Nanoinnovation 2016 Conference & Exhibition

« 3D NAND memory trends »

Senior Director Micron NVE Design Europe
Tommaso Vali
Sept 22

©2014 Micron Technology, Inc. All rights reserved. Products are warranted only to meet Micron’s production data sheet specifications. Information, products, and/or specifications are subject to change without notice. All information is provided on an “AS IS” basis without
warranties of any kind. Dates are estimates only. Drawings are not to scale. Micron and the Micron logo are trademarks of Micron Technology, Inc. All other trademarks are the property of their respective owners

1 |  ©2014 Micron Technology, Inc.



Photo Texas Indtiuments

¥ Ll
RN 77 I
)

‘r\“" i
‘?5 22t |:!|y7w BB T
. i 22,

) % Al
* s [ % |[[HpH AP
L @ i TS

i e

T oof =6 7,

_.N . MW
5.

4 v awr

INVENTOR

Jack: S. Kilby

Kilby's first inteqrated circuil
in germanium.
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Semiconductor WW TAM WORLD WIDE Electronic system structure TAM

Spring 2016 :
m Services

Americas 68728 62080 62811 64.112 65.682 E

Europe j0258| 32522 32834 33.457 34.084 S
Japan 31102 31334 32.081) 32592 33.283 25X B
Asia Pacific 201.070( 198.614) 203.274] 208.126 212.613

Total World 325.169| 324.550 331.000] 338.288| 345.662 Electronics Systems:
Discrete SIC 12.612| 18.995 19.551| 20.081 20.568 \

Optoelectronics 32.25| 30916 31552 32642 33.340 5X BS
sensors 8816 10474 11198 11546 11.958

Integrated Circuits | 274.424| 264.165( 268.700| 274.018 279.796

Analog 15228 45040 47478 48833 50.468

Micro c1208| 61514 62488 63567 63.000

Logic o07%2| 85547 84047 85882 85.887

Memory 77208 71464 73701 75737 78.450

Total Products 325.169| 324.550 331.000 338.288| 345.652

Memory F7.205 71.164] 73.791| 75.737| 78.450

DRAM 44 970] 38.172| 39.080| 239.773| 40.525

NOR Flash 1.541 1.804 1.562 1.518 1.500

NAND Flash 28845 29.847| 31.448| 232,780 34.787

Total ICs 274.484| 264.165| 268.700| 274.018( 279.7

Source: WSTS
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Key Technology Growth Drivers Rely on Memory

roughly 2.3 trillion GB
of data being created

5 l every day

"Memory
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5 Big technology trends

MACHINE
NETWORKING TO MOBILE CLOUD BIG DATA

MACHINE

Semiconductor memories are today a key element of every electronic systems.
Advancement in memory technology is feeding the 5 big technology trends which
are shaping modern society and human interactions.



Memories: a key element of many electronic systems

We are used to memories being just a support technology but in last years are
becoming increasingly important in defining the overall electronic system.

> SMART PHONE & TABLETS
» Memory content cost is higher than the CPU cost
» Memory density is becoming more often the metric to describe the
product performances more than the computational power

> LAPTOP e SERVERS
» Latency and Power are critical parameters just as important as overall
computing performances.
NAND based SSD introduction in computer has significantly improved
overall system performances



Scaling Trends

Over the past thirty years , DRAM and then NAND technologies have been able to
provide the right products solutions to enable new applications and markets due to
the continuous scaling of feature size and performance. Planar NAND has approached
in 2010-1015 the sub 20 nm technology range. Scaling beyond current

levels is becoming increasingly challenging and costly

Diminishing Returns

Creating smaller circuitry has placed more transistors on chips but " -
triggered higher costs. 2D NAND Cell Size Scallng
80 nanometers”
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..the average cost of designing a chip has increased Year
“Billionths of a meter

Source: International Business Strategies THE WALL STREET JOURNAL.



CAP FOR A NEW GENERATION MEMORY FAB

NAND CAP NEEDED FOR A 100K WPM FAB in SUB 20nm ~4BS
Equipment cost : lithography tool cost above 50M$
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2D NAND

WRAP FLOATING GATE
challenges below 20nm

1) High aspect ratio
2) Fg2Fg Interference
3) E field increase

In the conventional WRAP FG cell, interpoly dielectrics IPD and the control gate CG WRAP
around the floating gate is used to achieve good coupling ration (GCR)

At 20nm node CG and FG widths become ~10nm . Aspect ratio become >10 in both BL
and WL direction.

FG height of a wrap FG cell is as tall as >50nm.
Cell to cell interference increases significantly , this widens MLC Vt distributions

Electrical Field at the top of FG and bottom of CG increase with scaling .
This high E filed effects degrade cycling reliability and data retention
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FLOATING GATE TO FLOATING GATE

Wordline N+1

Cell(N,J) —_|

Wordline N

Wordline N-1

The Floating gate to floating gate
interference is the delta Vt induced

by capacitor coupling on all surrounding
cells when programming a generic cell (N,J)

_I I_ Coupling cap along wordlines % Coupling cap along diagonal

s INTERFERENCE ~ vsoe o

Program Vit

Program V1t distribution shifts after
receiving the coupling noise.

