OUTLINE (V)

e« MOSFETSs for the ITRS In the deca-nano
range

e Technological and modelling challenges
according to the ITRS nodes

e Examples of modeling deca-nanometer
MOSFETSs
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The Power crisis
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On track with the roadmap

e Scaling the traditional MOS at and below the
65nm node exacerbates several well-known
challenges: SCE control, lon/loff, gate
leakage, etc, because of the many non-
scaling factors

e« EOT <1 nm and Nd > 1018 cm- necessary
to meet the ITRS requirements for bulk MOS

e Alternative structures (e.g. DG-UT-SOI) and
materials (high k, metal gate, high-mobility
channel materials) will be required to
continue scaling.

 Innovative structures require physically-based
device simulations.
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The ITRS Scenario

e The 65 nm technology node requires the introduction of
strained channel material to boost mobility.

e At 45 and 32 nm TN, MOS architecture may require
substantial modifications by the introduction of Ultra-Thin
silicon, possibly strained, SOl MOSFET, in order to meet
SCE requirements (1o /logr) -

e The I, of MOSFETS is limited by mobility when scattering
dominates transport and to a maximum current lg In the
limiting case of ballistic transport

e Increase of |5, demands:

e Increase of mobility

e Increase of Ballistic Ratio BR = (l5y / lg,) (Technology
Booster in the ITRS Roadmap)

e Increase of maximum current lg (material)
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Double Gate (or Multigate)
MOSFETs on Ultra Thin Silicon
Films (1)

» Relax [Ls/EOT] constraint to preserve
electrostatic integrity (Ioeg)

 Virtually Undoped Si Films = p 4 TT,
decreases capacitance, prevents
statistical doping fluctuation
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Bulk vs. SOI

Gate Gate |

s D S D
Gate 2

Conventional Bulk MOSFET Double gate MOSFET

GATE
DRAIN
Si-suistrate STl
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Ultra-thin SOI

t Si=25nm

»

Selective

Epitaxial | Si Offset

{1480
0.435
{1,500
0.s05
0.810
4.515
0.520
1,525
0.530

* 15-20% delay reduction at the
same off current
» Cause:

* Perimeter Cj reduction

* Improvement in SCE
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Intel, IEDM 200257
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34nm

= 38nm

B3nrm 2
Simulated gate
P-pol
T doping profile

Poly-Si

cut C_rystal-
Si
4 S / N
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Multigate - FINFET

Surrounded gate suppress the leakage between S and D

Metal Gates 1 & 2 / Silicon Fin Channel
N\ \
\ :

Source Drain

Buried Oxide Layer

I:I = High N doping
I:I = Light P doping



FINFET Is a real 3D device

3D current density
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FiNFET

Spacers

= Scaling of planner device very challenging
— Requires optimization of spacers, I/1's, silicide placement, ....

— More of a challenge on a vertical structure
= Forming FINFET at 32 nm pitch (50-70 nm spacing)



Tri-Gate

Transistor Architectures
L
BRI, 7 i

Gate Drain

3°U"=§ | Single-Gate
T H .
si~Lo3  Planar

Isolation

Tri-gate
Double-gate (e.g. FINFET) Non-Planar
Non-Planar

Intel: VLSI 2003

* Worse SCE due to lower effective doping at the edge



FINFET Pro’s and Con’s

e High current drivability
e 3-D Integration

« Still many different solutions under
Investigation

e Technological challenges
e Design issues (substrate contact)

R P
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Relevant i1ssues In deca-nano
MOSFETSs

()  Quantum confinement (channel
confinement)

() Quantum penetration (Leakage
through the gate)

(1) Improved mobility by channel
material engineering

(1Iv) Lateral transport is semi-ballistic
(?) and influenced by quantization
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Channel acts as a qguantum well: vertical
guantum confinement in the inversion well

