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Introduction

Taxonomy of simulation models

near equilibrium
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Quantum effects in SOl devices
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Quantum-mechanical confinement effects

Quantum V. -shift

channel density profile

transfer characteristics

10" bl ol N e cale il
: -
---- classical ‘,f 10
10% e Schrodinger 7 4
Density Gradient s 10°°
E10° | 000 T .- <
O, e emee = 107 ; .
- ---- classical
o e Schrodinger
10 107"° Density Gradient
1017 ........................ 10"12 .......................
0 1 2 3 4 5 0.0 0.2 0.4 0.6 0.8
z [nm] Ve [V]

asymmetrical n*p* DGSOI nMOSFET, t5;=5 nm, t

=1.5 nm, L;=90 nm
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MOS (with poly) capacitor CV curves
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MQOS (with poly) capacitor

eigenenergies wave functions
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N,=5el7 cm3,t,,=3 nm, V;=3 V
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dQ /dV, [fF]

I without poly
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/ .
with poly
uantization e
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N,=5el7 cm3, t ,=3 nm, A;=1 pm?

Quantum depletion at poly-SiO, interface

— classical
e Schroédinger
Density Gradient

compensation of quantum shift
at threshold for high poly
doping (~1e20 cm-3)!
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n[1 o~ cm“’]

Electron density profile at poly-SiO, interface
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* a “quantum dipole” forms as the electron waves are repelled

from the poly-SiO, interface

* poly quantum depletion disappears with rising Vg (smoother

poly band edge cu

rvature)
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Effect on CV curves
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e strength of the quantum dipole depends on doping level
within the first few nanometers

* no effecton CV, if N < 1el9 cm=3at the interface

poly
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Comparison single, double, triple, and surround gate

3D quantum-drift-diffusion (QDD)
simulation of a nano-scale MOSFET
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Influence of mesh refinement
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Transfer characteristics

CPU time ~ 1-2 weeks
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assumption: isotropic, classical mobility

* no corner effect (FD, no channel doping, 3x3 nm wire)

« only little improvement from double ? surround (gate overlap,
e.g. triple gate is an effective ?-gate)
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Transfer characteristics (contd.)
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» quantum V;-shift of ~ 64 mV, independent of gate configuration

« almost perfect shift on Vgg-axis ? quantum V -shift can be
translated into work function difference
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Quantum-mechanical mobility in DG SOl MOSFETSs

“FINFET” with L;=50 nm I . I
' 1

P. M. Solomon and S. E. Laux, _ _
Proc. IEDM 2001, pp. 95-98  doping gradient = 1 decade over 4 nm

« distance between pn-junctions = 8 nm
* length of source-drain barrier = 43 nm
e gate overlap = 21 nm
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density . .
Sl A Vps=50 mV, classical mobility

-
E /)
210 & < 10°
B | T
5 g
: | — i 107 |
g | — E — 7.5nm
-
0 5 10 15 20 = 10nm
Position in siab (nm) £ 10 DD~ 1Snm
® 20nm
current density Q ———QDD — 30nm
- = L
e s 00 02 04 06 08 1.0
< 40 Gate Voltage (V)
;}E‘
2  degradation of slope for tg; > 12 nm
= ) .
g (4:1 rule violated)
3 4nf
it | * QM V,-shift increases with
0 5 10 15 20 decreasing slab thickness (stronger
Paosition in slab (nm) confinem ent)

Short Course, International SOl Conference, 2004 Andreas Schenk, ETH Zurich 18



800 |

o =~
o O
o o

500

Effective Mobility (cm®/Vs)

bulk data

400 |
300 |
200 |
100 |

0
10
Effective Field (V/cm)

OM mobility model
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Coulomb scattering (roll-off) in
channel, remote, and interface
under development

ox’? tbox

Quantity | Front Back

Interface | Interface
? 0.32 nm 0.32 nm
L corr 1.5nm 1.5nm

Short Course, International SOl Conference, 2004

Andreas Schenk, ETH Zirich

19




only phonon scattering
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* broad local maxima at tg;” 10 nm
caused by volume inversion
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effects
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* mobility enhancement around
tg” 10 nm survives

e surface-roughness scattering
flattens the curves

* mobility independent of E_
for t5,<2 nm

Short Course, International SOl Conference, 2004

Andreas Schenk, ETH Zurich 20



Comparison between FINFET and FD DGSOI with t
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box

 mobility enhancement in
FINFETs amounts to 15% at
E.+=5x10°V/cm (depending
on S-R scattering
parameters)

