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Hole’s Wavefunctions, E-k and Equi-Energy Contours from a P-FinFET

 Thin-Body MOSFET Carrier Transport
— guantum confinement effects

— low-field mobility: Orientation and Si Thickness
Dependence

* Non-Idealities in Nano-Scale L, MOSFET Transport
— Quasi-Ballistic Transport
— Apparent Mobility
— Series Resistance

Reading:
- multiple research articles (reference list at the end of this lecture)
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Electron Mobility [cm?/Vs]

Orientation Dependence of Inversion
Thickness and Carrier Mobility

500 500 §
Mee_lsured 1 i Measured 15 30
400+ o Calibrated Model 1= 400} o Calibrated Model >
1= 13 20
300} 15 300 1E
] g ] GE, 10
200 12 200 13
|= 3 '
© ' 12 O
100+ 12 100f ([, {1E
oL | | nylnltrlde ! : (100) Oxynitride | g 10+ . s
02 04 06 08 1. 02 o2 oo oz e (100) (111)  (110)
S Orientation

Effective Field [MV/cm] Effective Field [MV/cm]

L. Chang, TED (2004)

 Due to the anisotropic E-k relationships, quantum confinement and
carrier mobility are surface orientation-dependent in a MOSFET.

* (100) surface is good for N-MOSFET performance.

* (110) surface is good for P-MOSFET performance.
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Inversion Thickness in FInNFETs

Electrons
6 X T T T T T T T T T J
L —(100) - T, =4nm |
5L —=(110) 7 o -
[ 111) / - TO! 1 nm -
i~ 4 V=1V
.-c 3
E L
c 2

—

1 1 1

Depth (nm)

N. Samedro, SSE (2010)

Electrons: (100) sidewall provides the smallest T;,,,.
Holes: (110) sidewall provides the smallest T,
Production FinFETs are oriented with (110) sidewalls and

<110> channel directions. — P-FinFETs should show better
electrostatic integrity than N-FIinFETs, with the same

10/9%%metry/doping.

Nuo Xu

Hole concentration (x1019 cm'a)

(o)}

Holes
I I I I I I I I I
P =1.2x10" om? (0159),
Y A N (110)
.................... (11‘])
N NN To=4nm

1 2 3 4 5 6 7 8 9

Location between gates (nm)

M. Poljak, ESSDERC (2010)
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Threshold Voltage Dependence on Si

TEM

Body Thickness

Electrical and Geometrical

Confinement

||

i / Wk\ £0
L= £ee

n. 1.0

=pe| = 0.4
) | =7l 02
Extreme case: 0.0
. n_ﬂ]z
T 2mtgg,

unpassivated
passivated ! —~4 |
0 10 20 300

10 20

Fin Width (nm)

J. B. Chang,

VLSI-T (2011)

30

0.5 1.0 1.5

Gate Voltage (V)

 Quantum confinement creates strong sub-band energy splitting, causing

reduced DOS and enhanced threshold voltage, apparently.

« For UTB SOl MOSFETSs, the critical body thickness appears at ~4nm.
 For FinFETs, the critical fin width appears <10nm.

10/1/2013

Nuo Xu

EE 290D, Fall 2013



Recalculation of E_; in Thin-Body
MOSFETs: Single Channel

OX Si BOX

800 —r—r—r——————r——————
00 (100)<110>nMoSFET || 107
\\ ] (ts,=8[nm]) 1
‘ ‘\‘ = - o -
| TR q) 06_ . 7
D = =
i 0.4 4 usual value for (100) nMOSFET
—u— Vsub= 0[V] ] 0.2-
Qaep T NQiny o Vsub=-3[V]| ] '
Eopp=—2 . . e . (100) NMOSFET
50?(1 Vac 00 01 02 03 04 05 06 07 01 . 5 10 5 20 25 30
+ . = ﬁ[MV/Cm]( _ ) Si Thickness (nm)
€&i lpox ¢ : |

K. Shimizu, SOI (2006)

« By taking into account the bottom surface electric field, universal
mobility curves can be generalized to thin-body MOSFETSs.

 Quantum confinement effects (i.e. induced sub-band splitting) play an
important role in determining E
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Extension of Universal Mobility Curves
to Double Channel MOSFETSs

 FinFET:
E.« IS largely reduced due to the
symmetric double gate coupling.

« UTBB SOl MOSFET:

E.+ can be extended to negative
direction if the bottom channel is
turned on.

