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PROGRAM OVERVIEW



FLASH MEMORY ROADMAP
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Gross Bit Storage Density
(Gbit /mm?2)

1.0E+03
1.0E+02 Beyond Flash challenges
» No credible device available
» Disruptive innovation required
10E+01 A - www.3dincites.com/2015/08/can- -3d-: super' 3-D Flat ce" NAND Chm
. IR nand-impudiecasety bit-for-3d-nand/ » High Aspect Ratio Patterning (HAR) inside trench
4 z 0 » Flat cell P/E performance
! I I * Noise in small cells reduces bits per cell
« Lower channel current reduces access time
1.0E+00 A ‘ . » Expected to scale to 40 nm X-Y pitch
“Scaling Directions for 2D and 3D NAND Cells”,
A. Goda, K. Parat, proc. IEDM, 2015 3-D NAND challenges
‘ * Hole etch, layer stacking and multi-tier stacking
» Mechanical stress
1.0E-01 Q : + Layer thickness scaling
* Read current and WL conductivity
‘ o + Data retention due to charge spreading mSLC
* «  WL-WL E-field breakdown
. 2-D NAND challenges o MLC
1.0E-02 ‘om ~ Litho feature scaling Expected to scale to ~500 layers
* Noise in small cells ATLC
«  WL-WL E-field breakdown
» Scaled to 16 nm node ¢ MLEsD
1.0E-03 @ TLC 3D
2000 2005 2010 2015 2020 2025 2030 2035

Year of announcement in ISSCC conference

Data from “Reviewing the Evolution of the NAND Flash technology”, 4
M. Compagnoni et al., proc. IEEE Vol. " 05, No. 9, 2017
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FLASH MEMORY PROGRAM FOCUS
IDENTIFY AND MITIGATE 3D NAND FLASH CELL SCALING ROADBLOCKS

Alternative WL Metal/liner Characterization
and Modeling

I n d U Stl‘y | mecC Single charge trap induced
_ I,, variations [

Nominal device
R&D vehicle . .

e Memory Dielectric Stack
_— % 7 / Materials impact on memory performance
i o 107

Channel Current Improvement =z

E 7

Alternative channel materials £ 10° s
Q s
£ 10k ¢
= i 4 FC-InGaA:
O 400 f ¢ |WFCsi
B § |®Poly-Si
~_ 107 [ laEEs™™

10254

Cell Scaling
& Architecture -

®0 2 4
Gate Voltage [V]

300nm height

~5 pm height i
~100 gates 3 gates 3-D Flat cell memory device | Post Flash g
@100 nm @ 80 nm

Nanofluidic memory device

“Sealing trends in NAND Flash” - W (+500 MPa)  W(+1000 MPa)  W(+1500 MPa)
caling trends in lash”, — -
K. Parat and A. Goda, proc. IEDM, 2018 MeCha n Ica I Stress

Asymmetric wafer warpage @ @ @
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CHANNEL



POLY-SI CHANNEL BASELINE IMPROVEMENT

LGP ISSG and WFO HPAP
Large Grain Poly Larger grains by growing thick High Pressure
obtained by tweaking poly then re-oxidize using In- Anneal Process to
crystallization anneal Situ-Steam-Generated oxide more efficiently
or Wet Furnace Oxide passivate defects

POR
short time/high temp.

Crystallization ONO 5...20 Atm
long time/low temp. pure H,

“mmec 8 CONFIDENTIAL



POLY-SI CHANNEL BASELINE IMPROVEMENT

Ion (HA)

I, spread 39% 42% 40%
V, (V) 3.3 2.4 2.2
V, spread (V) 0.4 0.4 0.5
STS (V/dec) 0.45 0.41 0.39
STS spread 18% 19% 22%

HPAP

LGP

ISSG
HPAP

- Worse than POR

Aligned to POR

“umec

Better than POR

- Best case
9
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MILC OF 3-D NAND FLASH CHANNEL

Demonstration of NiO-based Metal Induced Lateral Crystallization (MILC)