* N0 enhancement in FD
DGSOI

 FD DGSOI is almost
identical to single-gate SOI
MOSFETSs
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Dependence of effective mobility on t, .
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» decrease of effective mobility towards bulk value with increasing t
» two equally filled channels are precondition for enhancement
» density of upper channel almost unaffected by an increase of t

box

box
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Tunnel generation in the drain-body junction

GIDL in floating-body PD SOl MOSFETSs ‘e
Ly=i20nm, V=3V
1e=05 et |
_ tets P
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g / X . bulk MOSFET
z N !
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Floating-body PD SOl MOSFETSs: where does the GIDL current go to?

drain current hole current conduction band

Vps=1.2V buried

Ls=50 nm

front

drain current (A/10um)
-
<

conduction band (eV)
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— with B2B — na B2B

10 - noB2B — with B2B
107" - - : -1.0 - : -
-0.5 0.0 0.5 1.0 005 010 015 020 025
gate voltage (V) position along interface (um)
band-to-band rate SRH rate electron current

band-to-band rate acts like base current in a parasitic bipolar!
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Trap-assisted tunneling and the kink effect in PD SOl MOSFETs

impact ionization rate

60 nm floating-body PD SOl MOSFET

E a |/ ’.";P;GS=1\" \
2 | I >kink
- f _#/
=
z 2
- | Z : B—imp_n
3107 | ,__,/ [
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© [ 7 K +8.00-17
- Ceeee__________.-  — nonlocal TAT +1.0e-30
/ - no TAT
10° L '
0.0 0.5 1.0

drain voltage (V)

e generated holes lower the body potential (in eV)
? drain current increases

Short Course, International SOl Conference, 2004 Andreas Schenk, ETH Zurich 25



Artificial NDR effect in floating-body SOl MOSFETs by “hydrodynamic” simulation

electron temperature

L

-
o

drain current (A/10um)

— nonlocal TAT
| — no TAT

00 02 04 06 08 10
drain voltage (V)
* hot electrons diffuse (~?T /?r) into the body and recombine with holes

* the potential (in eV) increases ? drain current decreases

e impact ionization generates holes which remove hole depletion in the
body ? the potential decreases ? drain current increases (kink effect)
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non-local TAT

net generation
Gate ‘/g
" [“Channel A
z ~ Drain
é | optimum non-local TAT
', transitionpath o i level splitting
0.04 | over tunnel length
|
1.4 1.45 1.5x wm}.ﬁﬁ 1.6 1.65 . o
possible reasons for artificial NDR
local TAT l 1.0410°% « strongly reduced recomb. of hot carriers
0 0.0x10" ) i
1.0x10°® » strongly reduced thermal diffusion
Q » non-local trap-assisted tunneling
=1
= |

net recombination

- non-local TAT prevents hole

depletion and removed NDR
Sm)®S  18 185 effect in all studied MOSFETS!
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Gate tunneling

direct and resonant tunneling leakage

MOS capacitors with thermal oxide

Log( I [A])

direct tunneling (out)

/ "cavity'/

L

resonant tunneling

___—-——-“':"
0 defects ~
Voltage (V) 3 .
H. S. Momose et al., IEEE TED 43, 1233 (1996) — - =
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Gate current profiles in a MOSFET

120nm bulk MOSFET, Vpg=2 V
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Sensitivity on oxide shape at drain

——— |

Profile along Interface
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poly re-oxidation can strongly reduce in-tunneling (and
hence off-state power consumption)
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gate-current-induced junction leakage in floating-body PD SOl MOSFETSs

artificially increased impact ionization impact ionization

off-state gate current ) )
— . rate without DT rate with DT
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— without direct tunneling at gate corner induced by DT current

