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Process Flow Assumptions
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3D NAND Construction Kit

Logic / Conventional CMOS placement
support | CMOS formation below array
circuitry > 3.1.1 > 3.1.2

M Toshiba Samsung
emory P-BiCS TCAT

Array >3.2.1 > 3.2.2

Conventional

Metallization tungsten / AICu
BEOL > 3.3
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CMOS below array with two finalized metal layer
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Structure of the p-BiCS concept

_< hitline

—— sourceline

GSL

Memory cells

shared control gates
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XXOOXXXXXXXXXXXX formation by xxaxaxxaxxxxxx

), 0.9.9.0.9.9.9.0.0.9.90.0.0.9.9.0.0,¢
‘ I
‘ Array
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XXXXXXXXX select gate xxxxxxxxxxxxxx and removal of the
XXX o allow x00000¢xx of all Xoooooxaxx
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a) Initial etch step to form the stair case XXXXXXXXXXXXXXX
XXXXXXXX, D) structure after Xx )X XXXXXXXXXXXXXXXXX,
the periphery is etched XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
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Finalization of the stair case XXX
and XXX
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XXXXXXXxX formation to the xxxxxxxxxxxx to provide
XXXXXXXXXXXXXXXXXXtO the gate planes and CMOS part

|
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Schematic overview of the fundamental structure of the
TCAT concept used in our proposal and the Samsung
reference for V-NAND
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Intermediate TCAT structure with XXXXXXXXXXXXXXXXXXXXXXX, the
charge trap stack is XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXKKXXIHKIHXIHKXIKIIKXXKXXKXXKXX

‘ Periphery
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Finalization of the memory cells by deposition of the
XXXXXXXXXX XXXXXXXXX, the electrical connection of the
XXXXXXXXXXXXXXXXXX IS solved by a XxXxxxxxxxxX through
the xxxxxxxxx creating a rectangular XXXXXXXXXXXXXXXX

periphery
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The 3D structure after the xxxxxxxxx and subsequent
XXXXXXXXXXXXXXXXXXX, finally the xxxxxxxx is filled with
XXxxxx and polished

M

periphery
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The xxxxxxxxxx gate planes and the CMQOS devices are
contacted in the XxXxXxXxXxXXxxXxxxxxxxxx by contacts with a
XXXXXXXXXXXXXXX difference

periphery
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Comparison of the charge trap layer arrangement
in (@) BiCS and (b) TCAT and (c) SMArT

(a)

» In SMArT, the charge trap layer XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXKXXIXXHXXIXXIXIHXXHXXXIXXXXKXXXXXX
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3D floating gate approach, showing 4 FG cells per string
and the respective select devices, b) XXXXXXXXXXXXXXXXX
XOXOOOXXXXXXXXXX 3D FG structure with XXO000XXXXXXXXX

a) b)
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Initial state of the 3D floating gate NAND fabrication after
the multilayer deposition, XXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXK

Periphery Array
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Vert. FG structure after xxxxxxxxxxxxx removal to
open the XXXXXXXXXXXXXXXXXXXX deposition and
XXXXXXXXXXXXXXXXX formation

Periphery
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Vert. FG structure with finalized xx0000000¢xx and
XXXXXXXXXXX after XxxXxxxxxxxxxxxxxxx and subsequent
00000000 00000060

Periphery
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Vert. FG structure with formed connections to
realize YXooooOOOOOXXXX

Periphery
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Process Complexity/Process Steps
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Overview of the key contributors for 16nm NAND process
complexity compared to 3D NAND

 Process complexity is at least xx% higher for 3D NAND vs. 2D NAND

August 2014

Process Complexity Overview

EBEOL

ETotal

16nm NAND

p-BiCS 66L TCAT/SMArT vert. FG 68L vert. FG +
68L CMOSDbA
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Process Complexity Drivers — 32L 3D NAND

