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By the early 1960’s, Magnetic Core RAM became largely
universal as main memory, replacing drum memory.
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Magnetic core memory architecture
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Magnetic Core RAM

» The memory cells
consist of wired
threaded tiny ferrite rings
(cores).

» X and Y lines to apply
the magnetic filed.

» Sense/lnhibit line to
‘read’ the current pulse
when the polarization of
the magnetic field
changes.
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Dynamic RAM (DRAM)

» Each bit of data Is stored
IN a separate capacitor
within an integrated
circuit

» Volatile

» The highest density
RAM currently available

» The least expensive one
» Moderately fast
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Static RAM (SRAM)

» Each bit is stored on four
transistors that form two
cross-coupled inverters

» Expensive

» Volatile

» Fast

» Low power consumption
» Less dense than DRAM
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- Flash Memory

» Stores Iinformation in an
array of memory cells
made from floating-gate
transistors

» Cheap

» Non-volatile

» Slow

» Enormously durable
» Limited endurance
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Phase Change Memory (PCM)
- "

» Changes amorphous or
crystaline phases by
thermal current

» Emerging
» High density
» Nonversatile

(source: wikipedia)
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~ Memory Families

[
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Memory Families

Baseline Devices
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- Importance of Memory Repaliring

- .
M| TRS: Memory occupies 87% by 2014

> 33% of Semiconductor product
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. Tunnel Magnetoresistance (TMR)
-

Two thin films of altering

ferromagnetic materials Ineulator e R
and an insulating spacer.

Fe/MgO/Fe junctions reach over 200% decrease In
electrical resistance at room temperature

600 (room temperature)-1100 (4.2 K) % TMR at
junctions of CoFeB/MgO/CoFeB
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Tunnel

Ferromagnetic — g
electrodes
IIOII " 'I "
Low resistance state High resistance state
“Bit” lines —

\

One of the two plates is a permanent magnet set to a
particular polarity, the other's field will change to match
that of an external field.
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‘Basic NOR-Type Array
-

(a) Word line (b)

Bit lin

T

Free layer
Tunneling barrier
Pinned layer
Anti-ferromagnetic
layer

Isolation device

MTJ

Isolation
Device
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-Basic MRAM Structures

L Al

Conventional Structure with WWL + RWL Single WL Structure
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Fault Model

-

Selected MJT

Selected WWL

-&f_'gﬂ 5 f:’fE

High-Yield Repairing Algorithms 38 T.-C. HUANG, NCUE



"~ Qutline

h; Introduction

» Introduction to Memory
» Introduction to Magnetoresistive RAM
» Introduction to Memory Test

B Fault-Distributive Modeling
B Previous Work
B Effect-Cause Fault Analysis

B Proposed HYPERA
» Remapping Architecture
» Repairing Algorithms
» Redundancy Analysis

B Conclusions

High-Yield Repairing Algorithms 39

T.-C. HUANG, NCUE



High-Yield Repairing Algorithms 40 T.-C. HUANG, NCUE


tec-tsmcProduct.wmv

Importance of Memory Test

B \Without test at stage k
»Cost wasted: (1-Y)(P,.1-Py)

v el

$1 $10 $100
Rule of Tens

-
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_ Importance of Memory Repair

-

B\When chips are very small, assume
the probability of defected chip is a
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Yield (& &)
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Wafer Test

-

Tester
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E Final Test
-

Logic Tester Load board
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_ Typical Model of Memory Array
B

C: Cell Array
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_ Brief Introduction to March Test

- . |
B Zero-One Algorithm
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. CheCk-board Algorithm (@ @ 9 9 A Q EEeE- |G- |5

Ql4 - £
Memory Test Simulato

B March C Algorithm RC O 1
B Demo using an Excel file

B Usually we need multiple
algorithms to promote

the teSt Coverage FIHAFSHAT R 448

by T.-C. Huang
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Memory Tests.xls

-  Conventional Memory Test

-,
M External memory test

» Typically 3S0M$/ATE =» Expensive!

