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What is Memory?

= Main role is to remember things for later uses.
= Need to some ways to store information for future references.
= Must distinguish states stored.
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State Management Operations: Write & Erase

= Basic State Management Operations
= store (write) & delete (erase) operations

Store (Write) Delete (Erase)
State “0” - State “1” State “1” - State “0”
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State Checking Operation: Read

= Have to be checked (read) at desired times with no errors

Check (Read) as State “0” Check (Read) as State “1”
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Example: Paper as Memory

= Very old and very popular memory
= Pencil writing (as Store)

Write

= Erase the written data (as Delete)

= Read data from paper

Jihong Kim (SNU)
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Long History of Memory

= Since the beginning of humankind, memory has evolved continuously
in various forms

= The 1st “Non-Volatile Memory” invented by Daewon Kahng in 1967
was based on the P-MOSFET and Al-gate Technology

\* fittn://blog.daumnet/ti

A, AT (B2, ZAILY) Magnetic (1980-)
Silicon (2002 ~)

o243t MAAICH
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What is Electrical Memory?

= Store digital information by electrical operations

= Discrete states

* Binary states : “0” or “1”
= Electrically Write / Read / Erase

= Based on switch (i.e., transistor) on/off
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Transistor as an Electrical Switch

« Control gate voltage to turn on/off the switch.
e Turn on - Current flow - State 1 (e.g., call it Erased)

* Turn off = No current flow - State 0 (e.g., call it Programmed)

State “0”"
4 @
40/ %
O L=
G
Al
D S ® \Y}
o Lo =
X )
X When V1 is applied to gate,
Vgs < Vth

@: Vth is low - High current - State “1”
®: Vth is high > No current - State “0"
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Semiconductor Memory Hierarchy (1)

MOS Memory

Volatile | Non -Volatile

v v
Random Access Read Only
Memory (RAM) Memory (ROM)

I | | Writable T ' ‘Fixed
Static RAM Dynamic RAM Programmable Mask Rom
(SRAM) (DRAM) ROM (PROM) (MROM)

No Refresh Refresh 7 I |
(1970 by Intel) (1970 by Intel) Electrical
UV-erase SR, EEPFOM Erase
v v
. NAND type :
' NOR type Flash Conventional
Block Bit-wise

(1984 by Toshiba) (1979.bspglibedyu)

NAND Flash Overview.12



Semiconductor Memory Hierarchy (2)

= Volatile vs. Non-volatile
= Volatile : data is lost when the power is removed

= Non-volatile : data is not lost even when the power is removed

= Mask ROM vs. EPROM vs. EEPROM (E2PROM)
= Mask ROM (Mask Programmable ROM)

« Cell Vth is fixed at the process step - Data cannot be changed

= EPROM (Erasable & Programmable ROM)

» Erase is done in batch by UV, and byte program is done in off-system

= EEPROM (Electrically Erasable & Programmable ROM)

» Erase is done in byte electrically, and byte program is done in on-system

= Flash (Fast erase like camera flash)

= Erase is done in batch electrically, and multi-byte program is done electrically
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NAND flash vs. NOR flash (1)

= NAND flash is the mainstream of the non-volatile memory market.

= Bit per cost issue

Comparison NAND vs. NOR

NAND NOR
Random Read Slow Fast
Program Fast Slow (Byte)
Erase Fast Slow
Life Span 10,000 ~ 1,000 ~
Cost (Density) Low (High) High (Low)
Power Low High
Application Data storage Code storage
Example SQADF?S(’:;};Z?:’M Phone, S/B ...
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(NAND) (NOR)
Bit Line Bit Line
Contact Word Li
Word Line = é oratine
—{() Contact
B 2
B 2
Source Line ‘J_I_
Source Line

(-

High area overhead because of contact in every cell : high cost
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NAND Flash Market and Application

= NAND flash market grows rapidly with explosive need for digital
device (mass storage)

= Before 2010 : MP3, digital camera, USB, mobile phone ...
= After 2010 : SSD (Client & Enterprise), Automotive, Cloud, IoT ...