—— strong direct tunneling
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gate voltage (V) could lead to latch-up!
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stack dielectrics

Example: ON and ONO stack

10

A
107"° L
107" W
. 1107

gate current [A]
drain current [A]

gate voltage [V]

direct tunneling: 3 orders reduction both for ON
and for ONO

drain current only affected for strong in-tunneling

more likely: resonant tunneling

n*-poly ONO silicon

(

\
\

device parameters:
EOT =2.04 nm
O:N=1:2, O:N:O=1:4:1
channel doping = 5el17 cm-3
?x=3.15eV, ?,=2.15eV
e,=3.9 ¢,=75

m,, = my; =0.42 m,
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valence-electron tunneling (?)

UMC claims 30% enhancement

of PMOS drive current by direct

tunneling partial n*-gate (3.7%)
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Floating-body PD SOI nMOSFET, t_ = 1.6nm, V=12V

n*-poly gate

on-state

potential (eV)

off-state

potential (eV)

¥ — -
10 15
position (nm)

dual p™-poly gate

potential (eV)

potential (eV)

-6 - ;
15 20 25
position (nm)
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Source-to-drain tunneling

gquantum-ballistic simulations of FD DGSOI MOSFETSs at the limit of scaling

Experiment: sV it
10~ T 0.7 - GegaaRiaa
-(a) Lg=52nm = 0.6 ,--/L{,.,ﬂunm \
10° ® 05|
©
E 0.4 |
< c 03} 8nm
- o / '
- = 02
. o =
3 = b 0.1
=
et o ] 5
- c o 0.0 :
2 g
(=
Position [nm]

Is source-to-drain tunneling a

mﬁ'ﬁgmﬁmuag‘;ﬁm fund_amental limitation to CMOS
scaling?

H. Kawaura et al., APL 76(25) (2000)
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* Coherent transport

— 3 inelastic scattering.
— An e~ remains in a fixed ¥ (solution of Schrodinger eq").
— When occupied, W carries a current (W) x transmission probability 7'(¢).

% T hermal carrier injection at the contacts.

= Landauer-Biittiker formula:

= 3 /g’deTH(J(f(f(f—f?;m))—tf(f(e—e‘é;?ml))) 1D

)

2€ PH Src - rn
I = T \/“/\th Z/ de T’ ( 6 %( (EFerml Ej) _g—ﬁ(j(e—gerw Ej)) 2D

W width of the device
Aeh: electron thermal wave-length h//2m* kgl
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test device:
double-gate FINFET

/ t5=0.6 NM
\

t5;=1...3 nm
2e20 cm®

lel4 cm?3

B56558 5.8 kY

J. Wang and M. Lundstrom,

FinFET Structure Proc. IEDM 2003

- __:j Gae Eleid | in simulation:
‘ ‘ _. longer S/D, full oxide coverage

" Silicon Fin &

>
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FINFET with (100)-SOl thickness of 1 nm, Vg=1uV

flgn.tc = 3nm

107
107"
10—11
E 10—13
10—15
107" — thermionic current
— full scattering matrix
10—15
-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5
VGS M VGK [V] VGS M
1 . i &
lonte = 10 nm loate = 14 nm lgate = 20 NM

-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5
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FINFET with (100)-SOl thickness of 3 nm, Vop=1pV

QVT=0, __=258cm° Vs

& = DD
— 10-5P

—— 2D-08 (sc)
— 20-08 (nsc)

drain current (A)
b

10 ; y
=0.5 0.0 0.5 1.0 1.5
gate voltage (V)
V=0, u__=20dcm Vs
10°
i -1l
I 10
‘E =12
§ 10
210
.g "}_15 & = D0
5 — 10-SP
8 —- 20-0B (sc)
10 — 2D-0B (nsc)
107"

05 00 05 10 15
gate voltage (V)

<
=1
£1
=
v
£
w1 f eoy T
T - — 1D-5P
10 ; -~ 2D-0B fsc) | 1
107" | — 20-GB (nsc)]
_":._15 : ;
-0.5 0.0 0.5 1.0 1.5
gate voltage (V)
QVT=10mV, j__=~188cm’' Vs
10"
i -1l
< 10
‘E =12
ﬁ 10
310
- — 1D-5P
a -- 2D-GB (sc)
10 — 2D-QB {nsc)
107

