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Memory device
RAM

RAM — Random Access Memory:

Time to access a datum (nearly) independent of where the
information (bit — binary digit) is physically stored.

Different from sequential devices:
tape drives, floppy/hard disks, ...

Two types of RAMSs in every day life

— SRAM: Static RAM — fast, stable, 4T-6T
— DRAM: Dynamic RAM - slower, unstable, 1T

Memory device

Non-volatile memory

NV (Non-volatile) Memory
— Information kept after power off
— EEPROM, Flash Memory, FRAM, MRAM, ...

Applications

— Stand alone memory chips
To replace stand alone DRAMs and SRAMs

— Embedded memories (e.g. system-on-chip)
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Memory device

Trends and limits
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International Technology Roadmap for

Semiconductors (ITRS)

First published as National Technology Roadmap of Semiconductors by
Semiconductor Industry Association (SIA) in 1993:

Characteristic 1992 1995 1998 2001 2004 2007
Feature size (microns) 0.50 0.35 025 0,18 0,12 0.10
Gates per chip (millions) 03 0.8 20 5.0 10.0 20.0
Bits per chip

DRAM 16M 64M 256M 16 4G 16G

SRAM 4aMm 16M 64M 256M 16 4G
Wafer processing cost ($/cm’) $4.00 3.90 3.80 3.70 3.60 3.50
Chip size (mm’)

logic 250 400 600 800 1,000 1,250

memory 132 200 320 500 700 1,000
Wafer diameter {mm) 200 200 200-400 200-400 200-400 200-400
Defect density (defects/cny’) 0.10 0.05 0.03 0.01 0.004 0.002
Levels of interconnect (for logic) 3 45 5 56 6 6-7
Maximum power (watts/die)

high performance 10 15 30 40 40120  40-200

portable 3 4 4 4 4
Power supply voltage

desktop 5 33 2:2: 22 15 15

portable 33 22 22 15 1.5 1.5
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ITRS 2013 for NVM 2013-2028
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Memory device

Memory classification

| Matrix based memory |

RAM ROM

AN

Volatile | |Non-vo|ati|e| | Write many | | Write once |

- DRAM - FRAM - EPROM - PROM
- SRAM - MRAM - EEPROM - Masked

- PRAM - Flash - WORM
(OUM)

- RRAM

- Nano-dots

- Molecular
& CNT
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FRAM - devices

Mobile application

Contact / non-Contact
Card application Low Power
Low Power Stress free instant on/off

High speed memory access

Automotive application e 5
Non volatile 7Y
High speed memory access MJEJ

B T

Large demand of Higher Density FeRAMs

To enhance System performance

Toshiba, 2007

FRAM - devices

Advantages of FeRAM
High Speed & Low Power = Contactless, Mobility, +
Downloading Reconfigurable

High Endurance = Security, Reconfiguration Higher-rate
downloading —
Quick Sta

Higher Security Q

Performance

Mobile Devices

2000 2003 2005 2007
0.6pum 0.18um 0.13um 90nm
planer stack 3D stack 3D stack

Panasonic, 2003

In January 2008, Japanese Railway announced all across Japan, the standard JR
E-Tickets, E-Purses and credit cards are to use FRAM card (Panasonic 0.18um).
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FRAM - devices

Early examples

o+
£ @—Volmo regulator__.

128-Kb memory array

8Mb( 84K X 16 X 8)
ell Ar

A 256kb FRAM, which consists of
four 64Kb arrays. Peripheral
circuits locate at the left and right

sides of the chip. ) : : [T T
(1T/1C, Y1, Matsushita, 1995) - 2.7 mm FRAM 02%n
Technology 0.35um 3-metal CMOS, CMVP proces Chip Size. 12420¢m x 7268 ym - 50.2mm?
Orgamzation 32-Kb, 64-Kb, 128-Kb, 8-1/0 Configuration 1TF1C, COR
:.“l‘ﬂ size. :.”-‘”"I',':["';” T 07 T2 x 12V hgm = D95
Supply voltage %1% 1055 Cop Siz DT 309200 - 0448
Active Current 0.3 mA (2.5 MHz, 2.7 V) Operation Voltage 2TV-33V
Address Access Time 50 nsec
A 128Kb FRAM array. Stand by Current LA
(2T/2C, SBT, NEC, 2000) A 32 Mb FRAM array.