Process Complexity Drivers - 32L 3D NAND

E BEOL

O separate select
gate formation

B staircase
formation

B 3D memory array
+ MO

O CMOS below
Array adder

B CMOS

p-BiCS 34L TCAT/SMArT 36L vert. FG 36L vert. FG + CMOS
below array 36L

« XxxxX higher process complexity due to more process steps for XXXxXxxxxxxxxx and
XXXXXXXXXXXXXXXXXXXXXXX independent of the memory device formation

« CMOS under the array has xx% adder due to XXXXXXXXXXXXXXXXXX layers
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Number of process steps by process group — 32L
3D NAND

No.of Process Steps by Process Group - 32L 3D NAND

016nm NAND: Total Steps =
T| mp-BiCS: Total Steps =
BTCAT/SMArT Total Steps =
mVertical FG: Total Steps =

H [@Vertical FG CMOS below Array: Total Steps =

No.Process Steps

i

Litho Thermal Implant Films Etch/Clean CMP Inspection

o XxXxxxX process steps in 3D NAND driven by XXxxxXXXXXXXXXX and XXXXXXXXXXX
steps for formation of XXXXXXXXXXXX and XXXXXXXXXXXXXXXXXXXXX
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Process Complexity Drivers — 64L 3D NAND

Process Complexity Drivers - 64L 3D NAND

B BEOL

® 3D memory
array + MO

O CMOS below
Array adder

B CMOS

TCAT/SMArT 36L p-BiCS 66L TCAT/SMArT 68L vert. FG 68L

« if quality of the select gate is important for implementation of a long NAND
string, then XXXXXXXXXXXXXXXXXXXXXXXXX is required resulting in XXXXXXXXXX process

complexity XXXXXXXXXXXXXXXXXXXXHXKXXXIXHXKXXXXHXKXXXXXXXXXXXK
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Number of process steps by process group — 64L
3D NAND

No.of Process Steps by Process Group - 64L 3D NAND

O16nm NAND: Total Steps =
Ep-BiCS: Total Steps =
T| MBTCAT/SMArT Total Steps =

mVertical FG: Total Steps =

No.Process Steps

Litho Thermal Implant Films Etch/Clean CMP Inspection

o XXXXXXXXXXXXXX process steps are required for 64L vs. 32L, XXXXXXXXX ~XX%

« for example, 32L TCAT/SMArT has xxxx process steps

FORWARD., _
August 2014 INSIGHTS For internal use only 69




Lithography Layers by Technology

Lithography Layers by Technology

016nm 2D NAND
Bp-BiCS 34 layer

BTCAT 36 layers

g Bvert. FG 36 layers

=y

— Overt. FG + CMOS below

© array 36L i B

o

Z I
ARF ARF-Immersion KrF i-line

* ArF-immersion steps XXXXXXXXXIHXXXXIHHKXXXIKHKHXXXXIHKXXXIHIHKXXXIKXXXXXXXXXXX

XXXXXXXXHXXHXXXXXXXXXXXXKX
* Shift from XXXXXXXXXX t0 XXXXXXXXXXXXXXXXX [itho steps for XXXXXXXXXXXXXXXXXXXX
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Main Thin Film Layers by Technology

Main Thin Film Layers by Technology

016nm 2D NAND

Ep-BiCS 34 layer

ETCAT 36 layers L]

mvert. FG 36 layers

@Evert. FG + CMOS below array 36L

No.of Layers

ALD poly CVD nitride CYD oxide CVD metal CVD metal PVD

« XXXXXXXxX for p-BiCS due to xxxxx deposition in XXXXXXXXXXXXXXXXXXXXXXXX;
whereas other 3D concepts use XXXXXXXXXXXXXXXXXXXXX for XXXXXXXXXXXXXXXX

« ALD for xxxxxxx formation in 16nm NAND; for xxxxxxxxxxxxxxxxxxxx in 3D NAND
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Main Etch Layers by Technology

