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1.1
IC IC
IC
1-1
DRAM (Dynamic Random Access Memaory)
IC
SRAM (Static
Random Access Memory) DRAM
SRAM
EEPROM [1-3]
usec msec
DRAM 3
10°
1ov
1 1
[4,5]



EEPROM [6]

(FERAM; Ferroelectric Random Access Memory)
[7.8] - (P-E )

MRAM (Magnetic RAM)
[9-11]
MTJ; Magnetic Tunnel Junction)

TMR (Tunneling MagnetoResistance,

OUM; Ovonic Unified Memory [12]
1-1
DRAM SRAM Flash FeRAM MRAM OuM
Fipflo Floatin Ferroelectric TMR Phase-change
Storage element Capacitor P . P g . . J
(Transistor) gate capacitor (MTJ) film
Non-volatility No No Yes Yes Yes Yes
Endurance
/ / 10% 10%/10% 10/ 10/
(writefread) 2 o ® ® ®
Direct over-write Yes Yes No Yes Yes Yes
Bit/Byte-write No
Yes Yes Yes Yes Yes
(erase) (Block)
Programming ,
Low Low High Low Low Low

voltage
write/read time 50ns/50ns 8ns/8ns 1ug/60ns | 50ng/50ns | 30ns/30ns ?
erasetime - - 1-100ms - - -
Cell size Medium Large Small Medium ? ?

-: Direct over-write




1.2

DRAM
[13] DRAM 50nsec
[14]
DRAM DRAM
1.2
1.21
[15-17]
DRAM [7,8,30-37]
11
1
1bit 1
LS
[16,17]
1.2 3
(@ [18,19]
Semiconductor)
[20,21]
(b) MFIS (Metal - Ferro. - Insulator - Semiconductor) [22-24]
MFS

[18-29]

MFS (Metal - Ferro. -



Si

1.1
o
58
Insulator )
n+ n+ n+ n+ n+ n+ g
p-type p-type p-type
(a) MFS (b) MFIS (c) MFMIS
1.2



1.2

(¢ MFMIS (Metal-Ferro.-Metal-Insulator- Semiconductor) [25,26]

MFIS

[27-29]

1.3 DRAM 1 DRAM
(BL) (PL)

DRAM

WL PL WL PL WL PL
BL

WOl oaC |

BL

HCo| HD | H

BL

S T

1.3 DRAM

MOS
MOS



1.2.2 DRAM

DRAM FeRAM
FeRAM
1.3
0V (GND) Voo "
GND Voo "
"o
VDD
1.4
GND
VDD
Cr Cs Ve

Plate-Line (PL)

A

] Ferroelectric
j/_f Cap. (Cr)
‘ Word Line (WL)

Bit-Line (BL)

Driving Voltage Vob

Bit-Line
—1— Cap. (Cs)

VDD

VDD

GND



1.5
2
” 11!
” 0”
1.5(b)
VBN
(write back)
P - -
AN Non-switching

read-out

EN

&Es

Switching
read-out

15

1.2

(a)

VDD
(Switching read-out)
(Non-switching read-out)
(dP/dV)
&s Vc
EN
VDD
VBS
Switching
o o
o N
©
= Es
@)
EN
V
: Non-
switchin
0 : CB g
: VBN i
:  \VBs ¢—
VDD R
(b) FeRAM
FeRAM




-1 (1T1C)

WL

VBN Vref
Ve Ve (Ves Ven)
1 2 2 (2T2C)
VeN 2
2
/2
2T2C
- 2 2
PL
2
AVg (=Vss-Ven)
BL OV (GND)
Vas Ven
SAP ov Vob
PL Vobp
)
( BL, PL
BL Vbbb
( )
BL, PL ov
WL

VB Vref
1
1.5(b)
PL
( 15
110
BL ov
(
VD D



1.2

Sense amp.

SAP

SAN
(GND)

WL

PL

1.6 2T2C

1.7 2T12C



1

1.3 FeRAM

FeRAM 2
PbzrTiO; (PZT) [7,30-33]  Bi SrBi,Ta;0y (SBT)
[34-37] 2 FeRAM
LSl LSl
LSl
LSl
LS|
PZT SBT

1.8 PZT
PZT 1.8(a) ABO;
(A )
(B ) PZT
Pb** A zr+ Ti** B 0%

-10 -



>00 Cubic

(Paraelectric)

400

Tetragonal
[(Ferroelectric)

Antiferro.

w
o
o

Temperature ()
N
o
o
MPB

[E

o

o
T

- Rhombo
(Ferro.)

20 40 60 80 100
mol %  PbZrO,

0
PbTiO,

(@)

19PZT

PZT POTiO;
[38] Zr/Ti=54/46

PZT

230

(Morphotropic Phase Boundary)
SBT 1.10
(Bi202)2+(Am-1Bm03m+1)2-

SBT

Bi

PZT

1.3 FeRAM

B
1.8(b)
A
0.08 40
0.06 *+. m 130
o = =
’CF N
S 0.04F +«—— {20
o) \ \\ &
0.02f 110
0O 20 40 60 80 100
PbTIO, mol % PbZrO,
(b)
PbZrOs 19 PzT
PbTiO; PbZrO;
PbTiO; 490 PbZrO;
MPB
( :1000)
Bi Bi
Bi202 m_l
1.8(b)
¢ a-b
[39] SBT PZT