(1T/1C, PZT, Samsung, 2002)

FRAM - devices

Recent development

Texas Instrument, 2003
64Mb, 0.25um, PZT
(0.09um in progress)

RAM

Analog IF

Panasonic, 2003
8Kb, 0.18um, SBT, SoC (Embedded)

Toshiba, 2007
64Mb, 0.13um, PZT
Chain memory

10.57 mm

Samsung, 2008
64Mb, 0.18um, PZT
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Ferroelectrics

Materials
Material behaviours
— Polarization and domains

— Characterization — hysteresis

Lead Ziconate Titanate (PZT)
— Microscopic vs Macroscopic

Ferroelectrics

Pbzr,,Ti,03 (PZT)

P (uCcm?)

031106-C, 150nm 40—+
100umx100um

-

Bi-stable states < 1 bit (“0” or “17)



Polarisation domain
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Polarisation domain

Sawyer-Tower method

Ferroelectrics

e i

Ferroelectrics
50 T T
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Pr — Remnant polarization

Ec — Coercive field

200
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FRAM — memory cell

Charge vs Field

+ Charge approach

V[ A AQ = AAP

* Field approach

EocP

FRAM — memory cell

Two approaches for Read-Out

Charge approach
—F-cap 2> 1T/1Ccell, ...
— WRITE and READ
— Structure and Fabrication Process

Field approach
- FFET
— Cell, Structure and Operation



FRAM
A DRAM cell
1T/1C
BL
wL
T
FRAM

— memory cell

Read:
Drive Word Line (WL)
Sense value on Bit Line (BL)
(saved value destroyed)

Write:
Drive WL
Drive new value on BL
— memory cell

A 1T/1C FRAM cell — configuration

1T1C
BL

WL

CP

polysilicon gate

—1{ —~ ferroelectric film

+— diffusion barrier

07/02/2016
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FRAM — memory cell

A 1T/1C FRAM cell — WRITE operation

Select Tr Q
ey +Pr___ (BLPL)
BL
— ; =(VCC,0)
} 1
! ]
NES v
g -ve [o] [+ve
Ferroelectric P
WL Capacitor -er
:VCC+Vqy (BL,PL)
=(0,VCC)
FRAM — memory cell
A 1T/1C FRAM cell — READ operation
Q
BL. o ~ +Pr
} v
PL: 0— -V,
WL Vi ptVee

07/02/2016
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FRAM — memory cell

Fabrication process

®)

FRAM — memory cell

Stacked architecture

1T/1C

BL

cP

WL

32Mb, 0.25um
Samsung, 2002
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FRAM — memory cell

Chain memory
PL:%“:IJ v PL Driver
WLo WwL1 . V BL
—=|_T WL3 WL2 WL1 WLO0 BSOD
Iﬁp

(@ (©
8F2Cell ,

WL3 wL2 WL1 WL0 BS
1

1 oo 1 1L L
27~ IV1

-1/2vdd 1/2Vdd

PL{=1/2Vdd)

FRAM — memory cell

Ferroelectric FET
10*

10°
Gate

Source Drain Gate

Drain Current (A)
3

Source Drain

Ferroelectrics 2

-80
Al Gate 21 60
= -40 |
(.)E 220
. + B
0-Si(100) P g o

. V.=
+2V Write G

0 -0.5 -1 -1.5 -2 -2.5 -3
Drain Voltage (V)
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FRAM — memory cell

Ferroelectric FET
The threshold voltage, VTH L is:

-—P Vi =V + 25 +Vg
Metal |+Ferro.—{ Semiconductor o, +0
= Pys ——— |+ 20, +V,
Cr

where ¢MS - the metal-semiconductor work function difference;

\/, - the effective bulk charge voltage;
) 1/2
(For p-type bulk: V, = (40N p&,6005) </ C)

O . -the surface charge density at the interface between
! ferroelectrics and semiconductor;

O, - the effective polarization charge density of the
ferroelectrics;

C E - the ferroelectric capacitance per unit area.

