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# Unity
What made NAND Flash work?

Design
TECE\OrL\JgLOgy Vt widening SyStem

MLC algorithms ECC

Patternin
e Wear Leveling

Oxides/
Air gaps

It takes developments at all levels to achieve a commercially viable product.
This presentation concentrates on the design aspects of RRAM.
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& Unity
Outline

e CMOx technology
e Array construction
WL length

e BL length

e Disturb

e Power and Speed
e Results
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& Unity
Outline

e CMOx technology
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& Unity =
Unity CMOx™: Movement of lons

+ V READ

©p€

+V PROGRAM

Insulating
Metal Oxide
Fast Write Speed
Conductive
Metal Oxide
"0" = Programmed State Read Current
» W ERASE +V READ
Insulating
Metal Oxide
Fast Write Speed
Conductive
Metal Oxide
O .
"1" = Erased State Read Current
[ CMOX WORKS BY ION MOVEMENT UNDER ELECTRICAL FIELD ]
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L Un I-I.y Erase Read Program

1O0E+B0—

CMOXx cell to date: ’ ’ " oo ‘ : *

* |V curve with program/erase e
 Cycling to over 100,000 cycles
* 6 months data retention at 110C
 1yearat 70C spec

1O0E-09
Current Cycling Data Retention: On/Off ratio at 110C
100
1E-04
o ———y-
_ 1E-05 _'r__': 0/'/ N\
< o
2 £ 10 - S~
o
5 1E-06 4 > \,.
|5 (o]
£ 5X
© 1E07 |
1 0.5 year
108 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 time (S)
Cycle Number
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& Unity
Where is the Select Device?

RRAM RRAM

Memory Memory CMOx™
Cell Cell Memory
with FET with NOD Cell

Cross-point array
dimensions are

severely limited

by stray currents

unless some sort

of select device is

Introduced —] Q Q

Non-linear electrical

FET in Bulk CMOS Non-Ohmic devices characteristics of CMOXx
layers. Cell size (diode-like) in cell stack.  element provides “select”
limited by FET A suitable device has function as inherent part
layout. yet-to-be invented. of cell operation
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Insulating metal oxide
m=m Conductive metal oxide
mmmm Electrode

[ ] Row & column wires

I Transistors (decoders, state
machines, etc.)

Conceptualization
of asingle die of a
) wafer fabricated in
a single
production line

4
1
1
I
I
I
I
]
I
[}
1
1
1
1
1
1
1
1
\
\
\
\
\

[ 4 layers are fabricated in approximately the same number of masking steps as NAND ]
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& Unity
Outline

e Array construction
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& Unity

Cross Point Array Half-Voltage Selection
oV B
AR

ML
NN
N

* half-selected cells do
not program, but draw
current

VR

LR

N oV :\%L
P:’ ﬁ\
3

n oV

AP L

bt
oV OV -V, 0V ! .
ov \Y/ \Y/




& Unity
Read Selection

e Low current cell

oV
\%\\%\\%\\%\ * Longer latency "

—
—
-

Read
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& Unity
Cross Point Array Limitations

 Array Lines:

Total current (electro migration limit)
IR drop during program/erase
Disturb of unselected cells

Loss of sensing margin (on Bit Lines)

e Maximum Array size = 4096 x 128 x 4 layers

Row length (4096) limited by IR drop and EM during program and
erase

Column length (128 x 2 layers) limited by cumulative stray currents
thru non-selected cells during read
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& Unity
Cross Point Array with Local Bit Lines

S
o
@)
O
()]
©
x
LBL gate drv|
S
S| - :
O ;
O | |
L !
<1t rrrt Global Bitline (in CMOS layers)
LBL gate drv {_E_E_E_E_j
/\/ Global Bit Line Mux
e I
Local Bit Line

select transistor %_
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& Unity
Memory Physical Organization