-11 -



SBT 700 800

SBT

[40]

Pseudo-perovskite
layer

Bi,O, layer

Pseudo-perovskite
layer

Bi,O, layer

OBi @A-site(Sr) ©B-site(Ta) OO

1.10 SBT
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PZT 600
[14]
PZT
Sol-Gel MOD (Metal Organic Decomposition) [41-46]
MOCVD (Metal-Organic
Chemical Vapor Deposition)
MOCVD
[47-53] MOCVD
[52]
[54-66] MOCVD
RF LSl
PZT
[63,65] 12 RF
PZT
1.4
FeERAM
111
PZT
2
PZT RF LSl
RF PZT PZT
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FeRAM
3 4 5
Ir0, PZT
Ir/Ir0, FeRAM FeRAM
FeRAM
I
6
PZT

PZT

111




3 PZT
PZT
IrO,
[14] 11O,
IrO,
IrO, PZT
4 PZT

500
[67,68]

FeRAM
PZT

PZT B

FeRAM
4 FeRAM

[57,58]

PZT

FeRAM

[73-76]

-15 -
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IrO,

[67,68]

Ir/lrOs

PZT
Pb

as-deposited

MPB
FeERAM

B PZT

FeRAM
FeRAM

FeRAM

[69-72]

FeRAM

MPB

FeRAM



LSI
6 PZT

PZT

CMVP (Capacitor on Metal/Via stacked Plug)

CMOS

PZT

FeRAM

Al

FeRAM

FeRAM

600
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_ 8rhc 1 8zhc 1 (2.1)

E(4,T)= =
5 5
op( ) -1~ exp()-1
c: (=3.00x 10% (cm/s)),
h: (=6.63x 103 (J-9)),
k: (=1.38x 102 (JK)),
A , Vi , T:
T<3000K exp(hv/kT) >>1
C C, (2.2)
E(1,T) = —=exp(——
(A4,T) po p( ﬂ)
C1=87Z'hC, szhC/k
&
C C. (2.3)
E(A,T)=c—exp(-—
A, T)=¢ JE p( H)
&
T etAe T-AT
e exp(- 2) = (e 4 00) Sexp(—— -2 )
p) AT A AT —AT) (2.4)
C: 1 AT A
exp(— — =1+
p(/lT 1 AT T) &
T (2.5)
C, (=1.44 (cm K)) AT ATIT<<1
C2 AT _As (2.6)
ATT &
(2.6) AT Ae
300 800
14pum
&=0.3 T=750K (477 )
0.5 p) 11pm
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S 60r -
)]
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€ 40 -
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0 | | | | | | !
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3 Ir-1rO,.

3.3.2 Ir-IrO,
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300 400 500 600 700

Deposition Temperature (°C)

O |
RT
4.4
R
350
400 500
Pb
4.4
[Pb]/[B-site] ([B-site]=[Zr]+[Ti])
[Pb]/[B-site]=1

= roexp(Ed/RT) 70
400
( )
Pb
Pb B Pb
B [Ti]/[B-site]
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4 FeRAM PZT

Pb 500
Pb 550
Pb Pb 600 O,
500
mTorr
Ar
500
207 Pb 48 Ti 91 Zr 550
Pb PbO
Pb
O PbO = Pyrochlore
v Perovskite a Pb(Zr,Ti);0,
As-deposited I 600 -annealed I

_"'I""A""IIIIIIIII LR UL B B B
3
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E Y [ ]
! 600
E_ |
v
3 4550

1500

1450
§400
§ 350
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.y

1300

1] " RT .
20 253035 40 45 20 25 30 35 40 45
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4.5 PZT XRD
*Ar Ar 20 ,5mTorr lcm

10cm
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4.5
PbO

400

600

Pb(Zr,Ti)307

600 0O,

550

4.3 PZT

4.6

PZT XRD as-deposited
300
350
500
550
Pb(Zr,TI )307
Pb
300
350 500
600
600 Pb
PZT SEM (Tep ).
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4 FeRAM PZT
Pb 550
600
500
4.6 PZT SEM
Tsp 300
400 500
600
300 as-deposited ( )
as-deposited
4.3.2 600
Pb
300
400 XRD
400 500
432 PZT Topotaxial
4.7 300
500 PZT XRD (@  as-deposited
300 (303) 400 (400) 500
(222)
(b) XRD 300
{100}{110} **(111) 400
(111) 500 {100}
(222)
{100} 300
{100}
(001) (001)
*ok Tetragonal (100) (001) a
c XRD (100)(001) {100}
{110}
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4.3 PZT
(222) {100} (ORsy, ORgo)
ORpy = II3"(222) /h%ll Py (ki) (4.1)
ORpe = I'3‘-'”“{100}/ Z I Pe(ni) (4.2)
h,k,|
1By gy (hk)  XRD
" Asdepo. | Annealed |
m Pyrochlore Perovskite
£ Pt
S
; (222)
2 {100} (111)
S {110}
> 500°C
-
o 0
= 400°C
)
x B 300°
<

PR R H N T N S N S M A L L I
20 25 30 35 40 45 20 25 30 35 40 45
20 (degree) 20 (degree)
(a) As-deposited ( (b) Annealed ( ).
4.7 300 500 PZT XRD

4.8 300

350 (222)
{100}

4.9
<100>
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4 FeRAM PZT
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A
o
o
v
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PZT

4.3

4.10

Ti (21)