NiSi, nodule diffuses through Silicon channel crystallized Read current of MILC
a-Si channel inducing crystallization after passage of NiSi, nodule channel improved x3

NiO Seed layer +
Forming gas anneal (500C)

-

I Read [IJA ]
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SSE + Aquaregia clean
removes NiSi residues
significantly improving yield
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STABILIZING MILC PROCESS

Ni and NiO MILC

Marginal improvement (<20%) in Iy
as compared to the reference
Root cause under investigation

ID @ 2V overdrive

—8—Ref. 11 nm (D08)

—4—Ref. 15 nm (D0O9)

Probit
(=]

——Ref. 17.5 nm (D20)

Best 11 nm (DO5)
—o—Best 15 nm (D10)

: T ——Best 17.5nm (D16)
1.00E-08 1.00E-07 1.00E-06
D (A)

12.00

10.00

8.00

6.00

VT (V)

4.00

2.00

0.00

200 !

11

100 nm

Nickel transport through channel is
not compromising memory operation

—e— POR (AL907061 D0)
—e— NiO (ALS06765 D16)

13 13 23
VG (V)

DVT (V)

7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

-1.00
-2.00

Py — o——2

—e—POR (AL907061 D09)

—8—NiO (AL906765 D16)

o s ]
— e o
1 10 100 1000

Cycles
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3-D NAND FLASH RTN CAPTURED

Quantitative modeling of 3-D NAND Flash Random Telegraph Noise (RTN)

RTN is main limiter of 3-D Finite Element Modeling of Quantitatively correct
multi-bit operation single charge trap I,.,4 variability reproduction of measurement
Ipeaq NOISE
A _} T
o 1 ® Experimental
3 %W. | ® Simulated
R - - EEEEERE 1 1, =56-10A
H o O |O| O] ||| ||| |— > V ; ; ~
T L | Nexp|avg_ 5
Y V) | S . R —
o Veg =2V ® » °
6x10? — Vg, =5V o
g " energy g:rrlr:;?; VDS =0.1v ()
F el Y, 5 s 00llLypn=120m ]
Ireaq NOISE || s Ten =11.5nm ‘
2x10°% | ] = = : :
I ane s 0 10 20 30 40
o : 3:: i’:‘“ Algllps (%)
0 1 3 4 5
Vas (V)
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CHANNEL NEXT STEPS

* Consolidate poly-Si baseline and benchmark to industry
* Combination of all known conventional methods
* Comprehensive characterization and comparison to model (tentative)
* Investigation of poly-Silicon crystal structure

* Stabilize Ni-based MILC and demonstrate industry relevance
* Confirm I, improvement on BKM process with high yield
* Comprehensive characterization (P/E, RAC, precise 1V, PPD, crystal structure)
* Demonstrate MILC for longer channels (physical characterization)
* Conclude on alternative methods (Al, Ge)

* Continue development of ALD InGaAs III-V channels for 3D memory devices
* Develop ALD process of GaAs and InGaAs
* Demonstrate 3D device operation

* Development of poly-Si channels for non-GAA XY-scaled devices
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RU RMG 3-D NAND FLASH DEVICE IMPLEMENTATION

Ruthenium reduces WL resistance and improves erase saturation
but also degrades drive current

Record 9.6 pOhm.cm Improved erase saturation Negative impact on Iy
10.00
ISPP & ISPE in 3-D NAND device 3
_ 8.00 I, at 2 V overdrive in 3-D NAND device
60} —O— onTiN, annealed 2 '
o ©  onSi0,, 650C, Hy, 20min, 6.00
= —O— onSi0;, annealed Ru { f
g PvD - @  onSi0,. 420, FGA 4.00 1
C 10 (o] on Si0,, 650C, Hy, 20min = TIN Ref. 3
e < 2.00 e 0 ;
z §‘o > & TiN Ref,
£ o 0.00 1
§ 201 \ 9o . 8 13 8 23 /}
3 . 0-0—¢, Q'b o oe o0 2 -
o
400 -3 —_—
0 . . . . - : : Ru
0 5 10 15 20 25 30 -6.00 1.00E-08 1.00E-07 1.00E-06
Ru film thickness (nm) Ve ID (A)
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DEVELOPING RMG MODULE IN SAKKARAVEHICLE