Main Etch Layers by Technology
O16nm 2D NAND

B p-BiCS 34 layer
B TCAT 36 layers
Bvert. FG 36 layers

i Bvert. FG + CMOS below array
36L

No.of Layers

RIEDT Rie std RIE stair RIE BEOL WET etch

* high aspect ratio RIE DT and RIE stair are XxxXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
e RIE DT is xx00000000¢¢xX due to XxX000000000000000000KxxxX formation
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Main Clean Layers by Technology

Main Clean Layers by Technology

i — 0O16nm 2D NAND - —
B p-BiCS 34 layer i ]

B TCAT 36 layers

5 mvert. FG 36 layers
> _ — -
©
- Bvert. FG + CMOS below
© i | array 36L | -
(@) . - |
pd
WET clean Scrubber single wafer clean ASH

* higher number of XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX in 2D NAND
e more XXXXO0XXXOOXXXXxxx for 3D NAND for better xooooooooao0000000000XXX
 Y00OXXOOXXXXX iN 3D NAND for staircase Xxp000000000000K0XXX
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3D NAND Tool Commonality with 2D NAND

3D NAND Tool Commonality with 2D NAND

Tool Commonality with 16nm 2D NAND

H N

p-BIiCS 34L TCAT 36L V-FG 36L V-FG 36L (CMOS below array)

* Same tool type used in both 2D NAND and 3D NAND out of total number of tool types used in 2D and 3D NAND

« xxxxx of the total tool types used in 2D NAND and 3D NAND are common
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2D NAND Tool Re-use in 3D NAND

2D NAND Tool Re-use in 3D NAND

% of Tool Re-use

|

p-BiCS 34L TCAT 36L V-FG 36L V-FG 36L (CMOS below array)

*Tool type used in 2D NAND which can be reused in 3D NAND

* xX% of the total tool types used in 2D NAND can be re-used in 3D NAND
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Greenfield Investment
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Fab Investment by Technology

Fab Investment by Technology

mClean Room
— Invest

__ | mFab
Equipment
Invest

__ Millions per 100k wpm

16nm NAND p-BiCS 34L TCAT/SMATIT 36L Vertical FG 36L Vertical FG 36L
CMOS below Array

* 3D NAND investment Xxxx:oxxdodddodsxdxddoddoaddoaoxkxxxxx 2D NAND
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Number of Equipment

No. of Equipment

No. of Equipment per 100k wpm Invest

16nm NAND p-BiCS 34L TCAT/SMAIT 36L Vertical FG 36L Vertical FG 36L
CMOS below Array

« XX-XX% xxxxxxx required for 3D NAND
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Equipment Investment Breakdown by Technology

Equipment Investment Breakdown by Technology

mLitho
7| ®Thermal
4| @implant
BFilms

@ Etch/Clean

Millions per 100k wpm

1| mcmp

- | @lInspection

L

16nm NAND p-BiCS 34L TCAT/SMAIT 36L Vertical FG 36L Vertical FG 36L
CMOS below Array

o XXXXXXXXXXXXXXXX drive XXXXXXXXXXXX investment
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Equipment Investment Breakdown by Process

Module

Equipment Investment Breakdown by Process Module

100%

90% ——

80% —

0% ———

60% ——

50% —

40% ——

30% —

% of 100k wpm Fab Investment

20% ———

10% +——

16nm NAND

w1 4 N 42N O S e

OInspection
@CMP

B Etch/Clean
B Films
@Implant
BThermal

ELitho

p-BiCS 34L TCAT/SMArT 36L Vertical FG 36L Vertical FG 36L CMOS
below Array

« etch/cleans + films accounts for over xx% vs. xx% for 2D NAND
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Equipment Investment Breakdown by Process
Module

Equipment Investment by Process Module

m16nm NAND

Bp-BiCS34L

B TCAT/SMAIT
36L

B Vertical FG
36L

Millions per 100k wpm

@ Vertical FG
36L CMOS
below Array

| I

Litho Thermal Implant Films Etch/Clean CMP Inspection

o XXXXXXXXXXXX investment by process module
XXX XXX
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Fab Investment by Tool Class

