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Outline

1. Ultimate Scaling of MOSFETSs
- 3nm Nanowire FET
- 83nm Non-Volatile Memory Device

2. Multiple Functions of MOSFETSs

3. Summary
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CMOS Evolution Scenario
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Q-gate All-around

' No report for
b |Sub-50nm
Si0; ﬁ
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ITRS Roadmap

2006 2008 [ 2011|2013 | 2020
Ls (nm) 28 22 16 13 5
EOT |BulkSG| 1.1
(nm) DG
lsaleak | Bulk SG| 0.15 0.2
(WA/um) | DG
g sat Bulk SG | 1130
(mA/mm) DG

Source: ITRS 2005 roadmap

Solution exist
[ Solution being pursued

BN No known solution
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Nano-Oriented Bio-Electronics Lab




All-Around Gate (AAG) FinFET

 AAG-FInFET
- Lg=3nm
- W, ,=3nm
— EOT(HfO,)=1.2nm

Source

\ Drain

 To fabricate sub-5nm silicon transistor,
All-Around Gate (AAG) FinFET was proposed.

KAIST 5 N®BEL
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Process Flow of AAG-FinFET

* (100) SOI wafer

 Silicon body thinning

* Fin patterning (dual-resist)

» Sacrificial oxidation

« Gate dielectric (HfO,)

* Poly-silicon deposition

* Gate patterning (dual-resist)
« Spacer formation

« Source/Drain implantation

+ Spike annealing (1000°C)

 Forming gas annealing
(450°C)

KAIST 6
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3nm AAG FmFET Slllcon Fm

Source
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Y.-K. Choi et al., VLSI, 2006
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3nm AAG FIinFET: Gate
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I-V of 3nm AAG

3 — — 350
_ 10 Simulated V;IV & J
3 ® Measured = 23‘ 300+
-4
Z 10 ;’f/ ﬁ 3, 250
g . 7 2 2w
L 10 DIBL=230mV/V Q sl
o | $5=208 mV/de¢ 5 _
S 10° | HfO, =1.4nm ¢ 100-
'© L,=3nm -
3 - S 50-
(@] W_ =3nm "o
10'71 . ; ' ' . ' . ' . ! ot
1.0 -0.6 -0.2 0.2 0.6 1.0 ]

Gate Voltage [V]

FinFET

HfO2 =1.4nm
- LG=3nm
WFin=3nm

=0.2V]

00 02 04 06 08 1.0

Drain Voltage [V]

* Large DIBL and SS due to thick EOT
— ITRS requirement: 0.5nm EOT for DG
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Fundamental Limit of Scaling
* Device scaling limit (Operating at 300K)

— Heisenberg's uncertainty principle
— Shannon - von Neumann - Landauer (SNL) expression

(4 A
SCALING

LIMIT

h . h h
Ap  \2m.E,, \2mj,TIn2
=1.5nm (T'=300K)

X

min

Fabricated 3nm all-around gate
FINFET is approaching to this
fundamental limit.
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Nanowire Structure

 Silicon nanowire non-volatile memory
structure for ultimate scaling

Poly-silicon

Blocking oxide
Nitride trap layer:
Tunneling oxide

e
8nm Non-Volatile Memory

Omega-shape gate

KAIST ONg-structure NGB @L
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8nm Si Nanowire NVM

Poly-silicon Gate

-.l’

ng' oxude

.1_-.-

Y.-K. Choi et al., VLSI, 2007
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8nm Si Nanowire NVM

ol
‘‘‘‘‘

Nitride
it Oxide
Slllcnn nannwwe

Tono=15nm > L=8nm
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8nm Silicon Nanowire NVM with ONO

—
S
N

IONO=3.8/6.4/5.1nm
4t =80usec

j "Program
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o o
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Drain Current [A/um]
S S,

Initial
] oy

—12V
L 8nm

—10 5nm

RN

o
N
o

-3 -2'-1'

|
AN

l

Gate Voltage [V]

3

Drain Current [A/um]

10" —
'ONO=3.8/6.4/5.1nm

10'5-;tErase—80psec

10”5

10-7_;V ——12V In|t|aI

10'8‘% 8nm

10-9_; | w=rnm o
: —10 5nm

10—10 l

-3

3

Gate Voltage [V]

* 8nm Lg with 7nm W, using ONO-structure

- Acceptable electrical performance by omega-gate

- Wide hysteresis shows the probability of multi-level NVM
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8nm Si Nanowire Memory