Replace 5-gate TIKAL with more efficient 3-gate SAKKARA vehicle

& DRAIN Etch

k. SLIT Etch

& POLY Recess

“mmec

%t METAL Deposition

18

tt METAL Recess
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ALTERNATIVE WORD LINE STACK LEARNING

Small window cycling technique reveals importance of anneal conditions

Ru, W Ref., Mo / Al,O5

VT Degradation (AVT) -
Erased state

10 100 1000 10000 100000

Cycles

“mmec

Ru / Al,Os, ZrO,

VT Degradation (AVT) -
Erased state

No effect from WL metal and HK liner

10 100 1000 10000 100000

Cycles

Ru / Al,O,

VT Degradation (AVT) -
Erased state

19

10 100 1000 10000100000
Cycles

650° C PMA only

1000° C PDA only

1000° C PDA + 750° C PMA
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HAFNIUM SILICATE BASED VARIOT

HfSiO-based tunnel barriers exhibit strongly improved program
However, erase operation and retention (not shown) are compromised

Measured curves Measured curves
8.5€0 e = X
= HfSIO 20%Hf 7% = = ™ Lt HFSIO 20%Hf
7560 S i ’
- _7F HfSIO 7.9%Hf =
V4 . HfSi0 7.9%Hf
i 500E-3 RiE=lo o )
= 0ED| = —g—
5560 -500E-3 ‘ y /
S e 5 -8 § :
£ 4580 § -1.560 Variot =S
H e -2E0 15-20% Hf /
2 g -2.5E0 Varic
5 35E0 s # ow% HFf
5 0 - = -3E0 P -0
25€0 ' -3.5E0
20 -4E0 . Variot
o -4.5E0 POR (SiON 20%N) 10% Hf
1E0 i
063 -5.5E0
0E0 -6E0
T i i 1 R & = S N — 65E00 . I e S s
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 I 32
Voltage [V] Vaoltage V]

[ 2ui1esos 000 @ AL#14505 D07 « ALOH 575010 ALi14505 D11 = ALO1AS0S D12 * ALOYASOS.D1) - ALOTASDS.O1A » A58 015] [-ALs14505 D03 -+ ALS14505_DOT +~ AL9T4505 D10 ALGN4505_D11 — ALS14505 D12 + ALS14505_D13 — ALG18505_D14 + AL#14505_ D15
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MODELING OF CYCLING-INDUCED DEFECTS

P/E pulse bias & time dependency of Dy; creation modeled up to 300 Cy.

Retention After Cycling (RAC)
TCAD

40 Tati
simulation
B /
3 PN
o *ETSx
~
E 35
2
o
- Measure
<30 at 25 °C

10" 10 10°  10°
Time [s]

Transient current simulation

10%F
& 1
£ 10
(&}
<
3102
Catrame
107}

10%  10% 10
ts]
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Source Drain

Power law for constant current stress

Dot (t) =K - lej ']ftress
JFH

Jen
Jen

22

~
~
N —_——— -

Vpr=+245V
Vpr = +23.0V

F=+20.0V

10, 10" 102  10°
-~ PJE Cycles [a.u.]
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STACK NEXT STEPS

* Continue evaluation of MG and HK-liner in 3D integrated devices
* TIKAL 5-tier vehicle will be replaced by Sakkara 3-tier RMG

* Continue in-depth investigation of erase saturation and the role of MG, HK-liner
* Continue study of role of D;; de-passivation during cycling
* Study role of defects in blocking oxide and HK-liner
* Evaluate techniques to modify EWF
* Evaluate effect of alternative RMG metals on reliability

* Evaluate high-K based tunnel dielectric
* Processing and analysis of Hafnium Silicon Oxy-Nitrides

* Continue the modeling of device degradation by cycling
* Improve cycling model by including Trap-to-Trap tunneling
* TSCIS of nitride CTL to study effect of HPAP on trapping properties
* Include the effect of D;; degradation during cycling
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MECHANICAL STRESS



METHODOLOGY - GLOBAL LOCAL SIMULATIONS

LOCAL SCALE

INTERMEDIATE SCALE

Equivalent anisotropic stiffness

oxide
hole_ONO
hole_poly
hole_in

metal_fill

Comp 22 of Stress
T.