VLSI Symp. (2006)
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NUMBER OF ELECTRONS

Floating gate
p-well
N-

well

p-sub

|

>
ov ov
Fig. 3.1 "0" Programming

» Reduced Cell CAP with scaling is reducing # of electrons x state

» States enlargement due to fluctuations effect



2D NAND Flash in last decade

Last decade the physical cell size has shrunk by 100x in area.
Additional cost scaling was achieved by transistionin to 1-2-3bpc

< — > 2D NAND Cell Size Scaling
sic : fo\r X 1.0000
RIad T vpass 't - L .
£ 0.1000 - W [1. S| |
miLc ) t > @ 0.0100 - | ™
T T T T Vpass Wt E &%
/\'CL &3, 0.0010 TR x
TLC 0.0001 - - - :
> '00 '05 '10 '15 '20
Year
Program disturb
Lithography pitch limits Electrical proximity Physical cell scaling

Pitch reduction approaches: Airgap: HiK material
doubling patterning WL/STI air gap Metal gate planar
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“Moore’s law” x Memory

2D NAND Dual Pattening , SLC=>MLC—>TLC, planar cell

|  ©2014 Micron Technology, Inc.
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2D NAND

PLANAR FLOATING GATE w/ high K IPD and metal gate

Below 20nm :

1) Sub 20nm CG and FG width become <10nm
2) Thin charge storage layer (physical scalability)

A |

B

Thin charge storage layer for physical scalability and low Fg2Fg interference

""“'"I-!P‘.

High K is used as blocking dielectric to maintain good gate coupling ratio
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3D NAND

2D NAND Structure

|  ©2014 Micron Technology, Inc.

3D NAND Structure

G picron



3D NAND Vertical channel 30 NAND

Effective cell scaling is achieved by staking @
multiple layers. Cell physical cell size is large

and this contributes to enhancement cell | . %

performances and reliability.

There are 2 types of string architectures:
One is vertical NAND advantageous in

electrical performances and reliability due to

the gate all around (GAA) Horizontal channel 3D NAND

r
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Another option is Horizontal NAND :
can have smaller cell size due to the
smaller physical cell size




3D NAND
Micron-intel

= AA conventional floating gate cell was used for its proven reliability.

This first generation of the 3D NAND has 32 Tiers of active wordlines
plus additional Tiers for dummy wordlines and source and drain
select gates.

Here a SEM cross-section of the NAND string which is formed
completely above the silicon substrate.

After the cell hole etch through the wordline tiers, the control gate
is recessed back and inter poly dielectric is formed.

Following this the floating gate is deposited and etched back to
form isolated floating gate for each cell.

This is followed by the tunnel-oxide and channel formation.
While the NAND cells are floating gate cells, the source and drain
- select devices are single gate oxide transistors.




3-D FG NAND structure

3D NAND STRING

2D NAND STRING
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2D FG NAND: ISSUE
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Thin FG technology ,
Air Gap technology

1 10

FG-FG coupling a.u.

FG-FG

IA -WOOT J9d suo.199|9 Jo Jaquinu ay |

0 72 52 34 25 20 16
NAND Technology (nm)



Performance and Reliability

SN
Cell design improves performance
and reliability

Zter Gen? Gen3

Electrons per level

M 2, 2015 @
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FG NAND reliability

SURROUND GATE :Less interference than 20nm tech
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Memory tile with CuA

256 physical blocks
/ /
1/16 logical block

1KB x 8 bit lines

=7

. . N ‘\\:\
1KB x 8 bit lines : &\\\%\
/ String drivers

1KB data cache

CMOS circuits for data path, column/block redundancies, page buffer drivers, etc,



3D NAND
Key advantages

Larger cell size SURROUND GATE

 Higher cell CAP CuA CMOS ..+ Lessinterference than
2 metal layers above array (bit

line power connect)
2 metal layer below array

More electrons for a given 20nm tech
change in the cell threshold
e Fluctuation effect reduction:

Reduction on Vt distributions

=

x 90nm CG CG

= 7Onm 1)
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x 25nm

# of Blectroas for 100mV Vi shift
2

Technology Node

2D
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3D NAND

Key Challenges

Cell on current
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NAND Cell 1d-Vg Characteristics
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= 20nm 2D NAND
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Gate Voltage[V]
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A 256 2b/cell and 384Gb 3b/cell 3D-Floating-Gate NAND
Flash Memory

(!V?ICTOII intel

Micron and Intel - A Strong Partnership

Die Size 168mm~2
2.28Gb/mm2 has been achieved at TLC

Announced in Production Micron — Intel

Extends Moore's

Enables >10TB Law for flash

in a standard 2.5" SSD
storage

25 |  ©2014 Micron Technology, Inc. éﬁ’?l C ro n ;



Gb/mm?

Trend of memory density
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A 512 2b/cell and A768Gb 3b/cell 3D-Floating-Gate NAND
Flash Memory

Die Size 179.2mm~*2
4.29Gb/mm?2 has been achieved at TLC

Announced at ISSCC2016 San Francisco Micron — Intel Feb 2016



Gb/mm?

Trend of memory density

> 768Gb 2MG TLC
ISSCC2015 @
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“Moore’s law” x Memory

3D NAND extends the Moore’s law path for FLASH storage
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