05 00 05 1.0 15
gate voltage (V)

10 !
1D.l
_ 10
5 1D—I'IJ
E10"
g _m-la 1
310" ;
= ~14
.E 10_|5 s o DD 1
5 10 — 1D-5F 1
107 -- 2D-0B {sc) |
10_1:- — 2D-08 [nsc)
10" £ ; 2 1
=0.5 0.0 0.5 1.0 1.5
gate voltage (V)
QVT=10mV, j__=173cm’' Vs
10° i
3 1
g0 ? :
- 1
5 107" i
. |
3 10™ :
'% 10—15 o o OO |
5 — 1D-5P |
38 —- 2D-0B {sc) |
10 — 20-0B fnsc)| |
1
107

05 00 05 10 15
gate voltage (V)
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drain current (A)
—r —r
o o
5 L
b =]

=12

-l
o

107"

reason for the high off-current

— no S2D-tunneling (DD) |
—= with S2D-tunneling (QB)

02 04 06 08
gate voltage (V)

1.0

conduction band (eV)

o
-

V=0V, V=1V, depth=1.5nm

o
S

o
W

o
N

o
o

10 15 20 25 30
position along channel (nm)

4]

height and width of source-drain potential barrier decrease
drastically with shrinking gate length!
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drain current (A)

Effect of channel doping

ts=3nm, QB simulation Vas=0V, V=11V, depth=1.5nm

00 [ 3 leldcm-3 ~1lel9cm?3
' 8 / ~ 05|
10" b= 7 3
' e 0.4 :
. 10 pos
10 12 | E
10" Y g%
1 3]
10..15 E p= | 0.2
— 1el4cm™ E
107" | = 1e19cm™ o 0.1
E
-20 F 1 i i i L 1 L i i i
L aa— 0.0 - -
0.5 0.0 0.5 1.0 5 10 15 20 25 30 35
gate voltage (V)

position along channel (nm)

height of source-drain potential barrier only weakly dependent
on channel doping!
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Effect of channel doping

t;=3nm, QB simulation

10° |2 e
5 ey
! 7/

10" | 7 /

E !

E 10-12 10

E .. 3 14

g 10 14

k= :

(! =16 E

= 10 -

i — 1eld4cm™
o™ — 1e19cm™
10'21) I " 1 i L M i 1 i "

-0.5 0.0 0.5 1.0
gate voltage (V)

height of source-drain potential barrier pinned by gate bias!

S2D-tunneling not significantly reduced by channel doping!

conduction band (eV)

i i v e i e O e
O = M W B O O N ©

L.=20nm, V_ .=1uV, depth=1.5nm

— 1eldcm™

| — 1e19¢m™

!
!

~

-

S

™

AT

floating gates

position along channel (nm)

35
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Effect of channel orientation Effect of gate configuration

3x3x10 nm?3
10" ; .
0
100
Z107 |
<110> | "o 102 | ]
: : L E wrap gate
4 in-plane valleys with 2mm,/(m,+m,) = @107 | — tri-gate
0.31m,, but 2 valleys with m; = 0.19m, 510 o .
- double-gate !
? no advantage 2 10~ c
3 ?\ single-gate i
= £ ,.::f
=lll> 8 10 © /thermionic
all six valleys with 3m,m/(2m+m,) = 107 %
0.26m, ? strong suppression of S2D- 0° . - . . . ., .
0 0.2 0.4 0.6 0.8 1

tunneling
gate voltage (V)
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Quasi-ballistic effects

strained silicon

biaxial tensile strain:

"Strained" silicon

Silicon
germanium

Silicon
germanium
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Effect on band structure and drift mobility