Average anisotropic stresses-/

V4
LY
X
C.
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3D NAND SIMULATIONS

3D NAND SIMULATIONS

DIE LEVEL SIMULATIONS - DIE
WARPAGE

Bitline and peripheral
design & stresses

GLOB

WAFER LEVEL SIMULATIONS >
WAFER WARPAGE

300 mm wafer

*Passivation and metal layers are not shown here
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EVOLUTION OF STRESSES DURING PROCESSING

oyy(MPa) S1: Blankets Oyy (MPa) EEESPRN= VNI ~ 80
e > a ' oo, (BL) o
-102 ;i > 601 ;
-104 - ~ ]
-106 -55 > 40 %o, (WL ‘
108 76 g ] Anisotropy in
2 A < 20+ stress initiates .
[)) 1 .
-115 140 = 0] AR
-117 161 *-’ ] [ EEE el
-119 182 £ 0] :
=121 203 " ] - ",
. i 9 40 0 me. ,
S4: Etch slits ? 40 ' ......... 5 e
22 ® 60 [RRAER SO i
- 34 5 60+ ®
16 16 17 1
:35 -3 g,O -80—
-54 -22 o ]
73 'gé 5 -100 -x
bes 7 < -120]
1 158 sl 2 S3 54 S5 s6
e T 154 Blanket  Etch  Fill Ecch  Etch  Add
itri holes slits nitride  metal
: S6: Add metal holes
S 668 _ )
i : , 2ot ~ Due to the unidirectional etching of slits,
4 394 stresses in X (BL) direction are relaxed, while
> 210 in Y (WL) are constrained, leading to the
i1 P initiation of anisotropic stress formation.
=

J4

Y
’ mmec 27 LAX X = BL dir., Y=WL dir. CONFIDENTIAL



WAFER LEVEL WARPAGE - IMPACT OF METAL AND INTRINSIC STRESSES

oY W (+500 MPa)  W(+1000 MPa) _ W(+1500 MPa) Mo (+500 MPa) Mo (+1500 MPa)

0.10 O 128 layers
0.05

-0.01

0.06 Mo (+50 MPa) Ru (+500 MPa) Ru (+50 MPa)

' - . X100
012 magnification
-0.17 '

-0.23
-0.28 0.05 4 WL DIRECTION 0.05 - BL DIRECTION
0.34 _ o WV, 1000 MPa _ o
040 E -0.05 - W, 500 MPa E -0.05
3 010 e WV, 1500 MPa 2 0101
-0.45 N B0
s -0.154 jmm— R 4, 50 MPa g_-O.IS -
o o
§ 020 e R U, 500 MPa § -0204
5 -0.25 = = «Mo, 1500 MPa 5 025
® ’ = = «Mo, 500 MPa S
Z -0.304 / \‘ Mo, 50 MPa Z -030
0352 -0.35
\
-040‘!’ T T T T T ‘, '040 T T T T T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
. - Waf hl h -X
umec Wafer path length (mm) - Y . afer path length (mm) CONFIDENTIAL



ASYMMETRICAL WARPAGE MITIGATION

Elimination of asymmetrical wafer warpage by Rotated Die Placement

Conventional die placement

Asymmetric warpage

& max. 195 pym compressive in X (BL)
= max. 98 ym tensile in Y (WL)

200 X magnification

“mmec

30

Rotated die placement

Symmetric warpage

& max. 50 ym compressive in X (BL)
& max. 50 ym compressive in Y (WL)

Further reduction becomes possible
due to the symmetric warpage

Z
LY
X

Displacement

(mm)
0.100
0.070
0.040
0.010
-0.020
-0.050
-0.080
-0.110
-0.140

-0.170
-0.200
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MECHANICAL STRESS NEXT STEPS

Complete evaluating the impact of process and design variations on wafer bow
" Completing the planned series of investigations
Wafer bonding, warpage mitigation, multi-tier, ...