— Unprimed: mz = 0.916m0
----- Primed: mz = 0.19m0

& B
& & X
&’K (\Q)
Q¥

e 7 g
/ Quantiz. Direct. z
y

° I =(X,y) k=(k,,k,): In Plane Position and Wavector

e Silicon 6 Minima yield Two Sets of Subbands
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Effects of Vertical Quantization in MOSFETSs

50 T
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Size Induced Quantization affects:

Eigenvalues and Electrostatics: Thresh. Voltage
Scattering Rates: Low Field Effective Mobility (ugs)
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Effects of Vertical Quantization in MOSFETSs

Low-field Mobility in Ultra-thin SOI:

Modeled via Momentum Relaxation Time (MRT):
approximated solution of the BTE assuming the
distribution functions in each sub-band f,(k) are
Displaced Maxwellians
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Low-field Mobility in Ultra-thin SOI
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Low-field Mobility in Ultra-thin SOI

a—
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T4>10nm
Mobility
Indep. of T,

Exper.: Uchida 2002

—— Simul.: Esseni 2002
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Relevant i1ssues In deca-nano
MOSFETSs

()  Quantum confinement (channel
confinement)

()  Quantum penetration (Leakage
through the gate)

(1) Improved mobility by channel
material engineering

(1Iv) Lateral transport is semi-ballistic
(?) and influenced by quantization
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Relevant Simulation Issues for Decanano-
MOSFETSs simulation

Gate oxide thickness scaling below 2 nm causes relevant
direct tunneling current

Polysilicon depletion sums-up to unacceptable EOT

Solution: high-k insulator and metal gate
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Metal Gate - High K

10° ———
400 \
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Inversion Thickness, T, (A)

* Promise: Lower T,

*~20% drop in T, , will result in 10% frequency gain
* Metal has to be band edge
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Relevant i1ssues In deca-nano
MOSFETSs

()  Quantum confinement (channel
confinement)

() Quantum penetration (Leakage
through the gate)

(1) Improved mobility by channel
material engineering

(1Iv) Lateral transport is semi-ballistic
(?) and influenced by quantization
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Mobility Enhancement: Strained

|
Graded SiGe Layer

Biaxial
Tensile Strain

September 1, 2006

Silicon

v
Selective SiGe S-D

Uniaxial
Compressive Strain
for PMOS

Enrico Sangiorgi

_______ v/

Tensile Si;N, Cap

Uniaxial
Tensile Strain
for NMOS
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Transport on 110 Surface
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Strained Ge

800
s-Ge on 75% SiGe with 1.5nm Si cap

600- %

A
NE 4004 5,m s-Si on 75% SiGe X
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IBM T. J. Watson Research Center

I1I-V Integration with Germanium

25
Material A 7
(cm2/Vs)  (cm?/Vs)
20
Diamond 2200 1800
n Si 1350 480
Lys Ge 3900 1900
for
fe InP 5400 200
=
% 0 GaAs 8500 400
= InGaAs(53%) 12000 300
o InAs 40000 500
05 GaSb 3000 1000
InSb 77000 850
an

5 4 5 F 5.8 610 62 5 4
Lattice constant (&)

e GaAs + Ge could provide optimal electron/hole mobility combination.




Relevant i1ssues In deca-nano
MOSFETSs

()  Quantum confinement (channel
confinement)

() Quantum penetration (Leakage
through the gate)

(1) Improved mobility by channel
material engineering

(1Iv) Lateral transport is semi-ballistic
(?) and influenced by quantization
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The Modeling Approach

 Modeling I,y at Lg<25nm requires:
e Carrier quantization (2D Electron gas)

e Non-equilibrium transport
e Inclusion of complex scattering mechanisms
e Approaches:
e Multi sub-band Monte Carlo for 2D electron gas

e 3-D Monte-Carlo with guantum corrections (valid
only if carrier confinement does not affects
transport, i.e. Tsi > 10 nm)
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Design of the ITRS Devices