Clock
Address

Read/Write
Data

» Go/NoGo (Pass/Fail)
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- Conventional Memory Diagnosis

- .
M External memory Diagnosis

Clock
Address

Read/Write
Data

> Faulty Cell Address (+ Fault Types)
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Pros and Cons of MRAM

Pros and Cons of SST-MRAM Memory Switches

Pros

Cons

+ Well defined physical Model and simulation tool. >
Very fast improvement. Many chip level papers in
IEDM., VLSI and ISSCC

+ MLC operation and stacking 1s difficult. although
it was recently demonstrated.

+ No confrol device needed (for apple to apple
comparison of STT-RAM vs. other ReRAM with
control device)

Low Dependability =» ECC

Low Yield =» Repair

+ Very much process dependent :

o MgO dielectric Reliability (subsequent temp.
and etching)

o Thermal instability %( 150C), different from
single cell results.

o Even endurance as low as 1E7 (chip level)

o H, shift and stuck at 1 or 0 status (i.e. Narrow
coercive window)

o Variation

+ CMOS compatible and No High Voltages required -
ease of front end integration.

+ All parameters are related to each other. Need to
decouple (e.g. retention, programming current,
RA, TMR, endurance, speed), (Keeping in mind
memory device is simpleg

4+ Extendibility : ~1-10pA Writing current @ 50ns

e M R W P B e M

=>» Partitioned Power-Gating \

(many layers, process dependent, etc) complicated
film structures: 10-12 different layers, deposited
by PVD process for a thickness from ~8-20A and \
sputter etched.

&Diﬂicult to achieve production worthy process

+ More Scalable than PCRAM, Nanothermal and
Nano electronic memory w.r.t write speed,
endurance (>1E12) and retention.

+ High Read power. due to relatively low resistance
% S

P

4+ 4F2 possible by vertical select transistor (Currently
~21F2, 40nm and chip level)

V Still high programming or write current >100uA, O
cell size is limited by the driver device

4+ MTJ can be extended to logic devices as a
nonvolatile unit.

+ Concern about cross contamination if dedicated
line is not allowed

4+ Best suitable application ; Embedded, SRAM
replacement, and SoC

+ High annealing temps required for high 0nﬁ0ﬂ'¢
(6:1) 1s incompatible with interconnect processing
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Deterministic Faults —>Memory Repairing
Intermittent Errors ——> Error Correction Codes

Memory Capacity per Chip

e L
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Yield and Dependabillity
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Fault Models

W Fault (Type) Model
> Stuck-At Faults More Serious for MRAM
» Coupling Faults
» Neighborhood-Patt
» Transition Faults
» Retention Faults

B Fault Distributing

» Line Faults
v Row, Column
v" Clustered Faults
v What else? =» Hypercube Faults ??

-

nsitive Faults
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B Fault Distribution Model

IFAHn uctive Fault Analysis) Fault Models Massive Diagnoses

C: Cell Array
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ECFA (Effect-Cause Fault Analysis)
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Early Distribution Models

. dink At

M Fault Types:
»Uniformly Random Faults

»Line Faults
v"Word-Line (Row)
v Bit-Line (Column)

B Some Previous Work:
> CRESTA, 2000 8l
> BRAVES, 2003 B3
> Fault Distributor, 2007 [13]
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b Recent Distribution Models
-

B Additional Fault Type: Il
»+ Clustered Faults-.