Equipment Invest by Tool Class for 100k wpm Fab

Million

Q > R Q QO @ d 2 o N Q X N A
N e S N N S & N & O N} X0 Q &
O R R S

Q N
N o)
X
S
N

m16nm FG

mp-BiCS 34L

OTCAT 36L

BV-FG 36L

BV-FG 36L (CMOS
below array)

« XXXXXXXX dominates investment followed by Xxxxxxxxx
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Equipment Footprint for 100kwpm Capacity

Equipment Footprint for 100k wpm Capacity

Footprintincl. support [m?]

16nm NAND p-BiCS 34L TCAT/SMArT 36L Vertical FG 36L Vertical FG 36L
CMOS below Array

« XX-XX% xxxx space required for 3D NAND
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Equipment Footprint Breakdown by Process
Module for 100k wpm Capacity

Equipment Footprint Breakdown by Process Module for 100k wpm

Capacity
100% +— |
90% —— =

80% +—— =

70% +— —_| BlInspection

@ CMP
60% —— —
mEtch/Clean
50% —— —
BFilms

40% | mimplant

30% +———— — || ®Thermal

% of Equipment Footprint

mLitho

20% —— =

10% +—— =

0% —— —
16nm NAND p-BIiCS 34L TCAT/SMArT 36L Vertical FG 36L Vertical FG 36L
CMOS below Array

» etch/cleans + films accounts for xx% of footprint in p-BiCS; xxx for
other 3D concepts and xx% in 2D NAND
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Wafer Raw Processing Time Breakdown by Process
Module

Wafer Raw Processing Time Breakdown by Process Module
100% +—— e
90% +—— T
80% +— i
o 70% —— —| | @lInspection
-E BCMP
ﬁ 60% 1 B Etch/Clean
S 509 — __ | =Fims
o
= B mplant
@ 4 =
@ 40% B Thermal
\2 300 - mlijtho
20% +—— T
10% T
0% +— . . . . —
16nm NAND p-BiCS 34L TCAT/SMAIT 36L Vertical FG 36L Vertical FG 36L
CMOS below Array

« etch/cleans + films accounts for xx% in 3D NAND vs. xx% for 2D NAND
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Wafer Processing Cycle Time by Technology

Wafer Processing Cycle Time by Technology

Cycle Time (Days)

16nm NAND p-BICS 34L TCAT/SMAIrT 36L Vertical FG 36L Vertical FG 36L
CMOS below Array

« cycle times are xx-xx% xxxxxxxx than 2D NAND
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Front End Wafer Cost by Technology

FE Wafer Cost by Technology

FE Wafer Cost

16nm NAND p-BiCS 34L TCAT/SMAIT 36L Vertical FG 36L Vertical FG 36L CMOS
below Array

» FE wafer cost is at xx% xxxxxx for 3D NAND
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Front End Wafer Cost Breakdown

Wafer Cost Breakdown
100% +— e
90% — = || @Labour
cost
80% 1T— =
@ Utilities
70% +— —
- 1 ___ || ®=Maintenance
4 60% Material
O
F_, 50% — — | mMaterial-OH,
g Test wafer
~  40% +— = )
2 m Direct
S 300 Material
6 +— 0
B Cleanroom
20% — T cost
10% +— __|| @Capital
cost
JVORN I IR I E N U I A I D
16nm NAND p-BiCS 34L TCAT/SMArT 36L Vertical FG 36L Vertical FG 36L CMOS
below Array

« capital cost accounts for xxxxx of FE wafer cost for 3D NAND
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Fab Investment Sensitivity Analysis

Fab Investment Sensitivity to Pillar Etch

c | |

o |

2

é 5]

=)

s

3] |

Q [m]

