \\ -0 £
LEN 0 I, = <
e T IN T Nt]
1.E-13 . fin \\ -
it 3 25 2 5 - a5 o ns e
Vaz (V)
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Now, 3D NAND QLC!

0 Samsung 3D TLC vs. QLC O Intel 3D TLC vs. QLC
Samsung 256 Gb TLC Samsung 1 Tb QLC Intel 64L TLC Intel 64L QLC
Products PM981, SSD T5, UFS2.1, Samsung 860 QVO SSD
Galaxy S9+, u-SD Card, etc. SATA, 6 Gb/s Products
Memory / Die 256 Gb 1024 Gb (1 Tb)
Die Size 5.94 mmx 12.60 mm 14.25 mmx 12.66 mm DieMarkings B16A N18A
2 2
EEH) (B0 30myy) Memory / Die 256 Gb 1024 Gb
i 2 2
HMamooinently odechinm 2 S8 I 7.43 mmx 7.83 mm 13.83 mmx 11.33 mm
(58.17 mm?) (156.70 mm?)
- Memory Density 4.4 Gb/mm?2 6.53 Gb/mm?2
Die Photograph
Die Photograph '
Vertical Cell Structure 64L 64L Vertical Cell Structure 64L Double Stack 64L Double Stack
Technology Node 20 nm 20 nm Technology Node 20 nm 20 nm
Cell Array Area Efficiency 64.6 % 79.8 % # Tiles 64 128

Tech
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3D Cell Design & Operation

-
3
H
3
3
3
E
3
3
3
3
3
=

=
]
3
3
H

% |
=
3
E
2

Tech
|HES‘I:Q|K5

14D

SK Hynix 72L TLC NAND H

BL
SL

3 DSTS (DSL) + 3 SSTs (SSL)
ummy W

- 32 TLC Cells

2 Dummy WLs
(1/Upper + 1/Lower)

Jiy'y

- 40 TLC Cells

1 Dummy WL
]’ PCGs (Pipe Control Gates)

Ref. Techinsights T3-2018 Analyst Briefings
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FpETgrtpn e m R ety

SGD

Intel/Micron 64L TLC NAND F

> 37 WLs

b 37 WLs

SGS
eshn.Plate 1

18GD

2 Dummy WLs
1 SLC Cell

1 MLC Cell
31 TLC Cells
2 Dummy WLs

} 32 TLC (Effective)

2 Dummy WLs
31 TLC Cells
1 MLC Cell

1 SLC Cell

2 Dummy WLs
1 SGS

} 32 TLC (Effective)

Ref. Techinsights Waveform Analysis
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Now 92L & 96L on the market!

ITEMS Samsung Toshiba
92L 3D V-NAND TLC 96L 3D NAND TLC

Samsung 92L

Tech
o Samsung MZ-V751T0C Toshiba XG6 SSD e
’ 1TB 970 EVO Plus KXG60ZNV
package Markings KO9DUGY8J5B-DCKO TH58LITOT24BADE
g € (16 Dies/PKG) (4 Dies/PKG)
Die Markings K9AFGD8J0B FSTO_256G
Memory (/die) 256 Gb 256 Gb
Die Size 56.46 mm? 50.91 mm?
Memory (bit) Density 4.53 Gb/mm? 5.03 Gb/mm?
Memory Array Efficiency 61.8% 61.7 %
# Active Cells 92 96
(# Gates in total) (100) (109)
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Technology Innovation on 3D NAND

[ 3D CTF/ALD/W GAA ] [ 3D FG/ALDISi GAA} { SEG/Low Damage } {
{ [ Memory Tiles ( D|e)
32L

ol

i Bit Density > 6.5Gb/mm? 109 Gates Vertical CeII
:;J [ MKM/J {18 }
Tech
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More Challenges on 3D NAND (1)

BL Contacts
Interconnection

CSL, Channel Capping

BL Patterning
# Top Selectors, DWLs

HAR Etch & ALD
(CSL, VC)

Stack Alignment

# Dummy Gates __ Multi-Stacked

NAND String

CTF/FG Storage
W Gate Replacement

GSL SEG
Junction/Damage

# Bot. Selectors, DWLs
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More Challenges on 3D NAND (ll)

PR Trimming Vertical Etch
# Masks Profile
Throughput
— GAA/FG
Uniformity

Multi-Mold
Wafer Warpage —
Stress/Strain

AlO Etch

Row
Resistance
. '
ONO Barrier
WLP Interconnection Etch/Recess
Area Penalty
Tech
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More Challenges on 3D NAND (lll)

3D Cell/Stack

v" Low NAND cell current issue
+ Junction Engineering, S/A Design
* Mobility (GB, trimmed Si Channel) Engineering

v' Multi-stack NAND Strings
Currently 2 stacked (64L, 96L, 128L)
4 stacked (128L, 256L) ormore (512L)

v" HAR Etching and ALD Filling
Channel tube etch, CSL etch (> 90:1, 96/128L)
Uniform Filling (Si or metal)

v" WL Cell Contacts Formation
Throughput and costissue

v' Decoder TR Reliability
HV + MV

v' Select Transistor VT Controllability
Fringing Field, Doping, Programmed SG

v PGM/ERS Speed @ same retention
Dtox (narrow SiON profile)

v' e-migration in CTL
Deep trap, Laminated CTL

v Cell coupling, Cell VT distribution
ONOA uniformity

v PGM/ERS Controllability
Negative WL PGM VT
* PGM bias condition

v COP Opt., Triple Oxide (LLV/LV/HV)

v PUC Structure (SK Hynix 4D NAND) v' BL & VC patterning, Scale down
v" CUP Structure (YMTC Xtacking) Teshhes v W replacement (uniformity, F damage)
v" WLD/WLS Design

v TLC, QLC,OLC

v' ECC Opt., NAND Controller
v" 110 Circuitry Opt.