® Major Previous Work:

> MESP/Divided-Lines,
2010 [11]
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- Conventional Memory Repair

- .
M Laser Fusing or Flash Programming

- —4

Word Line

9
Spare Word Line
Laser Fusing E
(Source: GSI Group) Klf
Flash Programming
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- BISR: Built-In Self-Repalr

B E—
M A typical BISR scheme
Q <«
D
ADR l »>
MAO
EMA < BIRA —>
REF « /)
i
ER FCA/II\DN CNT
CLK —
| ABIST
POR ——>

Main Memory

Spare Memory
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BISR with Spare Rows

Spare Rows
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L

-Spare Rows and Columns
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_ Conventional Memory Repair

-
B BCAM-based Remap

AN

n

Col. Adr. Dec. [>-12
(D)
N4 Q M-row
Adr.—x /r}]og N-column <«
> Memory 15
m \ o
X
. 4 S = DiO
| pare Row
Binary CAM BCAM —\—»S Memory T
|
/ \\ / /)
13 \Hit__ 14 /7
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Hypercubes: Two 4-Cubes

(Figures released from Google)



. K-Map representing a Hypercube
BN
AZAlAO
AsA AN 000 001 011 010 110 111 101 100
000

Implicant
001 //{/////'
Cover

011 ]
010 Subcube
110
111
101
100
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More Multi-Fault Occurrence

B Address Line Faults

> Row

65
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More Multi-Fault Occurrence

B Address Line Faults

> Column

66
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More Multi-Fault Occurrence

B Address Line Faults

» Cluster

67
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More Multi-Fault Occurrence

-

B Address Line Faults

» Scattered Clusters
probably due to
address fluctuation
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More Multi-Fault Occurrence

-—

B Address Line Faults

» Scattered Clusters
probably due to
address fluctuation

High-Yield Repairing Algorithms 69 T.-C. HUANG, NCUE



More Multi-Fault Occurrence

-—

B Address Line Faults

» Scattered Clusters
probably due to
address fluctuation
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More Multi-Fault Occurrence

-

B Address Line Faults

» Scattered Clusters
probably due to
address fluctuation
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More Multi-Fault Occurrence

-—

B Address Line Faults

» Scattered Clusters
probably due to
address fluctuation
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Proposed VERA

B Verifier/Estimator for Redundancy Analysis

» Conditional-Probabi

e

First Faulty Address—== ==&

Ity-based Fault Distributor

Uniformed-distribution p=1-Y,

HENEN
Condictional ....... \ing Cell at (13, 10)

EREEREN w\
ood - L
(good) ——
| p(row) p(col) p(random)
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. Result Histogram

- X 104

2: -

) -

1.8

1.6 -

O =P
(00 = N I
: ] ] 4

Number of Blocks (Trials)

o
o

o
N

0.2

L L L

#Good Blocks = 18,817
Original Yield = 18.8%

#Faulty Blocks = 81,183

First-Fault Probability = 0.812

Probability of Following Fault Types:

- Random: 0.100
- Row: 0.225

- Column: 0.225
- Cluster: 0.225

- Cubic: 0.225

High-Yield Repairing Algorithms

Number of Faulty Cells per Memory Blocks
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- Basic Concept
B

}e Diameter (degree) n of an n-cube %‘
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- Hypercube-based Remapping
-

"
Col. Adr. Dec.

O
(5]

m-+n - M-row

Adr.—x /rB\»g N-column «—

= Memory
+Ny\ &)
m-+n S

Y Dio
Spare n-Cube 7

I
TCAM | |

Ternary CAM | A Memory -« I
|
m"'ni m"'ni \ Spare Col. Adr. Dec. /'
AN ]
\ Hit //
Masked-Bit Address | ~—~ """~~~
Concentrator Shifter }]\
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Proposed TCAM Design

™
H PR '\_A _______ \
. w |
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- Address (Bubble) Shifter

-
M |If matched by the TCAM comparison

» Extract the masked address bits to a sub-address
> Also called “Masked Bit Concentrator”
»Not necessarily in order but bijective (1-1)

Base Address Mask Bits

¥ (1 1 1 (0 0 0
m-+n { m-+n {

Address Shifter TCAM

:

Remapped Address
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- Swapper in the Address Shifter
B S

B Swapper in Binary Sorting Network

(A.K) — X—»(A;,K'j)

(A

j+11

> (A}+1’ K Ij+1)

Kj+1)_’

B Only 1 Level of CMOS gates for 1 Stage

8
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B if A>B, otherwise A

A if A>B, otherwise B




Address Shifter using a Parallel Sorter(2n)