.o 128x
Row Decode and Drivers < — Layer 3
located along edge of Array W 4096 Columns % Layer 2
,Lq, Layer 1
N Layer O
Row X2 Block
Driver h 5 ©
4096 Columns QQ\“ /
N
;YZ
Row X2 Block
Driver z Y1
X0 C

| Block bitline 8:1 select FETs
located underneath Block

Column Decode, Sense
Amps, Write Drivers
located along edge of Array
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& Unity
New Array Advantages

e Short Bit Lines:
Controlled read leakage
No IR drop issues on BL
No Electro Migration issues on BL
reduced Program Disturb
Some floating bit lines
Y decoders are laid out under the memory arrays

e Long Word Lines:
IR drop will be cancelled out
Limited by electro-migration
Limited by program disturb
Small total X-decoder area
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& Unity

GBLO GBL1
ov _{
ov H:
ov ' \Vl/\ ) \Vl/\
ov : \VI/\ | \l/l/\
1.2V _{
ov H:
N R

Read

e Selected cells at 0.8V

e Unselected cells at
less than 0.2V

1.0V

Selected X M L
Unselected X 0.2v
1.2v selected
/
unselected
LBLgate _ov /o \

— erased

programmed
GBL




& Unity

-1V

-1V _{
-1V

Program

-1V

— 4

OV:\I/L\

ov \VL\

v

-1V

1.5V
R

03V -
/N

Unsel

LBL

GBL

e Selected cells at 2.5V

e Unselected cells at 1.5V
(BL) or 1V (WL).

1.5V

" —

= Precharge LBL

—_—"
—_—"
—_—"
—_— "
R

ected X < 0.3V to reduce disturb
ov / \
oV — selected
gate unselected
AN . .
/ unselected
~ . —
—— selected



& Unity

0.3V

-0.3V _{

Erase

0.3V

—

-0.3V

OVE\VL\

oV \Vl/\

1.0V _{

A g

rd

-0.3V

High
disturb is a
don't care
because
device will
be erased

1.7V
N

-0.3V

A g A

e Selected cells at 2V
e Unselected cells at 0.6V

Selected X oV \ / \ / \ /

-1.7V
Unselected X oV
1.0V «— Selected
LBL / \ - unselected
gate Rl g
G 0.3V




& Unity
Array with Local Bitlines — Layout

VIA drops

down to NFET select gates underneath
CMOS
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AL 512Gb/1Tb Storage Chip
128 12 Architecture

= 256Mb per Block [ (4k x 128 x 4) x 128] x 16

= AGb per Sub-Plane Page is 1 row of

cells across 16
Blocks/Bricks

Sub-Plane = 16 Bricks «J
T

Block

L] “Erase” Block
is 1 row of Blocks
across 16 Bricks

128 Blocks

= = : IA :
| —————| - (7 —
= | = — T (4k x 128 x 4)
—— X == — O — M © ) ) x 16
O — c 1 —— C c - 32
= — © Q 4 H— © © © X
m — O (?) 1 a o o = 128GDb per Plane
[ % — X 4
— =512Gb (SLC)
[ PB/S | uc || PB/S [ pc [[PB/S | pc |[PB/S | pC |
L_Ana L Ana_ | L__Ana_ | Ana
125MB/s 125MB/s 125MB/s 125MB/s
| Timing | Master uC | I/F |
O000DO0ODO0OO0OO0ODODOODOOOOOOOODODOOODOODOOOOOODO
‘ >500MB/s DDR
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& Unity
Die size estimates

e 20nm cell, 45nm CMOS
e 512Gb 178 mm?2

e 15nm cell, 32nm CMOS
e 1Tb 179 mm?2

© Unity Semiconductor Corporation



& Unity
Does it really work?

e After ISSCC ‘2010 1Mb arrays presentation:

e “I don’t think you can program a cell at the
end of a line without disturbing cells at the
beginning of the line”.

e “The cell signal will be lost in the leakage
current from other cells”.

e “The total current on the lines will be too
high, IR drops will be huge”.
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& Unity
Outline

WL length
IR drop and unselected WL biasing
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& Unity
Row IR Drop

1.5V <1.0V
Dk e e e e o e e

\ < 2V across
cell to be
written

S ¢
D

oV -1.0V

e characteristics
4096 cells on Row
1Q/ *8192 =8.2kQ

lorog = TUA, lpaif select = 26NA @ 1.25v = IR drop over 500 mV at line
end

Total current at driver is around 200 uA
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& Unity
Row IR Drop with AV compensation