4.10

<110>

<111>

<111>

<100>
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JCPDS

4.2

1160 A3

10.5°

10.5A

16

(Zr,Ti)

Pb
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43=
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1

16

(Zr,Ti)

Pb
64x 16

1024 A3

10%

411

TEM

PZT

TEM

as-deposited

-67 -



4 FeRAM PZT

As-deposited
40nm
Ium
(4.4
Pyrochlore
Pt
— Annealing
(Topotaxial phase
transformation)
o @ . "7 - « 8
.
. ' ‘ 'P@vsklte
Pt i P
Pt
4.11
433 PZT
4.12 Pt 4.13
5V (1)
2P, 5V
400 400
300 500
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4.3 PZT

550 Pb
300
( 46 )
As-deposited
LR
PZT
SiO2
4.12 Pt
10° —r——1——1—— 30
N’g 600 -O2 annealed !
g [ ' E25
\>,10'2 - o
5 - 20<_
Lo | = = , O
® I 2P, 2| 5
210 + 2415Q
) ] ~
© | - o
Q i% 410 N
210° b —
o . 45
3 I i
10'8 1 | 1 | 1 | : O

200 300 400 500 600
Deposition Temperature ( )

4.13 () (2P) (100pumO

- 69 -



4 FeRAM PZT

300

{100}
414 500 600 PZT

Electric Field (kV/cm)

-200 -100 O 100 200 10° | | |
| ! ] | ] ! | ! | 2 ! | NA
< 40}Cap. size: 100);(100pm = B |
& ! &
S 20 5 <107 |
LT , 1 = | ]
~—" - : (7)
& Ofp-—rof- A 1 107 -
I : o _
N —
520 i 1 109 1
o ! =
%40 = 1 0 I -
| | | | | | | | | 10' 1 1 | 1 | )
- 0 5 0O 2 4 6 10
Voltage (V) Voltage (V)
€) : (b) I-V
4.14 500 +600 PZT
( : Pb/Zr/Ti/=1.10/0.53/0.47).
4.4 PZT FeRAM
441 FeRAM
FeRAM
FERAM PZT i\ 3V

14
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4.4 PZT FeRAM

1.5(b) 2T2C
2T2C
AVg 4.15 AVg
/ Plate-Line (PL) \
& Q
ol Ferroelectric
£ j_C Cap. (Cr)
S
S Word Line (WL)
o
>
I ki Bit-Line (BL)
=y Z| OOy
a o Bit-Line Bit-Line
5 | T
i T e J
! ; ENontt i
; i switchin
YA IO S
/ Liea=mmmTTT
o —Cam
«Vos <V
< VD >
4.15
Ves
Ve &s
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EN
&sl en
AVg V.  &den
FERAM PZT
PZT 4.16 Ir/lrO,
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4 FeRAM PZT
L i@z ]
PZT
SiO2
4.16
442 PZT B
PZT B ZrlTi
B PZT
B (B Ti ) B
1.0 — T T T T T T 1
0.8

r/irOsy .

[Ti}/[B-site] in Film
o o
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o
N

0.4

05 06 0.7 0.8
[Ti]/[B-site] in Target

4.17
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4.17
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tanh
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4.4 PZT

FeRAM
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4

FeRAM

PZT

P(V) = B tanh(a(V £ V%)) + CpV

aPod

€0

S =

EN = —
&0

(4.1)
Ve

B = P(O) =R tanh(aVc)

£0o-

&s

4-2
&dlen V. B edlen Ve
4.15 &l en Ve
PZT
4-2
Property Zr/Ti ratio
47/53 | 30/70 | 17/83

P, (uC/cm?) 9 21 20
Ve (V) 0.71 1.3 1.6
&s 3900 9000 | 11000
&N 710 420 340
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4.4.3 FeERAM
FeRAM
AVg
)
4.20 (b)
AVg

40

4.19
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[Ti])/[B-site] in Film
B
B
( 29 )
420 AV
(a) (
AVg
() 4.20(a)
AVg
AVg
AV



4 FeRAM PZT
N"40 15 /77—
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o

4.4 PZT

FeRAM
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4 FeRAM

PZT
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[Ti]/[B-site] in Film
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4.4.4

FeRAM

423 2.2
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imprint rate

5-5

VBS! VBN; AVB(

fatigue rate
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4.4 PZT FeRAM
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4 FeRAM PZT
150 400nm P-E ( - )
100nm
PZT
[20]
40 I ) l ) I )
NE 20 ! -z _
8 \ Emax 167kV/cm
L:JL p 41 100nm: 1.7V
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250nm 2.5V
AVg PZT
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150 250nm AVg VaN
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4.5

PZT VBN AVB

3-0 Ll I Ll I ) I ) .
Meas.: 100pmQO
Assumption
25F Aterro=4pm
Cg=500fF
S 2.0 =
>m 1.5F -
<
1.0 - -
05 -
1 I 1 I 1 I 1 I

0O 100 200 300 400 500 600
PZT Thickness (nm)

4.25 PZT
4.5
B Zr/Ti=30/70 PZT 200nm
4.26 2.6
PZT PZT/ lum
( 0.5um) 4.26(a)
PZT/
(@ O3-TEOS (Tetraethyl orthosilicate) CVvD (Chemical Vapor
Deposition) 400nm [21] (b)
Al
RIE ()
2umd  (Apm?) 3pmd  (9um?) Spmd  (25um?)
10umc  (100um?) 10000um?
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4.27(a)

4-2

(

42uClem?