T > (A K)=(a, 1) —» 2

(A K)=(2,0) -

(A, K)=(a, 1) + > (A, K')=(b, 1) —

T» (A K)=(e, 1) —> ¢
> (A, K')=(d, 1) —» d

T > (A, K')=(0, 0)

(A K)=(2,0)

(A K)=(0, 1)

In-order Remapped Address

(A

2 K)=(2,0) ]

(A K9)=(c. D4 > (A K')=(0,0)

(Ag K9)=(2, 0) -

T |, (A, K')=(0, 0)

(A

7’

|, (A", K)=(0,0)

K.)=(d, 1)
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Address Shifter using a Bitonic Sorter

-

Parallel Sorter Half-Cleaner

A Parallel MBS || AR
log, Sorter | CONCEN- | (Area)
N trator | (Time)
2 3 2 33
3 6 4 33
4 10 7 30
) 15 11 27

» Extracting the sub-address IN BIJECTION.
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Eg. Essential Spare Pivoting 13!

h Essential

101 2@ 1] 3
Em B
=11
HiE NETEp
=TT
=TT
Essential SRR —

\ EmEn m
= T m

Valid 1Nk ]
nininans
dipEnEns
O L
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~ HYPERA (Redundancy Analysis)

B Modified Quine-McCluskey Algorithm

» Externally Repairing
» Repair-Rate Optimized
M Essential Cube Pivoting Algorithm

»Modified from Essential Spare Pivoting
Algorithm for Hypercube-based Architecture

»Reduce the BIRA Complexity in a greedy
manner.
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- Modified QMA for External Analysis
B

. Sort all subcubes of degree d, by weight.
. Select any pair of subcubes g, of degree d, and g,

of degree d, < d, If d, + d,; merge them into a
subcubes g of degree d If d, < n = deg(Sparecube).
. Increment d, by 1. if d, =n then go to step 2.
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- Modified QMA for External Analysis
-

\

FCA 0123 ...

Impl |4

X
X
X
r_
o

X
X

X

T e e ) Tr h & 4
4 L4

[xIx[x[x[x]x
ole/x[ee]X

Imp3 |4

X[ x[x]x|x[x]|x]|x
X[ x| X[ x|x[x]|x]|x
O
X|x|@]|x|®]x|x|x
X[ X[x|x|x[x]|x|x

XX
®|x

X

Karnaugh Map
X: Don’t Care Essential Table Espresso

= __—
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-~  Example 1 of MOQMA

- Column Address

o 1 2 3 4 5 o6 7
0
1 (10 16
2 24
D
S 3 34
=]
<
= 4
o
X
5 51152 54 5657
6
l 72
Ternary Sub- :
cube Address (Cell Address in Octal System)
0---00 10 24 34
101--- 51152 54 5657
__1_10 16 72
2 3 4 5 o6 7

High-Yield Repairing Algorithms

» External Analysis

»Using an optimum
algorithm — Modified
Quine-McKluskey
Algorithm

o 1 3 2 6 7 5 4

0

1110 GEN

3 34

N /

2 2

6

7 (72 )

5 | |51 52 | 56 | 57 54 |
L N i Y

4
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-

-

within threshold degree

Heuristics of proposed ECPA

P

Essentlal

1 T~ maX|mum
4 / subcube b
existing ,/ subcube l’ \ |
repaired | \ /‘
cells \\\ \ /
\ \ y
row or column P y
~ //

cluster

faulty cell detected

High-Yield Repairing Algorithms
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-

Proposed ECP Algorithm

O©W 0 Jd o & WDNDRK

R B R R R R R R
o od WN RO

initialize;
for each faulty cell address A{
for each spare cube (C, V, E) {
if (V)
if (E) repaired by merging A to C;

= _

else set Valid V and store C = A;
break;