Evaluation of litho overlay issues

" Setup methodology for clamped wafer deformation

Study across wafer die displacement and intra-die deformation
Study effect of process and design variations on overlay

Evaluate requests from partners
* Timing and scope to be evaluate per case
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SCALING



3DNAND FLASH CELL Z-SCALING TO 15 NM

3D NAND flash cell with alternative metal word line RMG process accomplished

r *

Ruthenium RMG
ZrO, High-K liner

Word line Lg = 15 nm
Oxide spacer = 20 nm
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CELL SCALING LIMITERS AND SOLUTIONS

Quantified split channel electrostatic cell crosstalk in various configurations

SYNoPSYS'

Full 3D simulation
of cell-to-cell
electrostatic interference

Airgap alleviates crosstalk by /2

Ty | lorr=1e9A o L]
~. 5 Bl | T,=100m
~ -~ 4 B 10nm| 1 =15nm
= o —_ gate
£ € <3 Lgs=14nm
2 P >
O O <
— 1
0 = =
1 2 3 4 5 6 7 8 9 10 11
Aggl @0 OO0 OO OO0 OF BO BN @pE EN EER BN
vitim OO OB B0 00 00 OO0 OO O OO0 OO0 Om
Aggz 00 OO OO WO WO EO OO OO O EE BN
12
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DEVELOPING CHANNEL CUT MODULE IN SAKKARA VEHICLE

GAA

ONO memory stack

Poly or RMG gate

/

Gate CD 50/50nm R

Sakkara-SCM
3D Ferro Memory
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MEASURING IMPACT OF 3D NAND CELL CURVATURE

ISPP ISPE from prog.

8 9

7 7

6 Jﬂ

5 ?

$° =
[ = 3
: 2

3 1

2

1 -1

0 -3

8 10 12 14 16 18 20 22 24 -22 -20 -18 -16 -14 -12 -10 -8
VG (V) VG (V)
—8—90nm —@=—100nm 120 nm  =—@=— 160nm 255 —8—90nm —&—100nm 120nm —@=—160nm 255

Total memory window

Memory window closes with wider diameter

* Larger Vg required to maintain memory : I I I I I
WIndOW ConStant ’ 90 100 120 160 255

Memory hole diameter (nm)

ry window (V)

Mem
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CHALLENGES IN 3D MODELING OF MEMORY OPERATION
PROGRAM REQUIRES DISTRIBUTED INJECTION MODEL

1D
_\Wo‘m

P

| =/

TOx \\
N

u BIOx

Injected current distributed in “bins”
Capture/emission process in each bin
Non-capture: can tunnel to gate
Empirical model that fits exp ISPP/ISPE

“umec

Gate
BIOx
I R R SiN
[ EENEEX XXX XX X X 3™
Channel

BSEL
BIOx

TuOx
Channel

Filler

SiN Il I
~ —
Edge charging

Mesh points (“bins”) assigned to
nearest injection point

Captures exp ISPP/ISPE

40

Gate
BIOx
< i e SN
TOx
Ch
| Trapped
charge
(em?)
le2l
leb

2 -
Assignment problem for
outer injection points
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SCALING NEXT STEPS

* Fabricate GAA with scaled L; < 25 nm
* Complete final 5-layers TIKAL lot and thorough characterization
" Establish 3-layer Sakkara RMG module
* Continue Lg scaling study using Sakkara vehicle

* Development of 3D integrated non-GAA NAND flash cells
" Establish 3-layer Sakkara trench cell module
" Exploration of High Aspect Ratio process techniques

* Extend simulation capability to memory operation in 2.5D and 3D to guide future
scaling direction

* Implement 3D models in GTS simulation software
* Investigate key factors to overcome L < 25 nm scaling
* Explore XY-scaled high density non-GAA cell architectures
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POST FLASH



BEYOND FLASH MEMORY TECHNOLOGY 2036 REQUIREMENT

“mmec

Item 2036 Spec

Bit Cost < 0.6 p$/MByte

Chip Area ~ 100 mm?2

Price per chip <10 %

Chip Storage Capacity > 130 Terabit

Bit Density > 1.3 Terabit/mm?