Electrons: Holes:
ke | 0.0
k,
|' 4 S
| d =0.2
\/ / E 4 =
‘ ¥ l 2 \JT 2 4 \ .
f b 1 e
4 k <] kY \  —— hh,8i ™,
\J E 06 | II|| ; TR Ih, 51 Si 2
; e % %, === hh, st. 5i
< > "". '-.,1———- a0, 5t. Si
P -0.8 \
i |'I Y Z m X’y .ll"-ll |
[] 1
|I | 1.0 el %
‘-Tf" 0.0 0.1 0.2 0.3
X WITH (k,, k. k) = x (1,1,0) (2a/a)
2180 (exp.) ;
% 2000 Calculated values: = 2500
E.f’_.: | in—plane __3 in-plane
S O 8 o W 2900 T. ngelsang et al. (1993) SR (— i
< 1500 | 4000 H. Miyata et al. (1993) iy
= ' . . = 1500
2 000 | N e | 2300 M. V. Fischetti et al. (1996) 2
2 Mg, 2230 F. M. Bufleretal. (1997) £ 1000 |
Hol
E 500 TTrremmemesssssemesemeet 3250 P. Dollfus (1997) E& 500 iTnDsfrsain-adSi
. = 300 K
" s S 3490 B. Fischer et al. (1999) S I J o
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
SUBSTRATE GERMANIUM CONTENT ¥ SUBSTRATE GERMANIUM COMNTENT y
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Measured current improvement (IBM)

Control Stramed Si
l('is - l; = 10,08, -0V
2
6 107
Polycide i
'.E
2 4% 1074
€
E 2% 10-4
%
o 0002040608101.2000204 0608 1.0 1.2
; - Ibs (V) s (V)
R . L= 67 nm, W, = 0.28 um

K. Rim et al., Symp. on VLSI Techn., 59 (2001)

* nMOSFET with strained Si channel, L 4=67nm
* 35% improvement at V4-V,,=1.0V, V=1.2V

Short Course, International SOl Conference, 2004 Andreas Schenk, ETH Zurich 46



Non-linear and quasi-ballistic transport

11 electrons N
- T=300K . 30+ \ — unstrained Si, E || <110> .
w » Iy —— strained Si, E || <100>
5 E 25 tin ! — strained Si, E || <110> I
= G il
o o
= T 2.0
£ 2
S 815 |
2 >
Cs — unstrained Si, E || <110> = 1.0 H
a —— strained Si, E || <100> S
— strained Si, E || <110> 0.5 electrons
T=300K, E=100kV/cm
0 | e — ' 00 L— S
1 10 100 0.0 0.2 0.4 0.6 0.8 1.0
Electric Field (kV/cm) Time (ps)
 strain doesn’t change saturation drift velocity
* 4% anisotropic stationary velocity at the most
» 35% anisotropic quasi-ballistic velocity
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FBMC simulation of current scaling

E 1-5 I ! I ' I ! I ! ___I_____,'_._-l--—'Ell |
e 137 - |
E 19 [ B—Estra!ned,Ell <100> 1
o a =—® strained, E || <110> : e strain-induced current
E 14 ®—e unstrained, E || <110> - improvement
_r.::l 1 L I l | 1
16 | | | | | * 10% anisotropy in
14l strained silicon
512 :
<10 ]
— 8 | _
6 L L i

40 60 80 100 120 140 160
L. (nm)
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Velocity and field profiles

% 2.0 [L,=50 nm - Vos—Vy=1.0V ]
hu : g, ! - ~ :. VDS=1 -2 V
2 1.0} " -
T}; - . L¢h='| 00 nm
0.0

100 |
E -100 -
L -300 ; 1
2 -500 || o
< - - L,=50 nm ——- strained <100>
© -700 i —— strained <110> ]
2 -900 - —— unstrained <110> -

_1 100 1 1 1 " ] . 1 i 1

0 20 40 60 80 100
distance along channel (nm)

 velocities at field peak
are almost equal

e source-side velocity
higher than saturation
velocity

e anisotropic source-
side velocity

e ? quasi-ballistic
transport near source is
responsible for current
iImprovement!
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Do we understand strained-Si MOSFETSs?

1G5 T T T T 1 I .

