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▪
C

om
ponent-level characterization of 3D

 N
AN

D
 is 

essential for end-use applications
•

C
haracterization feeds into controller design –

m
any 

avenues for optim
ization

•
C

haracterization that closely m
atches expected use-case is 

the m
ost valuable

▪
3D

 N
A

N
D

 presents characterization challenges –
but 

also opportunities
•

IBM
 FlashS

ystem
leverages extensive com

ponent-level 
characterization to produce leading-edge controller design
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▪
2D

 N
A

N
D

 lim
ited to traditional S

LC
 and M

LC
•

E
arly attem

pts at 2D
 TLC

 had lim
ited utility

▪
Transition to 3D

 N
A

N
D

 enabled TLC
& Q

LC
•

C
om

petition w
ith em

erging m
em

ory technologies 
precipitated Low

-Latency N
A

N
D

(3D
 SLC

)
▪

A
ll three 3D

 N
A

N
D

 technologies present 
certain characterization challenges

Single-Level C
ell (SLC

)
M

ulti-Level C
ell (M

LC
)

Triple-Level C
ell (TLC

)
Q

uadruple-Level C
ell (Q

LC
)
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▪
Transition to 3D

 N
A

N
D

 enabled TLC
 for 

m
ainstream

 applications
•

E
nterprise, consum

er
▪

3D
 TLC

 has rapidly displaced 2D
 M

LC
▪

C
haracterization of TLC

 depends on 
expected use-case
•

The m
ore aggressive the application, the m

ore 
dem

anding the characterization
Triple-Level C

ell (TLC
)
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~3x low
er B

ER
 

after 21,000 
P/E C

ycles

▪
1

stgen. 3D
 TLC

 show
ed 

superior cycling 
endurance over prior-gen. 
2D

 M
LC

•
H

igh quality of 3D
 TLC

 
enabled w

ide adoption
▪

W
hile excellent for end-

use case, transition to 
TLC

 presented challenges 
for characterization
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TLC
 Page 

Types
▪

TLC
 blocks have at least 3 

different page types w
ith 

different characteristics
•

S
om

e m
anufacturers include M

LC
 

and S
LC

 pages as w
ell

▪
Full characterization requires 
understanding behavior of 
each page type
•

W
orst-case page determ

ines B
it 

E
rror R

ate (B
E

R
) lim

its
•

P
age quality can vary across block 

(3D
 cell stack)

•
D

ifferent page types respond 
differently to various N

A
N

D
 failure 

m
odes (retention, read disturb)

At end of life, page B
it Error 

R
ate (B

ER
) is divided into clear 

groups based on page type
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▪
D

ifferent TLC
 page types often 

have different read latency
•

M
LC

 and S
LC

 pages, if present, 
have different latency as w

ell
▪

S
hould characterization focus 

on w
orst-case read tim

e or 
average read tim

e? D
epends 

on use-case
•

C
ontroller design m

ust be robust 
against varying read latency

Very w
ide variation (2-3x) 

in page read latency
0
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▪
TLC

 N
A

N
D

 cells m
ust support 8 independent cell states

•
C

ell distributions packed tightly –
little m

argin for error
•

A
s cells are subjected to cycling stress, problem

s arise
•

E
xtensive characterization required to understand im

pacts

TLC
 D

istribution @
 B

eginning of Life*
TLC

 D
istribution @

 End of Life*

Erase state 
degradation

2-step 
program

m
ing 

errors

W
idened 

distributions

*For m
ore inform

ation, see N
. P

apandreou
et al., "C

haracterization and A
nalysis of B

it E
rrors in 3D

 TLC
 N

A
N

D
 Flash 

M
em

ory,"2019 IE
E

E
 International R

eliability P
hysics S

ym
posium

 (IR
P

S
), M

onterey, C
A

, U
S

A
, 2019, pp. 1-6.
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▪
8 independent cell states require 7 individual read thresholds to 
discrim

inate betw
een

▪
H

ow
 aggressive is your read voltage threshold m

anagem
ent?

•
R

eactive recovery only? P
roactive application of m

anufacturer read shift 
tools? A

ctive tracking of all optim
al read thresholds?