Four Technology Nodes (TN):
— Bulk MOSFETs: 130nm, 90nm and 65nm
— DG SOI MOSFETs: 90nm, 65nm and 45nm

Used ITRS Roadmap of HP Logic Devices for:

— Supply Voltage Vpp

— Equivalent Oxide Thickness EOTgq (e,,=7)

— Nominal L for each Technology Node

— Depth of Contact junctions and S/D Extensions as well as Lateral Abruptness
Tailoring of Channel Doping (Bulk) and Tg, (DG-SOI): DIBL~100[mV/V] at the nominal Lg
Approx. same V; for Bulk and SOI: Gate Work function engineering in DG-SOI
Double Gate SOI: Electrical Integrity achieved with Tg, > 10nm

Metal Gates and very small Rgg
Conservative values of |5e<60 [NA/mm]
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Parameters of the simulated devices

Technology Node (nm)

Supply Vol. Vdd(V)

Nominal Gate Length
(nm)
Relative Dielectric Const.

Tox/EOT (nm)

Tsi (nm)
DIBL (mV/V)
loff (NA/um)
Gate WF(eV)
Nsub(1018 cm-3)
BULK  DIBL (mv/V)
loff (NA/pum)

Gate WF(eV)

DGSOI

September 1, 2006

130 90
1.2 1.2
65 37

I I
287 2.15
/1.6 /1.2

17
109

4
4.6

25 2 + halo

126 130

2.5 30

4.05 4.05
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65

1.0

25

2
1.6/0.9

12
107
7
4.6
3+ halo
132

60
4.05

45

1.0
18

2
1.26/0.7

10
112
10
4.6
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Is Scattering Important 7

DG SOl Lz=25nm
| tox=1.26Nm gox="7
X1.5 reduc‘[lc}n‘ t5|:10nm (45nm TN)

20 PV =1V

Ballistic:
no scattering
Into the channel

Scattering affects I¢ !
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Carrier fluxes inside the device

™ @I >

N I i 1
— | (scatt. ON)
-— | (scatt. ON)

E 4 o—e | (ball)

=) *-e | (ball) - -

z - & o
T

.

=

'S

~_Virtual source

Vs=Vp=1V
Presence of I'inside the channel
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Scattering contributing to I (X\,):
where ?

/Total events

=

: r i . T :
10 i | ¥
|

-~
- Total Scatt, (114 N,
Scatt, contrib. to |y o [c=Vp=1V

(1hg)

. . ——Events contributing
—20 —10 0 10 20 to |- (XINJ)

¥ (along the channel) [nm]

Only scattering events near
the virtual source contribute to 1" (X\;)
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Back-Scattering at the drain

|
—_

10 A S — Back-scattering
- Scatt OFF in CH.
s :—-;ScagOFFinCH, no PL from the drain
£ only when
£107 | drain scattering in the
'_ junction i
= channel is OFF
= X
C inj
@)
© 40 \" (¥
-10 -5 0
x (along the channel) [nm]
Ve=Vp=1V This effect is reduced when
Ls=14nm

plasmons are present in the drain
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Comparison with analytical model
(Lundstrom EDL '97 and TED '02)

09 F

lON"EL

BR

05 F

0.3

10 15 20 25 30 35 40

0.7

———
-..-..._._'_-'
——

Leare [nm]

=1 (Xing) 17 (Xiny)

lon = gL (1-r)/(1+r)

Analytical models cannot be uses as postprocessors of ballistic simulations
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Scaling and DIBL

250_"'I"'I'"l"'l"'l"'l_

I O—OSOIDG 45 A

O—0SOI DG 65 1

200 o—<SOIDG 90

= X A-ABULK6E5 |

S 150 \  <t-<BULKg90
= \ P>->BULK 130

E' 100 L 100mV/N_ - 4

5 -

50 - _ - _

e

O'...l...l...l..l.l.l'

O 20 40 60 80 100 120
L [nm]

* All MOSFETSs at nominal L; of each TN:
DIBL ~ 100 [(mV/V]
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Iz, and |5 at Nominal Gate Length
( DIBL ~ [100mV/V] )

3 T

" 1 ! I ! 1 i
Open: with Scatt.