Mobility(cm?/V-sec)

140 — Vg-Vth=0.8V
120
m <100>
100 |
1 FinFET fﬂﬂﬂﬂ%
60 -
40 Bulk FET
20
0
0 0.5 1
Effective Field (MV/cm)
700
600}
- 500}
&?“ 400
3
— 300f
< 200}
100l UTBB SOI § §
0 L I
-1 -05 0 0.5 1
E. (MV/cm)
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Thin-Body MOSFET’s Carrier
Scl:(atterings: Electrons

Current
" <110> for Planar

A4, lst

Confine // <100> <100> for 45°-rotated FinFET AZ, 2nd

K, /I <100> Ay, 1%

As Tg, decreases:
» Average effective mass // current:

(100): (110):
* Inter-valley scattering rates:
* Intra-valley scattering rates:

. A2
m, =0.9m,

m, =0.19m, e il
—> K, /| <110>

X Az,lst e

- <110> i ——

110> for Planar & FinFET Ay, 15t N
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Experimental Results on Electron
Mobility vs. Si Body Thickness

Si Experimental Data

- . : . . — 600 — —————r
1440 ! ! ! ' (110)/[110) NMOSFETS
- -~ bulk universal " nFET o * 500 .
_-420 i % | 4005_

| NSNS i Tt 1]

— 1400 4 R 4300}

A a1 =30y - A ‘, : :

_ sl ] I 200+ .
o—t_=12[nm] | e o’ - [
: tSOI= 8[nm | 380 ’i’ ® T=300K 1100 [

[/ vty Sl (100) MOSFET | [ : | | EeffTO-3MIWC : ]

e L @ 073 4 5 6 7 8 Onn

Nplom ] TSOI [nm] Niv.se (€M)
K. Shimizu, SOI (2006) K. Uchida, IEDM (2008) K. Shimizu, IEDM (2007)

* (100) surface: electron mobility first degrades with reducing Tg;, until
~3.5nm where appears a “bump” region.
* (110) surface: electron mobility keeps degrading with reducing Tg;.
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Wavefunction Overlap Integral

Thin-Body MOSFET’s Carrier

Scatterings: Holes

0.35

e
w

0.25

=
o

0.15

=
=

Phonon form factor (1/nm)

S
=
ch

e
<

'_ codees (Ull)
L[ -+ (111)

—— (001)

Fer = 0.5 MV /cm

4 5 6 7 8 9 10
Silicon thickness (nm)

11

12

Effective transport mass (mg)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

02

Average Transport m’
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K. Shimizu, IEDM (2007)

* (100) surface: hole mobility keeps degrading with reducing Tg;.
* (110) surface: hole mobility first degrades with reducing Tg;, then
increases from decreased m" and slowly-growing form factor.
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Electron mobility (cm:’Ns)

Impacts of Fin Orientation and
Thickness on FinFET Carrier Mobility
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(d)

Electron mobility (cm’/Vs)

Hole mobility (cm’/Vs)
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Experimental Results on FInFET
Carrier Mobility vs. Fin Orientations

PMOS
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J. Kavalieros, VLSI-T Short Course (2008)

 P-FinFETs: expt. agree with simu. trends.
 N-FinFETs: (100) and (110) sidewalls show
comparable electron mobility values, which
is different to planar or simu. Trends.
— likely due to sub-optimized fin sidewall

roughness
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High-k-induced Scatterings in
Thin-Body MOSFETs

Interface Charge-induced Planar UTB MOSFET
scattering potentials N
N;¢
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FInNFETs vs. Planar UTB MOSFETs
Carrier Mobility in Scaled Nodes
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Source/Drain Series Resistance (Rgp)
in Short-Lg MOSFETs
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Quasi-Ballistic Transport

After M. Lundstrom (Purdue Univ.)
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Apparent Carrier Mobility

w0 Si UTBB SOI MOSFET

Si Bulk MOSFET
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Diffusive vs. Ballistic Transport:
Where We Are?

Modeling for nano-Lg

MOSFET Current
BT o
Vi =v.x(1-r)/(1+r) (2)
Lo = WEEE Q. (3) Ly =WEE2Q, ()
Ligion =Wv,Q (5) Ifmm,FW%UQ;q—V“ (6)

2k,T
I, =Wv_ Q. (7)
1/1,=1/1,,+1/min({,,,I ) (8)
v, =min(v_, ,vmj] (9)
0 L L 1
anr (fuon B Hign J ) Viim (10

L/M,,,, - L/M;,-,, (IJVS/mz)

Measurement from 22nm-LiBqu N-MOSFET

2.2
F - € measurements  Lgg=22NM
- J { L _L J_ 1 o0 [— theoretical
6 N av,_ui Iu(m Iu'fm th — . - dependence
L m L
B iLl(JJ‘J — IE(HJ — B
s WQ! . £18 ¢} Vi temp.
5[ st ° r dependence
: Iu!m — Iu"!m T E 1 6 B from [4]
L L woyv, ~ T
- Q.S & iori § : <><>
4t V.. V. 9 -
X W 1.4}y temperature —>
[ L=22nm =~ dependence from [3]
3 1_2-lllllllllIllllllllllllll
0.3 0.5 0.7 0.9

v_(V) 1. 7200 250 300 350 400 45C
temperature (K)

D. Fleury, VLSI-T (2009)

« Consider drift, saturation and thermal injection velocities.
« The limiting velocity shows negative dependence vs. temperature,
indicating its drift (or saturation) nature.