1.5V

| : 2.25)

B NaiRe]ie)

[~
B
B
B
B
B

N
(//‘ \ 2.5V across

cell to be
written

oV -1.0V

Added voltage creates higher current and parasitic programming in
unselected cells
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% Unit : :
& UE&V IR Drop with AV compensation

and location adjustment

1.5V
1.7V _—
SIe ! ? ERRR
2.5V across
= B cell to be
1 written
oV -1.0V

Adjust Driver voltage depending on location of cells being
programmed

Added current in cells near driver is still too high
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g Unif : :
& Ur]#gw IR Drop with AV and location
compensation, plus counter bias

> R

4 )
( |~ puy 2.5V across
:E | cell to be

written
[Crato ] Lrgol ~0.5V

-1.0V

Floating lines

Adjust Driver voltage depending on location of cells being
programmed

Added bias on unselected Word Lines will bias unselected Bit Lines
Total Word Line current around 100 uA
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Simulation on IR drop

fwlfar — dwlnear = fblfer = Jblnear IR drop from near to far = 120mV
2.0
| wl_near §7 N
1.5+ ¥ !
1= wl_far 120V
10_— =+ ! stress
- ' onthe
] b!_near . near cell
5 biased :
4 =
= |
: bl _far
1 pgm pulse
—1.0—:
—1.5—:
_2-0- T T T
0 5.0 100 15.0 20.0
5.2738us | 294.1mv time {us) |
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& Unity
Outline

e BL length

Unselected cell leakage and data dependency
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CMOx Read with No Select Device

CMOx 20nm Cell Model
BL 1uA
Selected cell
WL Vi loona S€Nsing area e
M
4«/

(I 10nA €
P 4‘11,,\ ' - Iread = 12nA N _

: : 3 Exponential nature of cell
I \Q{\ | 3 1A < ‘I‘V gurve means smalll

I I = partial select” voltages o Measured
I 41,14\ i O across unselected cells — Model

IW I 100pA result in leakage currents

'\ I orders of magnitude lower

-——— ]
_ than cell read current
10pA /1 Partial select
current ~20pA
0 05 1 15 2 2.5
Unselected cell Cell Voltage
sensing area
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Simulation of Data Dependency

U’ “0” “1”
= 4
(]
o
Y—
(@]
I+
.l..
,’n. A
,/.I'l. . .' .
K .I'- N | -
i | it
Vread ; ! ) LY
T y | 5 T
N\, o . .
ov Lise S0
Fac| 'y
ov R
NG| '\
S R4
oV _i
. &

300, Read margin is sufficient, even after
_ all dependencies are accounted for.
250-
200- T Margin lost due to
1 Bitline voltage w/ data dependency
erased cell
- A
L3 selected 0(14&.5mi) i
1004 M1(60.84rmv)
5.0
3 Bitline voltage w/
] programmed cell
|:|_
' Margin = 85mV sefected
-50.04— ————— ——————
0 25.0 50.0 75.0 100 125
tirme {us)
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Outline

e Disturb

© Unity Semiconductor Corporation 32




nity
Disturb Times during Program and Read

Array 4096 x 128 x 2 layers

WL during program: 32 cells programmed at a time (128 write cycles
per page)

10us pulse x 128 write cycles x 2 layers = 2.6 ms disturb at half
write voltage — counter bias

WL during read: 8 read cycles per page to read all bit lines

50 us x 2 x 8 x 100000 read cycles = 80 s disturb at read
voltage — 0.2V

BL during program: 10 us pulse x 255 cells = 2.6ms at /2 write
voltage + counter bias

BL during read: disturb at less than 200 mV is inexistent.
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Y\/Ieasured effect of disturbs

Max. Di§turbed Cell Disturbed Cell after Read
1.E-04 after Write (WL/BL)

| ST

Current vs.\Cumulative Pulse Width —&-2.5
1.5

—1.25

ey (_: ——0.75

cell current at 0.5V (A)

1.E-06 /

Programmed Cell, gets more programmed by other cells programming
Unselected WL bias can be adjusted to equalize BL/WL disturb