»

c

k=

= B .
=]

p-BICS 34L TCAT/SMAIT 36L Vertical FG 36L Vertical FG 36L CMOS
* fab invest = eqt invest + CR invest; w/h = productive throughput net of uptime & utilization below Array

« pillar/hole etch is XXXXXXXXXXXXXX and can XXXXXXXXXXXXXXXXXXXXXXXXXXXXX

August 2014
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2D to 3D NAND Conversion
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Equipment Footprint Breakdown for Given Area by
Process Module for 32 Layer 3D NAND

% of Total Equipment Footprint

100% -

90% 1

80% A

70% A

60% -

50% -

40%

30% -

20%

10% A

0% -

Equipment Footprint Breakdown for 100k wpm Fab by Process
Module for 32 Layer 3D NAND

OInspection
— |BCMP

B Etch/Clean
B Films

— | @Implant

B Thermal
mLitho

16nmFG p-BIiCS 34L TCAT 36L V-FG 36L V-FG 36L (CMOS below
array)

« etch/cleans + films accounts for xxxx xxxxx vs. xx% for 2D NAND
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Impact on Wafer Capacity of Conversion from 2D

NAND to 3D NAND

120,000

Wafers per month

100,000 -+

80,000 -

60,000 -

40,000 +

20,000 A

Impact on Wafer Capacity of Conversion from 2D NAND to 3D
NAND

0 A

16nm NAND p-BiCS 34L TCAT/SMArT 36L Vertical FG 36L Vertical FG 36L
CMOS below Array

« XX-XX% wafer capacity xxxxxxxx for 3D NAND vs. 2D NAND

August 2014
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Invest/De-invest for Conversion from 2D NAND to
3D NAND

Invest/De-invest for Conversion from 2D NAND to 3D
NAND

m|ncremental
Invest

Million

B De-invest

6L  Vertic

 XXOXOXXXXXXXXXXX results in Xxxxxxxxxxxxxxxx of ~$xxxx which must
be sold or re-deployed
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Breakdown of Tool De-invest

Breakdown of Tool De-Invest

Millions

p-BiCS 34L TCAT 36L V-FG 36L

B Re-use/Re-
deploy

@ Unusable

V-FG 36L (CMOS below
array)

o XXXXXX IS due XXXXXXXXXXXXXXXXXXXXXX and can be re-used in 3D
NAND production if there is XXXXXXXXXXXXXXXXXXXXXXXXXX available
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INSIGHTS

August 2014

For internal use only

94



Incremental Invest by Technology for Conversion

from 2D NAND to 3D NAND

Incremental Invest by Technology for Conversion from 2D NAND to
3D NAND

BLitho
| = EThermal

Eimplant

Million

BFilms

B Etch/Clean

BCMP

B = BlInspection

p-BIiCS 34L TCAT/SMArT 36L Vertical FG 36L Vertical FG 36L CMOS below
Array

* Xxx% of the incremental investment for conversion to 3D NAND is
in the x000ooooxx and Xooooddaoxxx modules
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De-invest by Technology for Conversion from 2D

NAND to 3D NAND

De-Invest by Technology for Conversion from 2D NAND to 3D NAND

I mLitho

d BThermal

Bimplant
BFilms

EEtch/Clean

1| mcmp

1 OlInspection

August 2014

« de-investment in Xo00XXOOOXXXXXX
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32L to 64L 3D NAND Migration
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Impact on Wafer Capacity of Conversion from 32L

to 64L 3D NAND

120,000

100,000

80,000

60,000

Wafers per month

40,000

20,000

Impact on Wafer Capacity of Conversion from 32 Layer to 64
Layer 3D NAND

m32Layer

= B 64 Layer

16nm NAND p-BiCS TCAT/SMAIT Vertical FG Vertical FG CMOS
below Array

* increasing the number of layers from 32 to 64 results in
XOXXOOOXOOOXOOOKXOOOXOOOXXXX Of XX% to almost xx%.