FRAM —some related issues

Challenges
Issues Technical Fundamental
* Scaling down « Stacked capacitor « Increase P,
« 3D
 FFET * Interface states
* Reliability * Hydrogen proof - Fatigue free
 Imprint
* Retention
* Low voltage « Thinner films * Lower E,
operation

* Low leakage
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FRAM - some related issues

Stacked capacitor

Cross-
Section M_

Circuit  Planer Technology Stacked Capacitor

2T2C Cell T1C Cell

FRAM —some related issues

FRAM scaling

2005 2006 2007 2008 2009 2010 2011 2012

3-dimensional
approach

=
=l

o
N
(2]
o
O
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2
S
L
[
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FRAM - some related issues

3D capacitor

130-90nm
generation

Stacked capacitor ‘ 3D capacitor

Relative size: 1 <1/5

TIl: 3D when <90nm

FRAM —some related issues

Fundamental size limit?

20 5ym xsumeap-dhul 207 0.5um x 0.5um eumdwl
15 f 15 ”..
10 104 o'

.

DC Bias
"] 0.09um x 0.09:m capacitor
54
§ L
o] . ] .
5] a e
-10 .
154 o
-20
FIG. 1. Scanning ion beam images of the test structures fabricated by FIB 25] * 2
milling in the size range 1 umX1 um-0.25 ©mX0.25 um. Also shown (d) 30 T A IZV v T T T
is a 70 nmX70 nm device. 2086420240312 6 4 2 ¢ 2 4
© DC Bias @ DC Bias

Operation down to 90nmx90nm checked.
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FRAM - some related issues

Polarization fatigue

Mitsushita, 256Kb, 1T/1C, SBT

2
10° 102 10° 10° 10° 10° 1d

o]
= SBT
I
i? o:‘ ] T PO S 3.0
£
= 2.51
: oPZT )

2 .
5 c  2.0r
g 1 £ S
& EEPROM 3 1.5f
® Flash g
2 1.0
o
[7]
4

010 0 102 104 106 108 1010 1012 1914 3V Destructive Read and Re-Write Cycles

UL Panasonic

Now the switch endurance of FRAM cells with PZT can reach 1015 cycles.

FRAM —some related issues

Enclosed hydrogen barrier

Partial ‘ Robust ‘
Encapsulation Encapsulation
i H—" HB - H—" HB

H H

LT

[ ==\

'./\' |/\H

o + Multi-level metallization - un-change ‘
(5] o
E Vegrade 5‘
= =
£ g I '
£| ‘ \ g | ‘ |
before after L before after
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FRAM - some related issues

Failure time vs temperature measured on a 256kb 1T/1C FRAM

1000/ T (K™)

=> life time

Retention
4‘00 M T T 1 T T T
I R B
NE Nonremanent ]
5 200t -
~ TS S
Q Volatile Remanent
- [ meseee- -1
s O — Nonvolatile 7~
S [ Aemanent /
5 Foa-e-
N L
5 -200 | .
8 i ]
&L i
_400 i " 1 A 1 a 1 " . 1 A 1 1
-8 6 -4 -2 O 2 4 6 8
Voltage (V]
FRAM —some related issues
Failure time
107 175C 125C 70°C 25T
10° %) 2]
] I |-° 10 YEARS
—~ 10° — £
o« ]
< 10% e
[ E renew ngT 47
E 10°] o
(= 3 7
102 (/
10" ]
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FRAM - some related issues