NAND Industry Bit Demand (B GB EU)

Global NAND flash market
growth forecast  (unit s100 miliion)

Global memory market \‘ 300
_amme Global NAND flash market |

350

Mobile & SSD 1 P

755 763
689 ] i ; 200
'x_.fxtiijf:;ijf:;ijf:jé;:::’;?_:’ ;3‘_-.?;3_—_1:-“_'_'?-‘_'-_:‘/:5: 5;:::3:?_“?;\_“"’_/1“:: 1 5 0
>50% of memory | 4?
market | i 318 |
- : 347 5 ; 100
| 3T o™ |
289 po : - |
@& ' : i
- 50
2013 2014 2015 2016 2017 " |
Source: Gartner 2015 2016 2017 2018 2019
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NAND Flash Market and Application

NAND Flash Applications Demand

100% J
Other TR REETE T AT =R -

—---—-‘;;.;.—_
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{- Mobile Phone I
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40% USB Flash Drive

30%
20%

10% - Flash Memory Card

0%
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HDD vs. SSD (1)

= SSD (Solid State Disk) is rapidly replacing with conventional
magnetic disk such as HDDs in storage market

Platter

. DRAM Controller Connector
Spindle

Actuator Head

Arm

Actuator

f | Flash Memory
Connector
R HDD SSD
Random access Slow Fast
Power High (~4W) Low (~1W)
Shock and Vibration Poor Good
MTBF < 700,000 hour > 2,000,000 hour
Weight Heavier Light
Cost Low High
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HDD vs. SSD (2)

= Capacity ( = bit per cost) is drawbacks of SSDs compared with the
conventional magnetic storage, HDDs

Capacity To overcome these issues,

@ Process : Scaling down
(more cells in the chips)

@ Circuit : Multi level cell
(more bits in the cell)

“Trade-off relation with
reliability & performance”

How to optimize ?
- Device improvement ??

Low Op. - System S/W improvement ??
= == MLCSSD power

= HDD “Cross-layer optimization is needed”
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HDD vs. SSD (3)

= FTL (Flash Transition Layer) is introduced to solve drawbacks of SSD
= Mapping table

= Wear-level , Garbage collection , Reclaim , Over-provisioning , Trim ...

v' Low power consumption l 2 v' Low density
v’ Fast random access | "'3;‘! (high bit per cost)
v' Shock resistance J\N\ v Limited lifetime

v Out-of-place update

k (Erase before Write)/

Jihong Kim (SNU)

v Small form factor
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NAND Flash Architecture

v Plane : unit of multi operation

v Planes consist of multiple blocks
in the row direction
(SLC : 64 pages / MLC : 128 pages)

v Planes consists of 8ea I/O group
in the column direction
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Page Buffer & Drivers (4~8~16KB
Peripheral & Charge pump
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NAND Flash Architecture

Peripheral Circuit (Column Decoder)

Sense Amp Sense Amp
Block m-2 Block m-1
w/L : 3 :
0] 1 2 N-1 QJ 0 1 2 N-1
Q
S
Block 2 > Block 3
Block O B/L Block 1
Sense Amp Sense Amp

Peripheral Circuit (Column Decoder)
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NAND Flash Architecture

Peripheral Circuit (Column Decoder)

Sense Amp Sense Amp
Block m-2 Block m-1
W/L:-cmmmssennnnes GREETIILLEEE 5 DT CPPRRPRERY
0] 1 2 ' N-1 Q (0] 1 2 ' N-1
: Q :
: 3 :
Block2 e Block 3 :
Block 0 B/L Block 1 ;
Sense Amp Sense Amp

Peripheral Circuit (Column Decoder)

) i

Data Spare
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NAND Flash Architecture

= NAND flash is divided into blocks, and block consists of pages
= Block is basic unit of erase operation

= Page is basic unit of program and read operation

Block
BLO BL1 BL2 BL8190 BL8191 (Example)
SSL :'_I =,_| =,_| :.—I :.—I . SLC
:| :| :| :| :| . 64 WLs = 64 page
w63 —H Il I I H . 8K BLs
WL62 ||I|:| ||I|:| H ||I|:| ||I|:| . 8ea I/0 = 8KB = page size
“::| "::| “::l “::l . 8192 blocks
Page|  wist —HE=—HHE—H e i
101 | = [T [ cell
: : : . /] Total density
w1 — e e = @ = 64 (page) x 8192 (BL)
WLO H:I HI':I ::l':l ”::I H x 8192 (block) x 2 (MLC)
GSL :::I :: ::I I::I I::I x 8 (1/0)
N | . | -1 | 1 | ] | - 64Gbit (8GB) NAND

String (minimum cell array element)
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NAND Flash Architecture

= Cell is the minimum storage unit of NAND flash
= Electrons can be injected (ejected) into (out of) the FG through tunnel oxide
with electric field across tunnel oxide