2P,

100pmO

5.5

AVg

2umd
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4.6
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350
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450 500 (222)
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4 FeERAM PZT
4-3 PZT ( B . Zr/Ti=47/53).
As-deposited 600 , O,-annealed
Phase/ Phase/ . .
] ] ] ) Micro structure Electrical property
Orientation Orientation
RT itel . Ferroelectric
Perovskit | L .
| Amorphous S . 2P, 10uClem?
Random 5 )
300 I 10~A/cm
350 Hlorel itel — Ferroelectric
rochlor Perovskit
Py Vel 2P, 20uClcm?
(400)>(222) (111)>{ 100} . )
400 I 10~A/cm
[ S ——
450 Hlorel itel — Ferroelectric
rochlor Perovskit :
P{zzz) (400) {100}V (1I11) 2P 25uClem’
> >
500 . 10°A/cm?
[P ——
550 Pb(Zr,Ti)s07 | Pb(Zr,Ti):0; —
(Pb-short (Pb-short Non-Ferroelectric
650 phase) phase)
[ ——
FeRAM
FeRAM AVg
V. / (&s/en)
PZT B
4-4 B B Ti
Ve &5len
0.8um FeRAM
Cg=500fF Aserro=4pm? AVg

-84 -



4.6

30/70-PZT 25 5V AVg
FeERAM
150 1
5 FeRAM
PZT
4-4 B
Property Measurement'* | Conditions Zr/Ti ratio
47/53 30/70 17/83
2P, (nCl/cm?) 9 21 20
. Ve (V) : 5V, 10 kHz 0.7 1.3 1.6
Basic Hysteresis loop san-tooth
N wave 710 420 340
&s/én 55 21 32
Pulse 5V-drive 0.6 2.0 1.7
Sensing .
e AVg (V) measurement 3V-drive 0.3 1.0 0.7
margin
(2.2(2)) 2.5V-drive 0.2 0.7 0.4
Fatigue rate 2.2(3) 1 MHz, 5V 12% 25% 49%
Aging o Lo rate 2.2(4) 90 days 35% 72% 40%
reliability orint | e retention
p lifetime 5.3 @150°C, 5V 0.7 years | 0.7 years | 2.5 years
*1

*2  Arero=4pm?, Cg=500fF
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FeERAM

5.1 FeERAM

FeRAM
FeRAM

FeRAM

FeERAM

YBa,CuzO, (YBCO) [1,2] (L& Sr)CoO; (LSCO) [3,4] SrRuO; (SRO) [5]

RuO, [6] IrO, [7,8] 5.1
(a) Pt 10°
(b) Ir/IrO, 10°
1000
FeRAM
FeRAM 5.1
1IMHz 1 10°
1012

[9-11]
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5 FeRAM

60 60 | | | | | | | |
< C < witching
e 40 c 40 - .
L - L -
%20 %20 = Non-switching -
- - 000000 000
=5 =25 Ir/IrO,/PZT/Pt, 5.0V
c c
()] - () 5
A 0. ¢o-0-0000 08
0-20 - 0-20F .
2 2
£ £
0'40 . 0'40 — 1

_60 | | | | | | | | | _60 | | | | | | | | |

10° 10% 10* 10° 10%® 10%° 10° 10% 10* 10° 10%® 10%°
Switching Cycle Switching Cycle
() Pt : (b) Ir/1rO,
5.1
5.2
2
[12] FeRAM
[13,14]
[3,12,15,16]
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5.2

FeRAM
[17-19]
PZT A
FeRAM
40 I I I I I T | T |
----- Initia
H—O— Imprinted
K
£ 20|
&)
~~
@) N
S
c 0
©
IS i
N
S o0l
S 20
o
_40 | 1 | 1 | 1 | 1 |
4 2 0 2 4
Voltage (V)
5.2
52
BPSG (Boro-Phospho Silicate Glass)  600nm Si
Ti  20nm Pt 200nm PZT 450 Ar/O,=9/1
5.7mTorr 3kW 330 600 1st
PZT 200nm A
Pb1_102r0_35Ti0,650X (10% Pb
), Pb1.05Zr035Ti0.es0x (5% Pb ), Pb1.02L80.03Zr0.35Ti0.650x (2% Pb 3% La )
Pb La
La [19]
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5 FeERAM
2.6 100pumO

PZT (3.41
Ir(O)/1rO, 200 Ar/O,=4/1 21mTorr
1.4kW Ir(0O) 6.0kW Ir(O)/1rO, 100/50nm

RIE

600
53
53.1 FeRAM
2
[20] 2
Vc VDD
5.3(b) AV, Ve 2
|V¢|>Vop |AV¢|>Ve
\/

:<—°hl

|

|

|

|

|

|

(@) Ve (Vop) : (b) (AVe) Ve

5.3
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FeRAM PZT v
(a) (b)
LS (b)
(b) 2
1T1C
2T2C
(b)
(100mvV
FERAM
53.2 2T2C-FeRAM
5.4  2T2C-FeRAM
2 1bit
Cr Cr
C: 2T2C 1bit
2
5.5  2T2C-FeRAM
Cr Cr
Cr C F
(same state)
(Cr) (C#)

5.3

(opposite state)
(Ce)
(Cp)
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3~5V
(a)
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5.4 2T2C-FeRAM

Hysteresis
shift

“Same” state

Data read-out curve in
the shifted hysteresis

“Opposite” state

Cr

Storage

—v

.
e
.