Thinner films
100nm 80nm 25nm 15nm
50 50 50 = 50
40 — 40 4% K 4
— ; L

£ 30 Ve ¥ 30 A Y 7 / 5% 7/
S 3 g

20 (%= S 20 S0 z
X S e 10

=10 210 €

s I < | < LI
g0 1/ 20 1 g0 g
810 810 i S0 0
£-20 / & [ il 0 4/ e
<30 2 / & / £ /

30 s -30 Z -30 7 pZd

40 -0 40 o

=0 -50 50 »

G20 246 d 5432101234 5432101234 4321012345
Voltage (V Voltage (V' Voltage (V. Voltage (V

100nm 25nm 15nm

FRAM —some related issues

Possible restraint on low voltage operation

T T T T T T T T T T

PRL 84, 175 (2000)
1.00 | P(VDF-TIFE) (xiy)

6V@10nm
= T4 *H;

T TTT
|

‘E 610 B Thin LB Films ‘ #1
A0 #3 o
gu : (70/30) (this work) 9V@100nm .\ ‘ 3
w T ® Thick LB Films ** &
I (zo30) (Blinov et al. 1996) 10V@200nm. *

¢ Thick Spun Films <9 Our Spun Films
(65135) (Kimura et al. 1986)  (75/25)
0.01 Ll MEEEETIT Ll el

1 10 10° 10°
Thickness (nm)

« It seems that decreasing the thickness of a P(VDF-TrFE) film from 100nm to 10nm only
leads to a reduction of operating voltage from 9V to 6V!
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FRAM - some related issues

Leakage current path

Topography

Leakage current

Leakage current along grain boundaries

(C9905-01, 60nm PZT on Ir)

FRAM - status and roadmap

Texas Inst
Up da,:’es Jan Hynix Samsung Toshiba Matsushita Fujitsu Agilent
Ramtron
Technol
gene’;mny 0.25 um 0.25 um 0.18 pm 0.20 pm(?) 0.18 pm 0.18 ym 0.18 pm 0.13 um
Demonstrator -
density 16 Mbit 32 Mbit 2Mb 64 Mbit 1Mb 1 Mbit 4 Mbit 64 Mbit
Operation Voltage v 2733V 1.6V NA e I(gvl"l’;' 11V 18V 13V
Acces time 70 nsec 50 nsec 50 nsec >250nsec 15 nsec 30 nsec 30 nsec
Cycle time 150 nsec 60 nsec 75 nsec 2 psec 3Snsec
Material 100nm 100nm 120nm
Sol-gel BLT Sol-gel PZT MOCVD PZT (PVD) PZT MOCVD PZT MOCVD PZT
1.5 pm? 0.9384 um? 0.486 pm? 0.602 pm? 2.4 pm? 1.1 pm? 1.3 pm? 0.54 pm?
Cell size (1T1C) 152
24 F2 15F2 15F2 74F? 34F 40 F? 32F
(9F2 poss)
Cap size 0.71 pm? 0.44 pm? 0.261 pmz 0.25 pm? NA 0.70 pm? 0.49 pm? 0.25 I,un"’
2Pr NA 38 pClem? 40 u,(:,'{:rn2 NA NA 18 pClem? 31 pClem? 24 pClem?
Active
currentipower <20 mA NA 25mA NA 0.01mW NA 16mA 16mA
STBY current <10 pA <10 pA NA NA NA NA NA NA
ISIF '03 VLSI Tech '02 o “ VLSI Circuit VLSI 03 (ISIF | IEDM 02/ ISIF VLSI 03
Source NEDM'03 03 IEDM ‘04 VLS| Tech ‘04 ‘04 '03) 03 JEDM ‘02

Highest density

: 64Mb

Fastest access : 15 nsec

Material :

(4), SBT(1), BLT (1)

Smallest cell size : 15 F2 Lowest Voltage : 1.1V
Most advanced technology : 0.13um, 5ML Cu/FSG

D.Wouters IMEC

07/02/2016
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FRAM - status and roadmap

[Year of Production
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FRAM - status and roadmap

[Year of Production
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