40 LA B L BB R 30 LR L LLLL BRI LLL B LU LR LLL BRI RLL) BN IR AL IR
3.5 {ONO=3.8/6.4/5.1nm A .5l = L;=8nm
301 <=0 /‘V =12V} 1 ‘\ Wiw=7nm
1IW. _ =7nm PG 2.0- H =10nm -
= 25/ "NW 1 : A NW
> 1> _
>._20 A/ ] >|—1.5-_ \ ~V..=-8V
< 151 1 < A _
_ / m | 1.0 Np 1
1.0-_ /A .,- | - \ m
0.0 0" — 0.0- ER
10° 107 10° 10° 10* 10° 10% 10" 10° 10 10° 107 10° 10° 10* 10° 102 10° 10° 10’
Program Time [sec] Erase Time [sec]

* 8nm NVM: V. window = 2V
— Program @ +12V/1msec, Erase @-12V/1msec

KAIST 15 N®BEL

Nano-Oriente d Bio-Electronics |



Scaling Limit in NVM

* Ultimately scaled NVM
 Nanowire + SONOS

Tomno=19nm > L =8nm

Cnnrul ﬂmde-"""' : -' IR
Nltnde trap Iayer_ 1
Elncking nxlde;;:"f s

Pﬂlysmcnn

Y.-K. Choi et. al., VLSI 2007

* Close to end-point of semiconductor memory
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We are here
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Example of Fusion Memory
(System in Package)

. Increased volume Wafer level

« Complexity in assembly ‘
« Chip-to-chip interference

KAIST 18




Principal of SONOS Flash Memory

_ nitride .E ‘05
0000000 .
/tunnel oxide e
®
. S
® & o
c
Substrate Substrate '©
| -
< program > < erase > =) j

R @ D D D

8 Features of flash ¢
P2
- High density T
Substrate

———

Substrate

- Non-volatile T
<read ‘0’ > <read ‘1’ > - Speed 0

KAIST 19 N®B CL
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Principal of Capacitorless DRAM

SEMCONDUCTORS

© @ d D@D
Buried oxide Buried oxide

\  Substrate ) |  Substrate )

< program > < erase >

&

\HLINHEH]

& © @ . .
Buried oxide Buried oxide

\  Substrate ) |  Substrate

Source : IEEE spectrum Dec. 2008

<read ‘1’ > <read ‘0’ >
= Features of 1T-DRAM
o * High speed T
3 | * 2x denser than 1T/1C
c DRAM T
g « 5x denser than SRAM 1

Time - Volatile |
KAIST 20




Basis of URAM Operation (1)

Gate voltage Flash Memory Mode

flash program

. - Program : FN tunneling/HEI

capacitofiess - Erase : FN tunneling/HHI
program (High gate & drain voltage)

1T-DRAM
erase Drain voltage

Capacitorless 1T-DRAM Mode
- Program : Impact ionization

- Erase : Forward junction
current

gate & drain voltage
Disturbance Issue
- Periodical refresh

KAIST 21 N®BEL
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Multi-Function (URAM) Operation

Flash Memory
"’ electron

KAIST

Quantum Barrier
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Family of URAM

Structure Vertical confinement| Horizontal confinement
S. Okonin et.al., Sl p-Si
SOI conf., 2050,;” s - — é n* S n* D
BB BEBBBD & D
e = ﬂ
Substrate —
_ -S|
Sisic
1'_ n*Ss n*D
{%a[% S DOODE DD D ) - ﬂ
t
Substrate Eg:-.edng%_set
R. Ranica et.al., p-Si s . ’ﬂ\ .
VLSI symp., 2004 ) _L T 5=
SON ||= — = s lzeooa] o
(bulk) ||F= POOO DD D - g—\_ o (2] ol °
W - W t = =
Buried n-well B”{”“P [/ w
. Substrate , potential B I
— p-Si
a-u e e,
SOG || _ T L. g~ "
(bulk) |[F= Buried Si:Ge = § Vo © & g E
- bbb BBED L Eg:'ledng%:ﬁet E E
KAIS y Substrate y
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Process Flow (1)

SOl Substrate

Si

Buried oxide

Si substrate

* Initial SOl substrate

SON Substrate

Si

Si substrate
* Initial bulk substrate
* Buried n-well implantation
* p-body implantation

KAIST

SOC Substrate

Si

Si substrate

* Initial bulk substrate
* Si:C epitaxial growth
* Si epitaxial growth

SOG Substrate

I

Si substrate
* Initial bulk substrate
* Si:Ge epitaxial growth
- Si epitaxial growth

24 N.B@L
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Process Flow (2)

Puntch stop implantation
Active fin lithography
Photoresist trimming

Si substrate Fin patterning

HDP oxide deposition
Oxide CMP
Oxide recess formation

Si substrate

KAIST 25 N@®BEL
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Process Flow (3)

I

O/N/O formation
Poly-Si deposition

Gate patterning

S/D implantation
Activation

Forming gas annealing
KAIST 26 N®BEL
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URAM on SOI

i

» o
- ‘ - . ‘- Lo .. -
. ‘-"m o .
- e
o .
-

HDP SiO;

Buried Oxide (BOX)




Cross sectional view of URAMs

Buried oxide p-type substrate p-type substrate
SOI SOC SON SOG
URAM URAM URAM URAM
on SOI on SiC on On SiGe

Buried N-well
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I,-V; Characteristics

Drain current, | (A)

1.0 -05 00 05 1.0 15 2.0
Gate voltage, V_ (V)
* Superior device performances are result of the 3D nature.

