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State of the Art
• Full Quantum Models

– Self consistent Quantum simulations based on the tight-binding 
Hamiltonian of NW [M. Luisier 2006]. Interface roughness in NWs 
[Poli 2008]. Non-parabolicity effects in NW [Gnani 2007 ]. Full-
quantum approach recently employed for the analysis of tunnel 
FETs [M.Luisier, 2009, M.Shin 2009].

• Semi-classical models
– MSMC for bulk, UTB SOI, FinFET, NW, n- and p-MOSFETs [De 

Michielis 2009]. kp-BTE solver for p-MOSFETs [Pham 2008]. 
These approaches can deal with arbitrary crystal orientations, 
strain, high-k dielectrics on mobility and high field transport 
[Ponton 2006, Serra 2009, Toniutti 2008]. Wigner Solvers include 
Source/Drain tunnelling  and heterojunctions [D.Ferry 2000, 
Querlioz 2009]. Innovative Deterministic solution of the BTE in Si  
NWFETs [Jin 2008, Lenzi 2008, Gnani 2008]. Studies on new 
channel materials for CMOS based on the Monte Carlo 
approach [Conzatti 2010] or on the deterministic solution of the
2D BTE [Pham 2007]. 



State of the Art cont. 
• Mobility models

– Biaxially strained  n-MOSFETs results still under debate: at large 
effective fields ad hoc reduction of the surface roughness spectrum. 
Smoother intergace experimentally reported using AFM measurements 
[Bonno 2008] and theoretically predicted using ab-initio calculations 
[Hadjisavvas 2007]. Controversial n and p results at low temperature in 
[Zhao 2009]: only electron mobility is enhanced. Recent results on the 
effects of biaxial strain on the Coulomb limited mobility [Weber 2008, 
Chen 2008, Driussi 2009]. New measurements aimed at the 
morphological characterization of the strained Si to SiO2 interface 
[Zhao VLSI 2009]. The mobility calculations obtained by using 
directly the measured roughness spectrum show a fairly good 
agreement with the experiments [Zhao TED 2010]. 

– Use of advanced simulation tools for the design and optimization of 
strain-induced mobility enhancements in  FinFETs using MSMC [Serra 
2009]

– High-k related mobility degradation. Originally attributed to remote 
optical phonons [Fischetti 2001]. Recently more emphasis on Coulomb 
centers and interface defects produced by nitrogen diffusion [Fischetti
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State of the Art (cont.)
• Compact models

– Recent Compact Models  for MG-MOSFETS [Iñiguez 2006, Ortiz-Conde 
2007, Song 2009]. Short channel effect based on full 2D or 3D analysis 
[Børli 2009]. QME recently introduced for UTBSOI [Tang 2009]. AC
models still based on the long-channel model [Lázaro 2009]. Compact 
Models for SB-MOSFETS (tunneling) just started [Balaguer 2010]. Very 
little work accomplished for strained MG-MOSFETs.

• Experimental characterization
– Open problems in nano-MOSFETs with high-k and M-Gate: EOT 

evaluation (HF CV), small area interface characterization (LF noise 
measurements [Bennamane 09]), mobility measurement in short channel 
and leaky MOSFETs [Trojman 09], magneto-resistance mobility 
measurements [Casse 09], increasing role of parasitic source-drain or gate 
series/access resistances and new methodologies for Rsd extraction 
[Fleury 09].  
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Highlights 2010
• A comprehensive set of tools, including full-quantum 

models, and template devices, representative of the 16nm 
node, have been tested and compared (D4.6).

• Compact model development taking into account: i) 
Electrostatics, ii) Partially ballistic transport and iii) 
Variability. The activity was carried out in close 
cooperation with the WP4 partners which provided 
TCAD simulations for the template devices (D4.5).

• Comparison of strained Ge MOSFETs w.r.t. to 
unstrained and strained silicon transistors has unrevealed 
the potentials of the former.

• A new technique was developed for the experimental 
extraction of the threshold voltage VT in nanoscale 
transistors. Robustness of the proposed method was 
demonstrated on experimental data from advanced 
FinFETs and UTB SOI MOSFETs.

• Modeling of devices with Shottky barrier S/D



TOOL BENCHMARKING
(a) Structure of the simulated DG-FET (Lg= 16 nm). 

(b) Cylindrical and (c) Rectangular gate all-
around structures of the SNW-FET.
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Transport models
• Multi-Subband Monte Carlo (IUNET-UD)
• 2D-3D Non-equilibrium Green’s Functions 

(IMEP-NEGF)
• Semiclassical Monte Carlo (SPARTA-SYN)
• Scattering Matrix with effective mass 

approximation (ETH-SM)
• Multi-subband MonteCarlo for BTE and Wigner 

transport equation (PSUD-BTE and PSUD-
WTE)

• Analytical Natori-based model (IMEP-Compact)
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Main findings: S/D tunneling

• Both for the 10 nm double-gate MOSFET and 
for the 6 nm nanowire FET, source-to-drain 
tunneling is extremely important, especially in 
evaluating the subthreshold behavior.

• Not considering tunneling and wave function 
penetration in the gap can result in the inability 
to recover the actual subthreshold behavior.
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Electrostatic and S/D tunneling
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Semi-ballistic transport

All considered devices far from fully ballistic 
transport.
The cutoff frequency of the intrinsic device 
(i.e., excluding parasitic capacitances) is cut 
by roughly a factor two when the main 
scattering mechanisms are considered, but 
still above the THz range
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Cutoff frequency
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Current drive
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Assumptions on the scattering mechanisms 
are apparently at least as important as the 
adopted transport model. 
Indeed, differences among results obtained 
with different transport models are limited 
from a qualitative point of view: by 
performing different calibrations, all transport 
models considered should be able provide the 
same current-voltage characteristics.
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Scattering mechanisms and 
transport models
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Compact Models D4.5

• Three main issues: i) Electrostatics, ii) 
Partially ballistic transport and iii) 
Variability.