= Cell Vth changes depending on the amount of charge in floating gate (FG)

BL (Metal)

] \

Control Control |l Control B

Gate (CG) Gate (CG) |l Gate (CG) i
1

IPD (ONO) LB IPD (ONO) i IPD (ONO) i

Floating Floating i Floating i

Gate (FG) Gate (FG) : Gate (FG) :

Tunnel Oxide : :

Source Drain Solirce Drdin
\ U
\ 4

PP-Well (Body)
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NAND Flash Architecture

= Floating gate memory cell and its schematic symbol
» Floating gate is isolated by IPD (Inter Poly Dielectric, ONO)
» |solated FG can store the charge even when the power is off

» Floating gate architecture is major difference with normal MOSFET

floating gate (FG) control gate (CG)

Source (S)

-

substrate

electrons
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NAND Operation — Overview

= Write & Read binary data to a NAND flash cell

= Data “0” - Program —> Shift cell Vth to high - Off state - No current flow

= Data “1”" - Erase - Shift cell Vth to low - On State = Current flow

Program
A
» Read
O |
- |
O On | Off
* |
| >
l Vth
Erase

v Read : Check the current flow
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P

i ON

Vag(Vg>Vthl)

-+

Vs(0V) O_i.rt

O Vd(>0v)

Ids1(>0)

Vag(Vg<Vth2)

i OFF

Vs(0V)O—

.

Vth2
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NAND Operation — Overview

= To obtain the same channel charge, the programmed gate needs a
higher control gate (CG) voltage than the unprogrammed gate

Unprogrammed (1) Programmed (0)

Control gate Control gate

Floating gate Floating gate
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NAND Operation — Program

= High voltage at control gate transfers electron from substrate to
floating gate by F-N tunneling

Vcg (>20V) Vcg (0V)

*

)
V 0 float

R

Program : FN tunneling Erase : FN tunneling

Off cell » Data “0” On cell » Data “1”
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NAND Operation — Basic Bias Condition

= Selected WL : high program voltage (Vpgm) enough to FN tunneling

= Unselected WL : medium pass voltage (Vpass) not to FN tunneling

BL,
oV

(Vcc) SSL

BL,

BL,
oV

BL,

VCC
|
|

VCC
|
|

(Vpass) WL, .

]
(Vpgm) WL, |

(Vpass) WL, , II

(GND) GSL

CSL
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NAND Block

X2 Scalingb

Flash Cell

Scale-Downed Block

x4 more cells in the same-sized block!
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Increasing NAND Capacity: Multi Leveling

Flash Cell

Single-Level Cell Multi-Level Cell
(SLC) ' (MLC)

X2 more data in the same-sized cell!
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3D NAND Flash Memory
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NAND Operation — SLC vs. MLC (1)

= Good for high capacity

= Bad for performance and reliability

| | 10
7 .0\3«- Double density 00
* ................ ‘ —
1
| | 11
Single Level Memory Cell (SLC) Multi-Level Memory Cell (MLC)
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NAND Operation — SLC vs. MLC (2)

= [n order to reduce the bit per cost (or acquire the high capacity),
multi-level cell technology is introduced

# of cells
2 Level Cell 1 o
Vth Upper Limit

SLC m [ o\ (" NAND Flash)

4 Level Cell

Vread

MLC E PL | | (P2 | | [P3

8 Level Cell
3bit m
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ISPP ?
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NAND Operation — ISPP (1)

= The difference in cell speed due to the process variation makes
difficult to control the cell Vth distribution

If high voltage is applied to
program NAND cell at one time

>

# of cells

» Vth

slow cell medium cell fast cell
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NAND Operation — ISPP (2)

= How to control the cell Vth : Incremental Step Program Pulse
= Cell Vth width control using repeated program operation
= The smaller ISPP, the smaller cell Vth width (the lower BER)

= The smaller ISPP, the larger program loop (the larger program latency)

No. of Cells —>!