: : G1>surlace (100)p-direction

» confinement already lifts valley degeneracy ~ {DSi 3;;;; ::f _[ Eﬂ};l'r P
- . 'IL A.-
(as tensile strain does) 5
. 2.

e population effect only ~15% larger Fwﬂ
e stronger SR scattering (less screening) ? 10t b

lower mobility at higher E surface

. rougAness

1.{} T v T T T« T T T

{bjllii'l.-i-i.il--.li'.

100

ELECTRON MOHILITY [am?/vs)

=
O
I_
ﬂ a
§ 0.8 ™ witiy b
o total T
2 06 . %
= Mg N = 3x10'7 oo Co,
@ lines: relaxed Si - A=t@nm. A=0.4nm 9 8
u:: 0.4 —_ _ . &ymbals: 5 on Sig 75Gep a5 Cpen symbols: relaxed e g
= g St H - Solid syrmbnls Slralna{i x=(}.25 .
%{.’l.E— S 10° 2 3 4 ﬂE?E-m'E' z 3
x nf'““"""'"""" EFFECTIVE FIELD Fyy {Wiem)
< .0 |- —— e it S e o
T 1o" 102 10'3
N [ e} M. V. Fischetti et al., JAP 92(12) 2002, pp. 7320-24
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Scalability of FInFETS, unstrained-Si and strained-Si FD SOl MOSFETSs

Metal-Gate @, =4.72 eV Metal-Gate @, =472 ¢V
Source Diraan Source E| :f !140'-; Dirain
ND= 10 Opm 3 Nn= 10 ®cm =3 {2.7 284y N,=10 Bem |
g -3
& e --Nl.;:ﬁxll’.'lllcm g i
'1_5 I'l'lTI.lde'Cl Nh— 10 "“cm
{ 1 nm/dec) . "}
- Nn=5 x 10 ¥em =3
. : Substrate
=50 0 50 10
(=25 0 25 )
{(-10 0 10 200
. Il_foscallng: 507 25?7 10nm; Si orientation = « strain defined by Si, ;Ge, , buffer
< >

* to; scaling unstrained: 14.8? 7.4? 2.7nm
« constant off-current I,=100nA/pm @

Vps=0.9V by scaling of tg;: 34.4? 172 6nm * t5 scaling strained: 14.27 7? 2.54nm
« corresponding scaling of source/drain, spacer | | ¢ strained needs thinner SOI to
length, doping steepness: 5? 2.5? 1m/dec compensate for higher I, (smaller gap)
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drain current I, (A/cm)

on-current versus gate length velocity and 2D density profiles

9-5 v T . T L T —p— a :\ll"—h - : - B P I -
- W ls=100 nA/um £ 10" ——- strained-Si FDSOI
85% s MV N, &
E HDHS_'“‘-ESH'“ 1 E:" ——————
75 & Monte Carlo = = E 10"
6.5 & __ Drift-Diffusion . N
. ™
5.5 ! 2.0
' I 915
4.5 e $ £
o~ FDSOI strained Si = 10
3.5 - » = FDSOI unstrained Si T o5
- &—= FinFET unstrained Si (1,/2) { = :
2.5 : ; g : g = 0.0
10 20 30 40 50 '

20 30 40 50

gate length L (nm) distance along channel (nm)

 FINFET has the best scalability, but strained-Si FDSOI has the best on-current
e strain-enhanced |,,'s are due to source-side velocity overshoot

 velocity improvement for strained-Si FDSOI upon scaling to L;=10nm cannot
compensate the reduced sheet density ? on-current gets maximum

» problems: missing B2B and S2D tunneling (higher 1), missing QM confinement
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Outlook: Future simulation challenges

16nm < 1nm

Semiconductor-based nanodevices
(SEMs and SETs with strong confinement)

 “extension” of ‘top down’ CMQOS,
convergence of physics

* tolerances < 1nm, surface states, stray
charges, wiring problem, power dissipation

Molecular nanodevices
(e.g. oligo-thiophen, Cg)

* ‘bottom up’ strategy, no inherent tolerance problem
(identical units)

sensitivity to contacting

Carbon nanotube devices

» 1D, ballistic transport at 300K up to 250nm? very
high ‘mobility’, identical n- and p-type, ...

* “switch” based on Schottky barriers, integration,
stray charges, sensitivity to chiral angle
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