Non-switching
read-out

.."' oot

Switchin
read-ou

Storage

Switchin
read-ou

(/'/

Non-witching
read-out

5.5 2T2C-FeRAM
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5.3

5.6  opposite state

AVg

P-V
[21]
P(V) =R tanh(a(v £V.)) + CV
Po:
a
Ve , Cp:
Ve =V + AV
Vcini:
AV
(5.2) (5.1)
Opposite state
(D)
>
®©
o
@)
O.
5.6 opposite state
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FeRAM

57 (5.1)

(5.1)

C,=2.2uF/cm?

(uClcm?)

Polarization

150

D
o

N
o

Pb5%

I ! 1 ' 1 ! |
P=25tanh(1.1(V+ 1.2))+2.

PZT, Initialg

4 -2 0 2
Voltage (V)
5.7

(o]
AV,

1.0v

150

Py=25uClcm® a=1.1V™*

V=12V
v

LN
o

(uClcm?)
N
=

stretched exponential

| AVe(t) = Voo (1 exp(=Kst™))

t:
K, N:

g 0
T
N
8-20f
(@]
(al
40~
5.8 5V
VDD
5.8

P

2 4

0
Voltage (V)
[22]
(5.3)

(5.3)




90

5.3

Ks-0.066 n=0.17 (5.3)
(5.1)  (5.2)
1.5
10 | I |
| @ Positive set 150
0.8 O Negative set |
S 0.6f .
g ]
— 0.4 -
02L  1AVc|=5 (1-exp(-0.066t°'"))
O | | |
10 10! 107 103
Time (Days)
5.8
(150 ) ° A
e A (same state)
@ (opposite state)
same state
5.5
opposite state
90
(5.1) (5.3)
same state
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FeRAM

opposite state

533

5.10
10°

90

BA Same state

/\ Opposite state
----- Calculated

4+ -
| §TOUCE
\>_/3 B -~~." \ n
m . . “ \\ ,
> | Switching Ag\\\(\\ _
2 — A //I SN

L Non-switching
O ] ] ]

R AA ) ,
1 ﬁi-q‘ﬁAaaatqu -----
IIDZT, 1|50

102 10?t 10° 10 10% 10® 10%

Retention Time (Days)

59

opposite state

(depolarization)

[17-19] 510 +5V
oV

ov

Ve

55

- 06 -

150

Depolarization

Ve

opposite state



5.3

opposite state

| ! |
Set: +5.0V

40}-150°C, 90Days
K AV¢=0.65V
& A
L
O
= 20
c
9 -
g
E 0
@]
ol B

- 1 | 1 1 | 1

20 -4 -2 0 2

Voltage (V)
5.10
DC
511  (a) (b)
(b) Ve AV,
P, AP
((5.1) ) tanh
AP =1+ tanh(-Kq (1- AVe ) (54)
Prml VCI ni
Prini: , Vcini:

Kg:

5.11(b) (5.4)
(5.3)
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5 FeRAM

40 ! ! I T T 2 1 T
& Offset 1.0V
g [ (AVc/Vc=0.83)
o 20F - ) - .
2 | ] £_
= o,
5 1f _
% 0 o
N AP
8 20+ i\ A -
)
o
- I A R L L
e 4 2 0 2 4 0 0.5 1 in|1'5 2
Voltage (V) AV¢/Ve
() DC : (b) DC
5.11
5 Opposite state
O A Experiment [ 1
-===Model w/o depol. '
Switching 4H —— Model w/ depol. E i
%) - ] :
AP — !
% > 3 Switching b
= m N '
© > 5l O _
AP - S
) T Ng“i h 1t S
- witching awriteh i
/ﬁ/ Shift - Non-switching PZT, 150 |
’ O | | | | \
0 VoD 10210*10° 10* 102 10° 10*
Voltage Retention Time (Days)
(@ . (b) opposite state
5.12 opposite state
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54 A

15
5.12(a)
AVg 5.12(b) o
1000

230

54 A

541 A

4.4 B
A [23,24]

1.5 T T T I !

in Film
=
o

[Pb]/[B-site]
[Ti])/[B-site]
o
ol

=
N

4 8
Pb Excess in Target(%)

5.13
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5 FeRAM
5.13 B Ti ([Ti]/[B-site])
0.70 0.65
Ti Pb ([Pb]/[B-site])
A A
Pb20 (Pb20% ) Pb13(Pbl3% ) PbOLa3 (Pb0%  +La3%
40 T T T T T 40 T T T T T T 40 T T T T T T
e P,=21pClcm? P,=25uClcm? P=17uClcm?
5 ol ihin Pt p=r
= _g: | &= a | &s=
O 20 52:420 20 8§1:500 20 g§:520
i/ | -/
5 0 0 0
= j /
N
8-20+ 20+ 420}
o
o
| 1 | 1 1 | 1 | _40 | 1 | 1 1 | 1 | 40 | L | L L | L |
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
Voltage (V) Voltage (V) Voltage (V)
(a) Pb20% (Pb20). (b) Pb13% (Pb13). (c) La3% (PbOL a3).
5.14 A
2-5 I Ll I ) I
2.0 -
S15 |- 5.0V |
m
>
<1.0 -
2.5V . .
05 | -
A A 4
0 IPbOLa3 | Pbl3 Pb20
1 1.1 1.2
A-Site Content
5.15 A
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54 A