® Filled: Ballistic T

o N OsSO0I DG 45
]SOl DG 65
<{>S0I DG 90 N
/\BULK 65
<|BULK 90
[>BULK 130
g X [TRS

N
&)
T

lone 1o, [MA/UM]
N

1OI20I30I40I50.60.
L [nm]
* |5 weakly depends on Lg at Nominal L5
* N, at source roughly constant with L
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Ballistic Current and DIBL in a given TN

3-""""""'—_260
_ i Node 45 nm SOI DG |
;2-6_‘ 1 210

>

£22r 1 160E
. ; . o
= 1.8 1 1107
O I ]
= 14 r 4 60
as)

1 —l— 10

10 20 30 40

L [Nnm]

* Given a Technology Node the |5, increases at small
L5 together with DIBL:

Comparisons must be at a fixed DIBL
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Ballistic Current and DIBL in a given TN

0.75 | 14
18

0B5 i
T:‘ 0.55 i
% ,f'r g  (OHOE0IDGEAS
I - IDGES 1

0.45 s ﬁgljum -
e N a7 BLILK 85 :

0.35 I T S T S T

0 20 100 150 200 250

DIBL [mV/V]
 BR can be increased by scaling at a cost of a larger
DIBL

« SOl feature larger BR than Bulk
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Ballistic Ratio for DG-SOIl MOSFETs

0.75 ]
OSOIDG 45 -
0SOI DG 65
0.65 i
2 $&SOIDG 90
T% 0.55 '
5
0.45
0.35 -_ |||||||||||||||||

10 20 30 40 50 60 70 80 90
L [nm]

 Universal Curve of BR vs. L for DG-SOI
 Depends on: Roadmap and device Architect.
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Ballistic Ratio for Bulk and SOl MOSFETs

08 T 17T ]
- —— SOIDG
0.7 [ /N—7/\BULK 65 -
L0 A—ABULK 65 noSurf
I <+—<]BULK 90 ]
206 L >—I>BULK 130
T‘“z i
_0 i
Il
Et:0.5 _
an I
0.4 F
0.3

10 20 30 40 50 60 70 80 90
L [nm]

* Techn. Scaling increases E.- and Surf. Roughn.

scattering in Bulk MOSFEts = Degrades BR
« Surf. Roughn. OFF =» Back to DG-SOI Curve
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Simulation Results

* Ballistic current Ig,
* On current |5y (with scattering)
» Ballistic Ratio BR = (I5\/lg|)
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CONCLUSIONS (1)

e Low-field mobility in UT-SOI MOSFETS
collapses at Tsi < 5 nm.

e Scattering Is still present in deca-
nanometer MOSFETS, Indicating that
mobility partially maintains its role In
determining lon.

 The main role in reducing 1, with respect
to I, IS played by scattering events near
the source barrier.
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CONCLUSIONS (11)

e Improvements of BR with decreasing L In
SOl MOSFETSs indicate that “quasi-ballistic”
transport Is possible at L; approx. 10-15
nm.

 In this quasi-ballistic transport regime 1,
will be determined more by the source
Injection velocity than by mobility, making
UT silicon and UT strained silicon more
appealing for future TN.
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References for . Calculation

e Esseni et al., IEEE Transactions on ED ,Vol. 50, Dec.
2003, pp. 2445 - 2455 (SOl mobility)

e Esseni et al., IEEE Transactions on ED, Vol.
51, March 2004, pp. 394 - 401 (surface roughness)

e Esseni et. al., IEEE Transactions on ED, Vol. 50, July
2003, pp. 1665 - 1674 (remote coulomb scattering)
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