1.E-07

1.e-07 1.E-06 1.E-05 1.E-04 1.E-03 1.e-02 1.E-01 1.e+00 1.E+01 1.E+02

time (s)
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& Unity
Power and Speed

e Memory + Non Ohmic Select device: 5V -7V operation
e Memory alone: < 3V operation

 No positive charge pump
 Small negative charge pump

= much lower total current consumption

e Speed is achieved by parallelism
Trading off block size for speed
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& Unity
Single Block Throughput Example

Read 16 rows in 1 Block to fill page buffer
16x50uS = 800uS -> 10MB/sec

/O

)
8kB Page Buffer

T4096b
4096b 4096b | 4096b | 4096b 4096b 4096b

<—— =4096b sub-word read from Tile in one 50us sensing cycle
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& Unity
16 Block Throughput Example

Read 1 row in 16 Blocks to fill page buffer
1x50uS = 50uS - 160MB/sec

1/O

{)
8kB Page Buffer

(+5) eoeo A64kb eoeo (+5)
! 4096b | 4096b | 4096b | 4096b | 4096b | 4096b
1x 1x 1x 1x 1x 1x

<—— =4096b sub-word read from Tile in one 50us sensing cycle
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& Unity
Outline

e Results
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& Unity
Program Mixed Patterns on 4 Kbits arrays without select devices
Total Array Size=32Kbits

t_Select> - [Ecr1/Dut1/X05 Physical Bitmap]
1 Window Help >05Menu

, ) £ & XX E=3 i = EE e 2] | 22 ?
Stop Break User VA Timing Pattern LA DEBEM ECR Bitmap Shmoo LEC Sean W afermap Help

-

_Select> - [Ecrl /Dutl1 /X005 Physical Bitmap]
1 Window Help X0S5Menu

3 < © & % == i EE 5 #EE [=F] B | 5 €
Stop Break User WA Timing Fattern L5k DBM ECR Bitmap Shmoo LEC STETn ‘w/afermap Help

-
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L Un”y CMOx™100Kcycles measured Read Disturb

Variability Chart for Cell Current (nA)

42 | F
100K Read Disturb
T 1024-hit Array
E 4.50E-07
g e 400E07
I 3.50E-07
< 3.00e07
2 L5007
g 2.00e407
- i
3 150E47 - B 558 =4=Median_Ers
1.00E-07 =f=Median_Pgm
5.00E-08
e EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE 0.00E+00 , , , , , ;
o o 55 5 5 K 8 55 4 5 5 B 54
Sl e El el ealaialigliclelclelalialcslelelele]s 0 20000 40000 600DOO 80000 100000 120000
State within Read Cycle

* Read cycle = ~10us/bit @ 1V
» AiMedian erase @ 100K reads = -8.8%
» AiMedian program @ 100K reads = +18% (includes influence of retention loss)
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& Unity

2bpc & 3bpc Cell Current Distribution

N

O

@
w
O
@

CDF Plot CDF Plot
1.00 — 00 e _ EE?
0.90+ — — 010
0.80+ 10 0.75- 011
0.704 — 9 100
2 0601 = 1o
r £ 110
= 0.504 = 0504 — 111
S 0.404 o
0.304
0.204 0.25
0.0+
|:||:||:| [T T T rrTrrrrrr T T T T 1 H
100 200 300 400 400 ®OO  TFoo uHt——r— T
100 200 300 400 500 o0 700
Current(nA) Current(na)

Decoded arrays, bitmaps
after full array program




& Unity
Why CMOx (and not other RRAMSs)?

e Embedded non-linearity allows for cell selection with
a 1000:1 cell/leakage ratio, allowing for 256 bit wide
arrays

Non-linearity in both program and erase levels, unlike
RRAM

e Low switching current (< 1uA/cell)
* Progressive, time dependent programming
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& Unity
Conclusions

e An architecture with Local Bit Lines enables CMOx
RRAM technology for high density memories.

e The LBL pass gates can be laid out under the arrays
with minimal die size increase.

o Effect of IR drops, disturbs and data sensitivities have
been taken into account and minimized.

* Increased parallelism due to small arrays enables fast
read and write speeds.
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