KAIST 29 N®BEL
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I,-Vy Charact

KAIST

35

= N N W
g O U O

Drain current, IIJ (nA)
o

o o

B O D
o o O

Drain current, ID (1LA)
W
o

o O

V. =0~2V, 0.5V step

o)

ot
.
et

e

0.0 0.5 1.0 1.5 2.0
Drain voltage, VD (V)

‘VG =0.

5~ 2.5V, 0.5V step

00 05 10 15 20 25 3.0
Drain voltage, VD (V)

Drain current, | (nA)

Drain current, || (nA)

|

eristics (Kink)

43 T T T
40 -VG =0~ 2V, 0.5V step

L SOC

o

= = NN W W
o U
T T

g O 0 O U
T
1

0.0 0.5 1.0 1.5 2.0
Drain voltage, VD (V)

?0 T T T T T T
_VG =0 ~2V, 0.5V step

00 05 10 15 20 25
Drain voltage, VD (V)
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P/E in NVM

w
T

7

Threshold voltage, V_(V)
N
o\
\
o
\ 2
®
\.
\
- ]
Threshold voltage, V_(V)
—
4
<
a‘
3
wn
5,°
/ .

Of
- “‘-————-.
. 1 VG,ERS 11\’ T
10° 10° 10" 10° 10° 10" 10° 10° 10° 10* 10° 10% 10" 10°
Pulse width, < (sec) Pulse width,  (sec)

* P/E sensing windows are acceptable.
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Reliability in NVM
| Endurance

3t " 3t .
*—o—o Programmed ! 5
E.- }.\.“'0\.. § S o Programmed |
~ =~ | e T —t—o |
g 2} R > ol e~ L L]
o) 4 o O
© ; o)
5 A
> AV ~1.9V | S .
D o AV ~2.7V
5 I
o R/ 0
= 0r _o—e-" —e " N = 0r .
| o—e—o” Erased - = Erased _
P i e Ly Lt Lrimrrrrs Lirarurrre I Airrrrre] Erarurr e J ’_’__.'-—‘,—-E‘- - —‘I'— =
10“ 101 102 10°10*10° 10° 10" 10° 10° 10" 10° 10" 10° 10° 10* 10° 10° 10" 10°
Retention time (sec) Cycles (#)

- Data retention and endurance are acceptable.
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Capacitorless 1T-DRAM in SOI

= 70+
E—; 60 -
£ «— SOIURAM |
Q
o
= < >
3 20_— / 80msec
10 + Conventional
Buried oxide Buried oxide oLFINFETSONOS , | =
0 50 100 150 200
Time, t (msec)
< Potential Profile > < Measurement Results >

* Proposed SOl URAM exhibits wider sensing current window.

Y.-K. Choi et. al., [IEDM 2007
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Capacitorless 1T-DRAM in SON

bulk MOSFET Y.-K. Choi et. al., VLSI 2008

=0.5V |
=0.3 ‘ IAI =7uA
Al =4pA
SPB=0IV 1 | 1 | |

1 / 5

Buried n-well Time, t (msec)

< Excess Hole Concentration > < Measurement Results >

« Capacitorless 1T-DRAM works in SON floating substrate.
KAIST 34 N®BEL
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Capacitorless 1T-DRAM at SOC

| SON URAM_JI(SOC URAM

< Excess Hole Concentration >

Y.-K. Choi et. al., VLSI 2008

o 16

Source current
(0]

3 4
Time, t (msec)

< Measurement Results >

« Capacitorless 1T-DRAM works in SOC floating substrate.

KAIST
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* 3nm MOSFET and 8nm non-volatile memory device were
demonstrated.