10/1/2013

Nuo Xu EE 290D, Fall 2013 17



References

J. B. Chang, M. Guillorn, P. M. Solomon, C.-H. Lin, S. U. Engelamnn, et al., “Scaling of SOI FinFETs
Down to Fin Width of 4 nm for the 10 nm Technology Node,” Symposium on VLSI Technology
Digest, pp. 12-13, 2011.

K. Shimizu, G. Tsutsui, T. Hiramoto, “Experimental Study on Mobility Universality in (100) Ultra Thin
Body nMOSFET with SOI Thickness of 5nm,” IEEE SOI Conference Digest, pp. 159-160, 2006.

H. Yoshimoto, N. Sugii, D. Hisamoto, S. Saito, R. Tsuchiya, S. Kimura, “Extension of Universal
Mobility Curve to Multi-Gate MOSFETSs,” IEEE International Electron Device Meeting Tech. Digest,
pp. 703-706, 2007.

K. Shimizu, T. Hiramoto, “Mobility Enhancement in Uniaxially Strained (110) Oriented Ultra-Thin
Body Single- and Double-Gate MOSFETs with SOI Thickness of Less Than 4 nm,” IEEE
International Electron Device Meeting Tech. Digest, pp. 715-718, 2007.

K. Uchida, M. Saitoh, S. Kobayashi, “Carrier Transport and Stress Engineering in Advanced
Nanoscale Transistors From (100) and (110) Transistors to Carbon Nanotube FETs and Beyond,”
IEEE International Electron Device Meeting Tech. Digest, 2008.

L. Donetti, F. Gamiz, N. Rodriguez, F. Jimenez-Molinos, J. B. Roldan, “Hole Transport in DG SOI
Devices: Orientation and Silicon Thickness Effects,” Solid-State Electronics, Vol.54, pp.191-195,
2010.

M. Poljak, T. Suligoj, V. Jovanovic, “Modeling Study on Carrier Mobility in Ultra-Thin Body FiInFETs
with Circuit-Level Implications,” the 36" European Solid-State Device Research Conference
(ESSDERC) Digest, pp. 242-245, 2010.

10/1/2013 Nuo Xu EE 290D, Fall 2013 18



8.

10.

11.

12.

13.

14.

15.

References

C. D. Young, K. Akarvardar, M. O. Baykan, K. Matthews, |. Ok et al, “(110) and (100) Sidewall-
Oriented FINFETs: A Performance and Reliability Investigation,” Solid-State Electronics, Vol.78, pp. 2-
10, 2012.

F. Diussi, D. Esseni, “Simulation Study of Coulomb Mobility in Strained Silicon,” IEEE Transactions on
Electron Devices, Vol.56, no.9, pp. 2052-2059, 2009.

N. Xu, B. Ho, F. Andrieu, L. Smith, B.-Y. Nguyen, O. Weber, T. Poiroux, O. Faynot, T.-J. King Liu,
“Carrier Mobility Enhancement via Strain Engineering in Future Thin-Body MOSFETSs,” IEEE Electron
Device Letters, Vol. 33, pp.318-320, 2012.

J. Kavalieros, B. Doyle, S. Datta, G. Dewey, M. Doczy et al., “Tri-Gate Transistor Architecture with
High-k Gate Dielectrics, Metal Gates and Strain Engineering,” Symposium on VLSI Technology
Digest, 2006.

A. Cros, K. Romanjek, D. Fleury, S. Harrison, R. Cerutti et al., “Unexpected Mobility Degradation for
Very Short Devices: A New Challenge for CMOS Scaling,” IEEE International Electron Device
Meeting Technical Digest, 2007.

N. Xu, F. Andrieu, J. Jeon, X. Sun, O. Weber, et al., “Stress-induced Performance Enhancement in Si

Ultra-Thin Body FD-SOI MOSFETs: Impacts of Scaling,” Symposium on VLSI Technology Digest, pp.
162-163, 2011,

C.-C. Lu, K.-S. Chang Liao, C.-H. Tsao, T.-K. Wang, “Comparison of Positive- and Negative Bias
Temperature Instability on MOSFETs with HfO,/LaO, and HfO,/AlIO, Dielectric Stacks,” Solid-State
Electronics, Vol.54, pp.1474-1478, 2010.

D. Fleury, G. Bidal, A. Cros, F. Boeuf, T. Skotnicki, G. Ghibaudo, “New Experimental Insight into
Ballisticity of Transport in Strained Bulk MOSFETs,” Symposium on VLSI Technology Digest, pp. 16-
17, 20009.

10/1/2013 Nuo Xu EE 290D, Fall 2013 19