5.14 A (5.1)
A Pb
& (b)) Pbi3
EN A
5.15 A A La
(PbOL a3) 5V AVg PZT &s
AVg 2.5V
AVp PbOL a3
&s
54.2 A
5.16 (a) Pb20% 5V v 10°
(b) Pbl3% 20%
(b) 10 10"
(¢ La PZT
10° 5V
3v 10" La
alc 1 (a c )
La
,-\60 T T T T T T T T T T T T T I I I I I I T T T T T
N L [-O—2—5v
O50¢ | L Switching | | |[-@—&—3v ]
<
v4 | _( .
é‘ L |-O—24—5V 1 Switching
030 | —0—4A— 3V i | _
c
8 L
20 - - 1 F . .
% I Non-switching Non-switching
= Non-switching
810 . . .
U L
0 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
10° 10® 10° 10° 10° 10® 10° 10° 10° 10° 10° 10° 10%2
Switching Cycle Switching Cycle Switching Cycle
(a) Pb20. (b) Pb13. (c) PbOLa3.
5.16 A
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FeRAM

|AVe (V)|

5V
€)
(b)
| T T
(| @ Pb20
1.0r| O Pb13 -
- PbOLa3
0.5F i
I 150
O 1 5 1 T 1 5 3
10 _ 10 10 10
Time (Days)
(@)
5.17
100mV
A Pb
Pb 0 La

FeRAM

150 90
DC 5.17

PbOL a3

PbOL a3

2 LI 1 L) T T -E=--TY
[SPP=s
P 2 /) -7
O Phis | $ &

Pb13
|| A PbOLa3

AVg

5.18
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55 0.8y m -2 FeRAM

A Pb La

Pb Pb
Pb
FeRAM

[ —
o
o

) I )
Retention: 150
Operation: 5V

O

=
o
N
|

)
(&]
(O] \ -
=
()]

\

c
9
+—
©
N
| -
<
o
Q.
L
(@)

Estimated Cell Life (years)
l
|

10° |- -
Model with depol.
10'2 1 | 1 | 1
0 4 8 12
Pb-Excess in Target(%)
5.18
5.5 0.8y m -2 FeERAM
5.5.1
4.4 FeRAM B 5.4
A Zr/Ti=30/70  La3% PZT (PLZT)
16kbit-FERAM (1T1C (1 /1 ) 16kbit 2T2C
8kbit)
5.19 ab SEM
5.20 ( )

PZT/
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5 FeRAM

2T2C (2 2
) 153.6pum? 2X2 pm? 2 Al
5.21 5-1

Top electrode (TE)  Local interconnect

Cell cont.
Bit cont. o
pa— S
X g
e —E @
Transistor )
! e
o]
""" Is)
o
(¢B)
£
Q
]
a —+ o—b

Cell contact Word line 2um

@ - (b)
5.20 1 SEM
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55 0.8y m -2 FeRAM

Logic ‘ Memory cell
< | >

1st inter-layer O5-TEOS TE cont.

dielectric gy cont>',l / CMOS
....................... _\ -~ CMP
e PZT
(a) \ f ........................... - 03-TEOS CVD
/

Ferro. /cap. \/
Word line

Etch

cont. for back
Logic-Tr.&» | [\ Oy TECS

R B (o) (B ( )

= T v r—

¥

Local interconnect

M1 7
\ﬁ' M)
(© e ( , )

B

SION/SIO, (passivation)

7 0, TEOS-. SOG
% K (
- 0O,-TEOS
/ 3
(d) M2)
_ ) (7 oo Oz W RIE ( )
5.21 0.8um FeRAM
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5 FeRAM

5-1 FeRAM
CMOS 0.8um CMOS CMP- Ti33nm
PLZT/Pt 5-2
1st 600 , Oy, 30min.
Ir/lrO, 5-2
RIE
PZT/ RIE
2nd 600 , O, 10min.
(1)
O5;-TEOS CVD 400nm
/ RIE
600 , Oy, 10min.
(1)
RIE
Os-TEOS
RIE
1 (M1) TiN/AISICU/TiN/Ti 30/550/100/50nm
M1-RIE
()
O;5-TEOS 500nm
/ SOG 200nm (SOG )
0Os-TEOS 300nm
RIE M1-M2
(1v)
2 (M2) TiN/AISICU/TiN/Ti 30/900/100/30nm
M2-RIE
V)
SiON/SiO; 1/0.2pm ( CVvD)
/ RIE RIE
(V1)
5.21(a) CMOS
PZT (
) CMP
5-2
PLZT/P (1st
600
PLZT/Pt/Ti
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Al

55 0.8y m

-2

FeRAM

600
Os-TEOS CVD

(2nd

5.21(b)

(1.4pm)

O5-TEOS

5-2

5.20 5.21(a)

600

0.8um

O5-TEOS

Pt

Ar, 7.2mTorr
300

6kwW

27sec.
200nm

PLZT
RF

Pb/La/Zr/Ti=1.02/0.03/0.35/0.65

Ar:0,=9:1, 5.7mTorr
450 -500

3kwW

330sec.