August 2014
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Investment/De-investment for Conversion from
32L to 64L 3D NAND

Invest/De-invest for Conversion from 32 Layer to
64 Layer 3D NAND

®Incremental
Invest

Million

__|mDe-invest

 upgrade invest xxxxx to xxxxx with de-invest $xxx-xxxm assuming
XXXXXX converted to XXOO000XXXXXXXX
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Incremental Investment by Technology for
Conversion from 32L to 64L 3D NAND

Million

Incremental Invest by Technology for Conversion from 32L to 64L 3D

NAND

p-BiCS 66L

TCAT/SMArT 68L

Vertical FG 68L

mLitho

B Thermal

@ Implant
BFilms

@ Etch/Clean
@ CMP

Olnspection

o primarily XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX invest
* no additional xxxxxxxxxxxxxx invest if entire XXxXXXXXXXxxxxxxxx formation

can be adequately addressed with XXXXXXXXXXXXXXXXXXXXXXXX With

subse quent XXOXXXXXXXXXXXXXXXXXXXXX
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De-invest by Technology for Conversion from 32L
to 64L 3D NAND

De-invest by Technology for Conversion from 32L to 64L 3D NAND

mLitho
®mThermal
BImplant

BFilms

Million

B Etch/Clean

@CMP

OlInspection

* de-invest primarily due to XXXXXXXXXXXXXXXXXXXXXXX
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Wafer Raw Processing Time Breakdown by Process

Wafer Raw Processing Time Breakdown by Process
L00% Module
90% +—— T
80% +—— T
OlInspection
o 70% +——— i
_‘E' @ CMP
g 60% 1 B Etch/Clean
[&]
£ 50% - — | BFilms
E 40% - B mplant
5 B Thermal
X 30% —— T
HLitho
20% —— T
10% —— B
0% T T T
16nm NAND p-BiCS 66L TCAT/SMArT 68L Vertical FG 68L

* Films and Etch/Clean accounts for xx% of the wafer raw processing
time for a 64 layer 3D NAND, xxxxxxxxxxxxxX xx% for 32 layer 3D NAND
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Wafer Processing Cycle Time by Technology

Cycle Time (Days)

16nm NAND

Wafer Processing Cycle Time by Technology

1| m32Layer

|| m64 Layer

p-BiCS TCAT/SMAIT Vertical FG Vertical FG CMOS
below Array

« fab cycle time is approximately xx% to xx% xxxxxxxxx for 64 layer

3D NAND compared to 32 layer 3D NAND

August 2014
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Front End Wafer Cost by Technology

FE Wafer Cost by Technology

m32 Layer

FE Wafer Cost

H64 Layer

16nm NAND p-BiCS TCAT/SMAIT Vertical FG

e FE wafer cost for 64L 3D NAND xx-xx% xxxxxxxx than for 32L 3D NAND
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Front End Wafer Cost Breakdown

Wafer Cost Breakdown

100%

% of Wafer Cost

0% -

90% +—

80% ———

70% ———

60% —— —

50% — —

40% +—— e

30% +——— —

20% —— —

10% ———— i

16nm NAND p-BIiCS 66L TCAT/SMArT 68L Vertical FG 68L

O Labour
cost

@ Utilities
@ Maintenance
Material

® Material-OH,
Testwafer

B Direct
Material

@ Cleanroom
cost

@ Capital
cost
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« capital cost accounts for xx-xx% of FE wafer cost
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Relative Comparison of 2D NAND and 3D NAND

Relative Comparison of 2D NAND and 3D NAND

TCAT/
2D NAND p-BiCS SMAIT Vert. FG

Fab Investment

Cleanroom Space

Fab Cycle Time

Wafer Cost

Surplus Egt from Tech Migration

Wafer Capacity / sg. meter

« 2D NAND is XXXXXXXXXXXXXXXXXXXXXXXXX, XXXXXXXXXX 3D NAND offers
XXXXXXXXXHXXXXXXXKXXXHXXXHXXXHXXXKXXKXXXXXXXXXXXXKX
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