R/W throughput > 250 Gbps (R/W chip in 10")
R/W Power < 5 Watt/GB/s (5 Watt / chip)
Retention > 3 months 85°C, 1 year 55°C
Endurance > 1,000 cycles (3 DWPD /3 years)
Page R/W Time <1ms

43

CONFIDENTIAL



GUIDING PRINCIPLES FOR BEYOND FLASH TECHNOLOGY

Lesson learnt from 3D-NAND Flash :

The memory element itself can be scaled very aggressively, it is NOT the limiter
For instance, | RRAM filament could be created in a volume of 2x2x5nm,
which is x10,000 smaller than a Flash cell of 90 nm diameter and 30 nm height

What is exceptional in 3D NAND is the number of bits / physical access or bits / Feature-litho

The only way to be significantly denser (as we see it) is to
dissociate the read - write access device from the location of the stored bits

e 010101011010
- — AW | 110101011010
101011010111
010101011010

Physical transport

Array of electronic RW access devices mechanism
manufactured using IC process technology Low cost bit storage medium
(typically 100 mm2, 10 $, 40 nm pitch) Nano-Mechanical (NEMS) Information bits are defined
or Nano-Fluidic (NEFS) without use of litho patterning

“mmec 44

Magnets

 Ions

Molecules
Particles
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ELECTROCHEMICAL NEFS MEMORY

Questions to solve:
Bit density of 2 Terabit / mm? " How fast can we read/write?

* How to make the nanocapillary?

eI * How to detect difference between
; e ion € A7 N4 /7 .
reservoir Ton type B 0” and “1” layers for reading?

How to select type “1” and type
“0” layers for writing?

How to prevent layer corrosion
without power?

*  Which ions to use?

Can we address the read non-
destructive at system level?

)
-

Layers of 1-3 nm Working electrode -
Alternating types delineate bit sequence

Layer thickness codes for bit value
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ELECTROCHEMICAL NEFS MEMORY

Preparing first experimental demonstration

Connection to
instrument board

Chip with ~100nm @&
passive EC cells

Fluid inlet

Sample holder
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COLLOIDAL NEFS MEMORY

Questions to solve:
Bit density of 2 Terabit / mm? *  How to move particles inside the

nanocapillary?
* How to make the nanocapillary?
fluid recycling * How to detect difference between

“0” and “1” particles for reading?
" How to select type “1” and type
“0” particles for writing?
% *  How to keep particles inside
reservoir . nanocapillary without power?

* Which particles to use?

* Can we make the read non-
Nanoparticles of 5 nm, 2 types coding for *0” and “1” Read-Write device destru CtiVGlY?
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NANO-TAPE NEMS MEMORY

Identified shuffle motor as viable component for nano-tape NEMS memory

Next step is to identify realistic RW mechanis

Shuffle Motor/mg: Steady-state tape speed (m/s)
counter electrode .
2.00 M@tﬂj—in
clamp electrode 1 +——— e a
pull electrode 1 +——— H
clamp electrode 2 +——— |4» R/W array _ 150 H
w
pull electrode 2 +———— £
clamp electrode 3 +——— = 125 \ .
] 80 mm/s in 1.5 m/sin
5 100 fine stepping coarse
2 oos mode stepping
i mode
=
0.50
0.25 4/&3
0.00 .
(I) 5‘0 l[')O 1.;)0 260 250
Voltage [V]
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POST FLASH NEXT STEPS

Pursue a first experimental demonstration of the electrochemical NEFS memory
* Build and validate measurement setup

Identify suitable electrolyte

Demonstrate basic memory operations (R, W, cycling, retention, multi-bit)

Continue study of colloidal NEFS memory concept using simulations
“ Define full system and identify all components

Propose realistic implementations for all components

Evaluate feasibility of most critical components using simulations

Evaluate possible next steps for nano-tape NEMS memory
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