200nm

Ir(0)/110, DC

Ir

Ar:0,=4:1, 21mTorr

200

1.4kW(IrO,) - 6.0kW(Ir(O))
15sec.(IrO,) — 17sec.(Ir(O))

50nm(1rO,) - 100nm(Ir(O))
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5 FeRAM

Al RIE 5.21(c)
(M1)
5.21(d) (M2)
O3-TEOS NSG (Non-doped Silicate Glass) 500nm SOG (Spin-On-Glass)
200nm SOG Al
SOG O3-TEOS NSG
800nm M1 M2
M2 RIE
SiON/SiO, CVvD
5-1 (v
552 PLZT
@D (100umO )
(M1) 100pumO
( 5-1 (1 ) M1
60 T T T

a1
o
|
1

AN
(@)
|

Switching

N
o
|

Non-switching -

[EY
o
|

2P,

Charge Density (uC/cmZ)
S
|

0 | |
2nd Recov. M1
anneal anneal etch
(1 (1) (1)
5.22 100pumO

- 108 -



522  100pumO
4uClem? 2nd
2V =2.0V 1.4v
()
M1
100pmO FeRAM
5.23(b)
10pumO
M1
FeERAM
AGO L IR L IR !
e} 5V 4
O 50} -
s¥rofa.
= 40} O\S\WItChlng
2 | 2P -
2 30L -
SR
o 200 BAN P .
© 1 Non-switching ™. 1
< 10} -
£ 101 "
O 1 Illlllll 1 IIlIII- 1
10° 10° 10°

Capacitor Size (umd )
(a)
523 M1

- 109 -

55 0.8u m -2 FeRAM
M1 2P, 3
M1
5.23(a)
2 10 100pmO
100pumO
FEeRAM
40

N

(V]

5

S~~~ L

Q20

3.

N

c

o0

e

S

N

S

<20

)

a

IN
o

2 0 2
Voltage (V)
(b)



5 FeRAM
©) (2umO )
M1 ( 51
TTRRYI)) 2umd] 524 M1
2P, M1
M2 M2
60 | | | |
— T 5V-
e 50 -
S I Switchin
wi
S 40} J _
2 Non-switching -
D30+ .
[¢))
2t ]
o 20F .
ST 2P '
] r
chal '_
O ] ] ] ]
M1 Via M2 Cover
etch etch etch etch
amoavy vy (v
5.24 2um0]
NE4O""I" T T T T T T T T
S |After M1 progess | After M2 progess | After passwa}tlon
2 ' ' ? '
§of ) [ | bt e —
g | |
=-20 - 1 . 1 .
x| i |
0?-40 i | . . |
- 0 - 0 5 -5 0
Voltage (V) Voltage (V) Voltage (V)
(a) M1 (). (b) M2 (V). (c) (V1).
5.25 2um] () 5-1 ).
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2umo
ov
2V, M1
M1
2umo [-V
10°A/cm* @10V

5V

16kbit FERAM
100pmO 10%

5.25
10uC/em?
4
5.26
5.27
AVg-Cg
AVg Y,
AVg 0.9V
5.28
30%
/\1 00

=
e
N
T

=
<
(e}
T

Current Density (A/cm2
S
N

=
Q
(0]

2 Voﬂage6 (V)8 10
@ 1-v

5.26
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2.0V

55 0.8u m -2 FeERAM
1.5V
6uClcm?
€)
(b) 2.5V
500fF
3umO
<40 . . . .
5 oumo L
Q 20¢ -
S 0
g 4
©-20F -
o
s 2.5,3.0,5.0V ]
_40 [ T P B
4 -2 0 2 4
Voltage (V)
(b)
2umQOd



5 FeRAM

)
(o))
o
N
o

—_ I I I I | I I I I
- 2umO \>/ Vop=5V
7] o 2umQOd
>
- <
=)
- (@)
=1.0r -
=
' o)
=
_ 0
C
(]
T e T n [ TR T W A TR N |
0 1 2 3 4 5 6 0. 500 1000
Voltage, Vi (V) Bit-Line Capacitance, Cg (fF)
(a) : (b) AVe-Cg
5.27 2umQO AVg-Cg
(ST I® | D L BLELELELE BLELELELE BLELELELE LRI
—~ 2 , 5V
S oggf MM ® O -
z 95 g -
E = -
_g %8: Non-switching
o Ave: 28uC/cm?
a 5S0F  30:33% -
o 30+
=] 101 witching .
e or Ave: 42uC/cm?27
3 1t ° O 36: 22% |
(0] | I T I P PR B
0 10 20 30 40 50 60
Charge Density (uC/cm?)
5.28 (2umD ).
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55 0.8y m -2 FeRAM
553
5-3 52 5.29
- VT Ion
5-3 NMOS Vr 0.7+ 0.03V
PMOS Vr  -0.84+ 0.03V
l'on NMOS  3.7mA (W=10pm) FeRAM
Ion 3.67mA
PMOS o
FeRAM NMOS
CMOS
/
5-3
NMOS PMOS
(L) 0.72um 0.88 um
(W) 50um 50um
(Vs) )Y, oV
(Vp) +5V -5V
(Vo) -0.5 +5V +0.5 -5V
(Vs) oV oV
(V1) [p=1pA Ve Ip=-1pA Ve
(Ion) Vg=+5V Vg=-5V
(V1) 0.65+ 0.2V -0.80+ 0.2V
|
(1on) 3.7mA -1.7mA
(W=10pm )
1 —
(V1) 0.70¢ 0.03V -0.84+ 0.03V
(lon) 3.67+ 0.25mA -1.80+ 0.07mA
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FeRAM