}

if unrepaired for each non-essential cube C ({
if (Max dist(A, C)<n) set Essential and merge A to C;}
if unrepaired, failed and exit;
}
expand non-essential cubes with degree n;
set all Essential;
success;
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Example: Essential Cube Pivoting

mimini
> >
o 1
i Ol o
< 2 3 g
ol {4l 3
O a1 N ™M
O O O O
o O Q9O QO
20 O 35 3
o O o O
O O O O
T T e
@ © @© ©
Q QO O QO
n n n n
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. Case Study for Evaluation

- X 104

2: -

) -

1.8

1.6 -

O =P
(00 = N I
: ] ] 4

Number of Blocks (Trials)

o
o

o
N

0.2

L L L

#Good Blocks = 18,817
Original Yield = 18.8%

#Faulty Blocks = 81,183

First-Fault Probability = 0.812

Probability of Following Fault Types:

- Random: 0.100
- Row: 0.225

- Column: 0.225
- Cluster: 0.225

- Cubic: 0.225

High-Yield Repairing Algorithms

Number of Faulty Cells per Memory Blocks
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Case Evaluation

. |
100 Repair Rate = 99.8%
~ MQMA/Extérnal i -
90 o _~Repair Rate = 95%
/ ECPA/BIRA
80 / A
O
S f —
Z’ 70
©
e
- . Proposed MQMA
é_ >0 ©  Proposed ECP
/. MESP in [11]
50 - ESPIn[3]
40
30° : : - . - : -
0 5 10 15 20 25 30 35
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Spare Size (equivalent rows)

100

->

Yr = 100%
Yr = 96%

Yo = 18.8%
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Layout (1/2) — A 16K-Word Case

R

| B ] ] | Bl 8 8 = &8 B E
lalgloglalginlialglialgll

- ———————— — . — . — — —————— —— T ———— - — . —— - ———

7 === . - ASM — : .‘
Main ﬂt f |
Memory | =3

Main ke Main
Memory 3  {iE= Memory 4

i) sl 1) bel iz el e el e Ll s e sl e Hsl 3 ) Rl e s
| 8 8 B [ I ’111 11.‘ | 8 1_

(TVLSI2010SKLu, followed-up)
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. Layout (2/2)
= » MBIST: HOY’s BRAINS

B Encounter - fexport/mome/MS100/ns100kyUBISRISRAM _8X128/50C 1 - Top Cell:(test_chip) -8 X

Design Edit Synthesis Partition Foorplan Power Place Clock Route Timing S| Verify Tools Help cadence > RF - A tl ) C -I
—— . ArSan s vompler
Al Colors \

J) w } QAR OOk @y },“E/\" ‘ 500 ‘ o] Li.._" e Design i Tining Analyzed |

] 1R[] 4] _ Bas———

» CBD: Synopsys’s DC
» P&R: Synopsys’s SE
» Editor: Virtuoso/Cadence

IboundPads : . i : : " L ’ ~ e > Status:

boundPad
— PR ¥ Ready for small cases

>

E

2

o

]
N R A P R <
T e |

lboundPadz

- = , v" Tutorial available

v" Under verification
-, v Tape-in on Aug.

; ‘
J ' Q (799260, 855480)
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Adr.

Product Grading
-

\
n

Ternary CAM

Col. Adr. Dec.
2
m+n 2 M-row
= S T N-column «—
m | <C
= Memory
m-+n-. >
\ 4 Dio
| Spare n-Cube
TCAM s P A
: S Memory NS

m+ni m+ni I\ Spare Col. Adr. Dec.
N

Masked-Bit
Concentrator

Address
Shifter

AN
Faulty D
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-

Conclusions

IA Hypercube-based Remapping Architecture

and Efficient Algorithms are proposed.

B Repairing Rates can be highly improved up

to almost 100%.

B Area overhead is small.

Ime penalty Is still an issue.

M Effective yield can be still improved by

sorting and disabling the access multiplexer
for grade-A product.
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~ Our “Sparrows”

Small as the sparrow is, it possesses all its internal organs.
(frg#e] » I %L 2)

-- Chinese sayings
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Thank you for your attention!
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