— Close to scaling limit.
* Multi-function URAM was demonstrated.
— Continuously increased density

KAIST 36 N@B@ L
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Built-in Potential for Buried n-well

n’(Source/drain)

n (buried n-well)

Energy (eV)

Concentration {Atom/cm’)

0 200 400 600 800 0 200 400 600 800
Depth from Si surface (nm) Depth from Si surface (nm)

 Built-in potential confines excess holes.
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Band-Offset for Si:C & Si:Ge (2)
C-V for Band Engineered Substrate

\ > ~N g .
@ mﬁ % si wlel 2 Si
S 0.8} | olo\@a g%“’@—ﬁ
£ — @\J\Ev O
% ' SilSio7Geo3ISi - \ ~
Q 0.6 S . . -1 strong accumulation weak accumulation
8 i SI/S|0.94C0.06/SI AEV= 200 meV]. N
o 9 [+
¢ 04HAE =180 meV 1 DN ~ 9
.t__u i ] ¥E Si x Si -% Si h_; Si
E o2y A - L
Z N\ L

0.0 — L strong accumulation weak accumulation
30 25 -20 15 -10 -05 00 0.5
Gate voltage, V_ (V)

* Double slopes appear in weak accumulation region.
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Scaling Issue
(Why capacitorless DRAM?)

p-processor < (e e

Cache memory
SRAM (32F?)

<<

Cache portion— 50% in 2006 83% in 2008 90% in 2011

Is this memory or u-processor ?

 Cell capacitance in DRAM > 25fF (non-scalable)
Cell area (~8F?) is continuously reduced.

« Capacitorless DRAM is a promising candidate for
embedded memory.
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Soft-Program Issue

Gate voltage

capacitorless
1T-DRAM

erase Drain voltage

after 10° cycles

—_

O W O O N

1T-DRAM mode
<

\ 4

Initialization :
Set V; of all cells to 0.2V by

adjustment of trapped charges

=

o W OO O N

Source current (pA)

»
>

Capacitorless
1T-DRAM operation

Lol

0 200 400 ° 600 800 10(
Time pusec

refresh

Verification no

V,=0.2V?
KAIST yes
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GIDL Program Method

2V
XGRS @wh
Buried oxide

Substrate )

Buried oxu;le
(  Substrate

Impact ionization

— 2lGate voltage i
?f 1 06}
@ 0 Drain voltage S
m -1t 1900 nsec 1500 nsec - - Impact ionization
_ ¢ —— g g5l Program
< & 7 Vet v =2y
=40 S
o | 2 GIDL
5 S 04r program
£ 20r @ V=-2V, V =2V
o | [ 1208 o
[} i
3] T ~ 03F
5 Of
o sl TR RET | 2ol TR RET | sl L1
» : : : : : : : 0 1 2 3 4 5
0 200 400 600 800 1000 10 10 10 10 10 10
Time, t (usec) Stress time, t (sec)
< 1T-DRAM Measurement > < Soft-program test >

* GIDL program method mitigates soft-programming.

(J.-W. Han ez, al., EDL Apr. 2069
KAIST 41 L

O ented Bio-Electro



G-to-S/D Underlap Structure

Buried oxide

Substrate

G-to-S/D Overlap

O mrsrrrnn) ©
<«

Buried oxide

Substrate

G-to-S/D Underlap

KAIST

50nm

- Gate
Jjunction

\h

Buried oxide

[J.-W. Han et. al., EDL, May 2009]
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G-to-S/D Underlap Structure

LV 150 nsec

G —_— | | ——

Y 50 nsec

- D —_—| | ——

NAaAOaNW
T

/G-to-SlD underlap

(LA/um) Bias (V)

5N
o

(&)
o
™1

o

8 A
G-to-S/D overlap

= N W
o O
—

Source current, |

oo

0 | 0.5 | 1.0
Time, t (msec)

< 1T-DRAM Measurement >

Threshold voltage, V_ (V)

©
~
(@)

o
~
o

o
w
3

o
w
S

0.25
0.20

0.15 L

[ Stress bais : V =1V, V =2.5V -0=0
s
- G-to-S/D overlap /O/ |
=
7/
_ f ]
~
O/
- O’O' |
e _
- 8—O-O—O-O—O—O-O-O—O-O-O—O-O-O ]
G-to-S/D underlap
100 101 102 103 104 105

Stress time, t (sec)

< Soft-program test >

» G-to-S/D underlap structure mitigates soft-programming.

KAIST
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[J.-W. Han et. al., EDL, May 2009]
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Issue and Solution of G-to-S/D
Underlap Device Structure

120 ! | ! | | |
100 b overlap with ]
! T go ey SO spacer ATTIA |
i 3. ° -0—o——4¢
Buried oxide 2 40 T~~~y 1"'I _________ )
Substrate :g 40 underlap with | f |
SiO, Spacer o - HfO, spacer AIS’HI02=55;4A_
35 20 O | l -

o -

: 9 0 T . AIS,SiOZ_ZOHﬂ"‘:j
High- 5 underlap with ]
8 -20 -SiO, spacer -
4 40 read | hold ¢ erase hold = read]

Buried oxide - 10 20 30 40 50 60
Substrate Time (nsec)
High-k Spacer < Simulation Results >
* High-k spacer countervails the parasitic series resistance
of the G-to-S/D underlap. [J.-W. Han et. al., EDL, May 2009]
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