• Multi-gate devices: double-gate, tri-gate, 
gate-all-around, ultra-thin body.

• All models are favourably compared with a 
series of TCAD simulations and 
experiments.
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Comparison of modelled characteristics and simulated data 
using average simulated values from NANOSIL WP4 teams 
for VDS=0.1V (a), and VDS=1V (b), and the template n-
channel 16 nm DGMOSFET
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Directed currents (top) and carrier density (bottom) along the 
device in the ballistic and not ballistic case. It is evident that 
assumption of Eq. 8 (proposed model) is better verified than 
assumption of Eq. 5 (LM) (1.2% versus 9.3%). Moreover, the 
assumption of Eq. 6 (or 9) (LM and proposed model) is well 
verified (4.3%)May 26, 2011 NANOSIL Review  WP4



Alalytical models for variability
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ION of Ge MOSFETs compared to Si 
MOSFETs 

• Comprehensive semi-classical transport model for nMOS and pMOS 
including:

– Phonons, Surface Roughness
– High-k related scattering mechanisms
– Non-conventional crystal orientations
– Strain effects through band-structure modifications
– Realistic series resistances

• Validation of models against exp. data
• Comparison of Ion in Ge and sGe versus Si and sSi nano-scale n- and 

p-MOSFETs
The simulation results have shown that strained Ge n-MOSFETs 

have great potentials for beating the Si counterparts, however 
the engineering of the series resistance is a crucial issue. 
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(100)/[110] Ge. Measured (symbols, [M. Kobayashi et al. IEEE 
TED, p. 1037, 2010]) and simulated(lines) electron mobility vs. 
uniaxial tensile stress along the [110] and [110] directions and at 
Feff=0.5MV/cm. The inset shows a zoom for low stress values. 
The simulated mobility enhancement saturates at about 1.5GPa.

May 26, 2011 NANOSIL Review  WP4



24On Current in Si, sSi and Ge devices
• (100)/[110] oriented DG-MOSFETs
• 1.5GPa tensile/compressive stress along the transport direction 

for n/p devices
• Comparable hole effective mass along [110] direction for both 

sSi and Ge



25

Ion in Si, sSi, Ge and sGe devices
• (100)/[110] oriented DG-MOSFETs
• Comparable hole effective mass along [110] direction 

for both sSi and Ge



Simulated drain current versus gate voltage for the 25nm DG device and 
for unstrained and strained Si and Ge (EOT=1nm, TSI=11nm). 
Left: p-MOS. Right: n-MOS. The 1.5GPa stress is along the [110] 
transport direction and it is tensile and compressive for n-MOS
and p-MOS, respectively.
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Example of new characterization 
technique

• A new technique was developed for the 
experimental extraction of the threshold 
voltage VT in nanoscale transistors. 
Robustness of the proposed method was 
demonstrated on experimental data from 
advanced FinFETs and UTB SOI 
MOSFETs. 
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New technique  – VT extraction

D. Flandre et al. IEEE EDL 2010

 as accurate as capacitance method 

 less sensitive to µ (Vg) and R s effects
 more adequate than linear extrapolation-
based methods, which give particularly large errors in 

the case of gradual transition between weak and strong 
inversion (i.e. thin oxides, undoped bodies)
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MS-Monte Carlo simulation of FDSOI 
Schottky barrier MOSFETs

• Goal
– Performance of short LG SB-MOSFETs

• Approach
– Multi Subband Monte Carlo 
– Implemented SB contacts in MSMC

May 26, 2011 NANOSIL Review  WP4



Current transport across SB
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Effective potential method
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Eff. Pot. compared to WKB



MSMC device design
• LG=32 nm

• TSi=7 nm

• EOT=1.2 nm

• Surface roughness + Phonon scattering

• Surface/channel orientation (001)/[100] 
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ID-VG
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SS @VD=0.1 V SS @ VD=1 V DIBL @I=0.3µA
(mV/dec) (mV/dec) (mV/V)

Doped 82 85 56
SBH=50 meV 82 93 80

SBH=100 meV 82 94 71
SBH=150 meV 82 97 61
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Compare to ballistic 
simulation
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Conclusions
• Effective potential method to treat SB 

tunneling presented
– In good agreement with WKB
– Implemented in MSMC

• SBH <50 meV needed to outperform RSD=200 
Ω-μm

• Increasing SBH
– SB-MOSFETs closer to ballistic limit
– ON current limited by injection37
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Response to the recommendations of
the second Review Report

 Recommendation 4
• In WP4 the partners should use appropriate figures of merit for device 

operation, and not concentrate overly on carrier mobility as a means 
of comparison of likely performance.

• In order to address the Reviewers recommendation according to 
which the partners of WP4 should use appropriate figures of 
merit for device operation, the deliverable D4.6 on the 
bechmarking between full quantum and semi-classical transport 
models was focused primarily on the comparison of complete IDSversus VGS and VDS curves and also on the cutoff frequency that 
are very relevant for RF applications. 
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2010 WP4 Publications

• 19 IEEE TED or EDL Journal publications

• 4 IEDM publications

• 63 (23 joint)  Journal publications