–
Trade-off betw

een capability and com
plexity –

characterization required 
to validate approach
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Exam
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ell D

istribution*

V
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*For m
ore inform

ation, see N
. P

apandreou
et al., "C

haracterization and A
nalysis of B

it E
rrors in 3D

 TLC
 N

A
N

D
 Flash 

M
em

ory,"2019 IE
E

E
 International R

eliability P
hysics S

ym
posium

 (IR
P

S
), M

onterey, C
A

, U
S

A
, 2019, pp. 1-6.
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▪
Transition to 3D

 N
A

N
D

 has also enabled 
developm

ent of Q
LC

 N
A

N
D

•
Im

proved density and $/G
B

 at cost of reduced 
endurance and tim

ing param
eters

•
Initial focus on read-intensive applications

▪
3D

 Q
LC

 characterization has all the 
challenges of 3D

 TLC
, only m

ore so
•

P
lus, som

e new
 com

plications
Q

uadruple-Level C
ell (Q

LC
)
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▪
3D

 Q
LC

 show
s significantly 

reduced endurance relative to 
TLC
•

C
ycling endurance less 

im
portant for read-intensive 

applications
▪

Lim
ited endurance of Q

LC
 

places restrictions on end-
use, but actually m

akes 
characterization faster!

Q
LC

 B
ER

 after 1.5k 
cycles exceeds that of 
TLC

 after 12k cycles
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▪
Q

LC
 blocks have at least 

4 different page types
•

S
om

e m
anufacturers 

include TLC
 and S

LC
 

pages as w
ell

▪
U

nderstanding behavior 
of each page type is 
particularly im

portant for 
Q

LC
 –

there is little 
m

argin for error, and 
every little bit helps

A
t end of life, page B

it Error 
R

ate (B
ER

) is divided into clear 
groups based on page type
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▪
A

verage read latency for Q
LC

 
is elevated over that of TLC
•

R
ead latency is im

portant design 
consideration for read-intensive 
applications

▪
W

ide variation in Q
LC

 page-
type read latency
•

R
ead latency variation is even 

m
ore pronounced than in TLC

•
C

ontroller design m
ust be robust 

against read latency uncertainty

Very w
ide 

variation (4-5x) 
in page read 

latency

TLC
 read tim

es 
for com

parison
0
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▪
Q

LC
 has 16 states and 15 read thresholds

•
V

ery little m
argin for error, especially after cycling w

ear
•

M
anagem

ent of read voltage thresholds m
ore com

plex than in TLC
–

A
ny approach requires extensive characterization and validation

Q
LC

 D
istribution @

 B
eginning of Life
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▪
Low

-Latency N
AN

D
 being developed by som

e 
m

anufacturers to challenge em
erging m

em
ory

•
D

esigned to fit niche betw
een traditional N

A
N

D
 and D

R
A

M
▪

Low
-Latency N

AN
D

 is 3D
 S

LC
 optim

ized for very low
 

read latency (single-digit m
icroseconds)

•
3D

 TLC
 N

A
N

D
 read latency is ~75us, D

R
A

M
 is ~50ns

•
Trade-off: reduced capacity and increased $/G

B
▪

Low
-Latency N

AN
D

 com
es w

ith its ow
n 

characterization challenges
Single-Level C

ell (SLC
)
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▪
Low

-Latency N
A

N
D

 is targeted 
at read-intensive applications 
w

here read latency is key
•

D
ata persistence provides 

additional advantage over 
traditional D

R
AM

▪
R

ead latency m
ust be 

extensively characterized
•

C
haracterization should ensure 

read latency can be guaranteed 
under all expected conditions

Low
-Latency N

AN
D

: 
extrem

ely low
 read 

latency

0
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▪
Low

-Latency N
A

N
D

 show
s 

extrem
ely high endurance

•
C

ycling endurance >50k cycles
▪

H
igh endurance is great for 

intended application, but 
poses challenge for testing: 
characterization takes forever!
•

If characterization cycling is too 
rapid, results not representative
–

C
haracterization can be accelerated 

using m
ixed-dw

ell tim
e cycling

Low
-Latency N

AN
D

 
B

ER
 far below

 end-of-
life TLC

/Q
LC

 B
ER

 even 
after 50k P/E cycles
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▪
3 M

ajor C
ell Types for 3D

 N
A

N
D

•
Triple-Level C

ell (3D
 TLC

), Q
uadruple-Level C

ell 
(3D

 Q
LC

), Low
-Latency N

A
N

D
(3D

 S
LC

)
▪

E
ach has unique product applications

▪
E

ach presents challenges for characterization
•

C
haracterization m

ust be w
ell-m

atched to 
intended use-case

•
C

haracterization m
ust account for peculiarities of 

the technology