Initial Vth Distribution

Cell Vth

Jinong Kim (SNU)
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NAND Operation — Read

= Check the current flow of the string
= Vgg > cell Vth = Cell transistor is turn-on - Current flow - Cell data is “1”

= Vg < cell Vth - Cell transistor is turn-off - No current flow - Cell data is “0”

P

Vag(Vg>Vthl)
Select
WL level VREAD i ON
A
(VSEL) Vs(ov) O— —) Vd(>0V)
P : : Vthi
= : : - Ids1i(>0)
&)
“— [ [
4?: On : Off I Vg(Vg<Vth2)
I l
: L i OFF
Vth wr5(m.)(;)_1.W_|2_c) Vd(>0V)
i PR SRR Ioerrannas Id52(=0)J
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NAND Operation — Bias Condition

= Select WL : target voltage

= Unselect WL : high enough to turn on the unselect cell in a string

VREAD

VREAD

VSEL

VREAD

VREAD
VREAD

VREAD

NAND Flash ngimg

SSL

Unsel. WL
Sel. WL

Unsel. WL

Unsel. WL
Unsel. WL

GSL
CSL

BL (Vp)

BL (Vp)

U=

O Program
O Erase
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NAND Operation — Erase

= High voltage at substrate transfers electron from FG to substrate by
F-N tunneling

Vcg (>20V) Vcg (0V)

*

)
V 0 float

R

Program : FN tunneling Erase : FN tunneling

Off cell » Data “0” On cell » Data “1”

40
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NAND Operation — Bias Condition

= All cells in a string : GND (0V)

= GSL /SSL /BL : floating

= Bulk : Erase voltage

NAND Flash Overview.41

floating

GND 0V
GND 0V

GND 0V

GND 0V

GND 0V

floating

floating

SSL

WL63
WLG62

WL61

WL1

WLO

GSL
CSL

floating
BLO

floating
BL1

floating
BL2
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Key Reliability Issues in Flash Memory

* Flash memory must maintain the integrity of the
stored data. The key concerns are:

e Data Retention
* NAND Endurance

e Read Disturbs



Data Retention
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Read Disturb Problem

* Read disturb occurs when a page is read in a block

Block 0

1111111 z 1111111 gRead 1111111 ~
1111111 G 1111111 1111111 f?
1111000 gRead 1111000 1111000

0000000 0000000

0000000

Read

Read Disturb

Data corruptlon

1111111 " 111111
111111 e ecccee 1111111

1111000
0000000

1111000
€= Read OO0 | 4 Read

The maximum read count between successive erasures is
[imited.
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NAND Flash Reliability

Endurance Retention Read Disturb
A limited number of Data loss by leakage A limited number of
program/erase operations read operations

SS

-t -t
=A =A

\ \
I "

- e

N— ]

g
=4

S —

o
N g
o O
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NAND Flash Reliability — Endurance

= Repeated program & erase operations wear-out NAND flash
because of tunnel oxide degradation

= High voltage in program & erase operation give a damage to tunnel oxide, and
then increase interface and oxide trap density

= The larger number of P/E cycles, the higher BER (Bit error rate)

= Tunnel oxide damage accelerates the reliability degradation, for example
retention error and read disturb error

256 | u

Correctable Error

B Uncorrectable Error

=
=

Program Erase z

# of error pages

0

0 1000 2000 3000 4000 5000 6000 7000

/ # of program / erase cycles
NAND F||J§ﬁ%(/‘;ﬁ/%%.£% oxide trap in oxide Jihong Kim (SNU)



NAND Flash Reliability — Retention

= The retention concept is the ability of a memory to keep a stored
Information over time with no biases applied

= Thermal stress (= high ambient temperature) leads to charge loss which means
cell Vth shift to lower state

= Charge loss causes an increase in BER, eventually read failures

The higher cell Vth, the larger charge loss

“All cell tend to be initial state” 0.012
A
> €« €~ < £
p— o)
) ©
S =
° S
* S
L]
>
Cell Vth [V] Time (month)
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NAND Flash Reliability — Read Disturb

= Read disturb is an unexpected soft-program phenomenon due to
repeated read operations

* Vgeap (6~7V) which is applied to unselect W/L’s in read operation can cause a
soft-programming.

= Read stress increases with the read voltage and read operation time

= As P/E cycles increase, read disturb errors are accelerated

VREAD U ted disturb
“Unexpecte Isturb errors”
g
(@)
Il 90060 —
I 0000 (@)
} 2000 +
e- e- e- e- e-
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NAND Flash Trade-Off Overview

m
mance i

AWvth

Read
Disturb

Tuning
Control
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Write Performance vs. Retention

Normal write
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Capacity vs. Write Performance

What happens in a NAND page-write

Program state variances
(depending on cell characteristics)

With shrunk processes and multi-leveling /

1) Precise voltage control for smaller grids

BN o o fristiesed B
B gt DN SOty oo comomes SRRl 00D s N Ll

2) Multi-step writing
(e.g., ISPP —Incremental Step Pulse Program)
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