510-10

5.29

554

30
10
5000

0.88+ 6%

5-4 (1
1000

EM

4

-2 0 2
Gate Bias (V)
(Io) -
5-4
6
kO
)
2000
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55 0.8u m -2 FeRAM
5-4
n* n’
(M1-M2)
0.8um 1.0pm 1.4pum 1.0pm 1.0um
1000 2000 1000 1000 1000
-5V +5V
13+ 1Q | 0.12+ 0.04Q - - -
70.6x 7.8Q | 3.48+ 0.62Q2 | 89.2+ 19.6Q2 | 1~500Q2 | 0.88+ 0.05Q2
CvD w
(W-CVD) W-CVD WFs
H, SiH,
w Al
5.20
(W-CVD
)
(IrQy) 5-1
Pt
FeERAM CMOS
W-CVD Cu
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5 FeRAM

5.5.5 16kbit-FERAM

16kbit-FeERAM
3 90%
5.28
5.30 (1 16Kkbit )
5.27 2umO
(AV) 500fF
AVg v AVg (peak-to-peak)
0.7V
FeRAM
4000 —
| Nomswiching 16k cells.
3500 1 Vop=5V
£ 3000f el
()
© 2500 || || [
(@]
= 2000—||| [
0
£ 15001 | || |-
=)
< 10001/ || -
500 || || | -
0 0.2 04 06 08 1.0

Bit-Line Voltage (V)

5.30
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2.6
FeERAM
FeERAM
PZT 16kbit-FERAM
tanh
Ve
FeERAM
AVe=100mV
A
5-5 A
5V
2.5V
2.2 PbOL a3
3V
Imprint rate
PbOLa3-PZT
NMOS

FeRAM

5.6

A PZT
P-V
Ve
stretched exponential
tanh
FeRAM
AVg
FeRAM PZT
FeRAM
4
PbOL a3
Fatigue rate
5.16(c) 10°
1011
A Pb
PbOL a3 150 10
16kbit
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5 FeRAM
W-CVD
6
PZT
5-5 A
Property Measurement * | Conditions A-site content
Pb20 Pb13 PbOL a3

2P, (uCl/cm?) 21 25 17

Basic Ve (V) Hysteresis 5V, 10 kHz 1.3 1.2 1.1
_ loo saw-tooth | opo0

properties | &5 0 E w-tooth 9000 ______ 18000 3400

o (2.2(1)) wave 420 500 520

&s/éen 21 36 6.5
Sensing Pulse 5V-drive 2.0 2.0 15
marain2 AVg (V) measurement ]

Fatigue rate 2.2(3) 1 MHz, 5V 25% 23% 0%
Aging Static | rate 2.2(4) 90 days 72% 62% 41%
reliability Nt e retention

p lifetime 5.3 @150°C, 5V 0.7 years | 1.6 years | 16 years
*1

*2  Aserro=4pm?, Cg=500fF
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6.1 PZT
PZT FeRAM
FeERAM
(1]
[2]
LS
6.1 CMVP (Capacitor on Metal/Via stacked Plug) [3-5]

LS

W-CVD

LS
CMVP
Al
Ti
0.5 0.25um CvD W-CVD

400
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6 PZT

400
400 PZT
PZT
Pt PtsPb 480
[6] PbTiO;
Ti-rich  PZT [7,8] Ti-rich PZT
PVD
(Pb,La)TiO, (Pb,La)(Zr,Ti)Os 415 [9] RF
450 PZT
[10,11] MOCVD
[12] [3-5]
PZT
Conventional
CMOS-logic
]
Ferro
cap.
§ M3 (A)
V2 (W)
2
\ V1 (W)
L (Al
5 N
I [ |
: N
W-cont.  Transistor
6.1 CMVP ( 3 ).
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6.2

PZT
w /Al CMVP
FeERAM
6.2
PZT
PZT
Pt 400 PZT
6-1 Pb (A ) 10%
ZrlTi (B ) Zr[Ti 35/65 A
5 400 400
600 HIP (Hot
I sostatic Pressing) HIP Ar:0,=4:1
60
30 HIP
500atm (O, 100atm) 450 500
XRD
XRD XRD
Ar
6-1
Pt
Pb10% Zr/Ti=53/47, 35/65, 20/80
PZT _ Pb10% , Pb5%
Zr[Ti=35/65 Pb2% L a3%
400
RF, 3kW, 300sec., 200nm
Ar/O,=45/5sccm, 5.7mTorr
400 600 , 30min.
, HIP, XRD
: , (Ar/0y), Ar
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6 PZT

6-2
As-deposited XRD
Pt Ir
6-2
Pt Ir Ir(O) IrO,
Pb ( ) (Zr/Ti=40/60 30/70)
PZT +10%, +5%, +2%, -10%, -15%, -20%, -25%
(Pb 2% Pb La3% )
450-500
RF, 3kW, 200nm
Ar/O,, O, 0 50%, 11mTorr
6.3
6.3.1 PZT
6.2 B (Zr/Ti ) PZT
XRD 1 10
30 10 Zrl[Ti=53/47 550
Zr[Ti=35/65
500 6.2 Zr/Ti=35/65
20/80
Zr/Ti=0.35/0.65 450 20/80
ZrlTi=53/47 as-deposited (400) Ti
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