v' Source Erase, GIDL Erase

Tech
lnes(lghts
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eFLASH Review
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@ambio micro

The low power revolution starts here

Ambig Micro eFLASH
on TSMC 40 nm ULP
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Ambigq Micro eFLASH on TSMC 40 nm ULP

ACE-1801-802
v Appollo2 MCU 2n generation

v" The AQM-Apollo_11 die

v eNOR FLASH + 40 nm CMOS process

v eNOR FLASH cell size: 0.36 pm x 0.19 um (0.068 um?)

v eNOR FLASH cell consists two mirrored cells sharing a common source line

S =

| ST || B

AQM-Apollo_11

RDL Level Bpoly Photograph

Tech
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Ambigq Micro eFLASH on TSMC 40 nm ULP

« AQM-Apollo_11

CG contact
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Ambigq Micro eFLASH on TSMC 40 nm ULP

ACE-1801-802

v SG length 105 nm, SG height 58 nm
v" EG height 85 nm

v" Wordline (WL), Control Gate (CG), Floating
Gate (FG) and Erase Gate (EG)

v Process Sequence: FGOX — FG — ONO —
CG — NVM Spacers — HVOX/TOX —
WL/FG — OX PRT/NiSi —» CESL

Sio

?—TiN liner
7 Sio

CESL SiN SiN

. 4+—65nm —»

PLNiSi Folg

SlO

Z
7}

5.9 nm
64nm

,?«7 nm
SiN . Poly 1

- | 228 H———100nm§>|

m / 12 nm

WL, CG and FG
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& Microsemi UIMIC

Microsemi PolarFire
MPF300T Mid-Range FPGA
UMC 28 nm LP eFLASH
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Microsemi PolarFire MPF300T
Mid-Range FPGA UMC 28 nm LP eFLASH

ACE-1805-802

v" Memory Density: 128 KB

v Two different size eFLASH Blocks (112 KB + 16 KB)
v 12 block + 12 Blocks

v' 2T-cell SONOS with CSL

v eFLASH cell size 0.44 pm x 0.27 pm (0.12 pm?)

v 0.6 % of die area

Evaluation Kit

MPFE300T PKG MSP300 Die
Tech
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Microsemi PolarFire MPF300T
Mid-Range FPGA UMC 28 nm LP eFLASH

v" 2T cell sharing a CSL
v CG + SG

- e W ew T @ W)

v" SONOS used BECEDECECECEQECED
v/ ONO with 4nm/4nm/4nm thickness NANE AN AN
v SG Gox: 5nm SiO ARRRRRAREARRAARANR
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Comparison eFLASH: TSMC vs. UMC

. HUAWEI-ERS-B29 Bluetooth 4.2 Microsemi PolarFire MPF300T MR-
Device

Ambiq Micro CO1-Apollo_lI FBGA
CMOS Technology Node 40 nm ULP 28 nm LP
Die Markings Apollo Il ambig micro Microsemi MSP300
Die Size 2.52 mm x 2.55 mm (6.43 mm?) 11.98 mm x 11.66 mm (139.69 mm?)

Block A: 0.10 mm x 0.072 mm
Block B: 0.017 mm x 0.072 mm
(Total: 0.0084 mm?)

0.88 mm x 0.40 mm x 2 blocks

eFLASH Block Size (Total: 0.704 mm?)

eFLASH Memory (Density) M 112 KBJ;;}&S‘;&'} I
# Metals 8 (7 Cu + 1Al 12 (11 Cu + 1Al
Contacted Gate Pitch 160 nm 120 nm
Minimum M1 Pitch 125 nm 90 nm
WL/BL Pitch 490 nm /190 nm 270 nm / 440 nm
eFLASH Cell Size i S L e
eFLASH Cell Structure 4T (FG, CG, EG, SG) 2T (CG, SG)
Storage FG CTF
SG Gate Length 105 nm 90 nm
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Techlnsights Memory Products/Subscription

You can find more information from Techlnsights Memory Subscription Products.

Me”!"r.y Contents Target Devices
Subscription

AME Advanced Memory Essential Memory All

PFA Process Flow (Run Sheet) Memory All

PFF Process Flow 3D Emulation NAND, DRAM, XPoint

Analyst Briefings Products/Technology Summary NAND, DRAM, Emerging

MFR Memory Functional Analysis Memory All

MDC Memory Design on Cell Array Memory All

MDP Memory Design on Periphery Memory All

CAR Circuit Analysis Report NAND, DRAM, XPoint
TCR Transistor Characteristics NAND, DRAM, XPoint
WER Wave Form Analysis NAND/Emerging
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Thank You!

For more information, please contact:

Jeongdong Choe: jchoe@techinsights.com



