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• Introduction: A 7-parameter physical FET (carrier 
transport) model for analyzing device performance

• Historical trend of channel carrier velocities and their
correlation with carrier mobilities

• CMOS technology scaling trends – aggressive “High 
Performance” scaling scenario

• Application of model to predict performance and draw
conclusions about “roadmap” requirements

• Potential device architectures
• Conclusions 
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Analytical Physical  MOSFET IAnalytical Physical  MOSFET IDD (V(VGSGS,V,VGSGS) ) 
Model for SaturationModel for Saturation

• ID=WQi(x0)vxo

vxo : carrier velocity at virtual source
• Qi(x0) ≅ Cox

inv[VGS
* -Vt

*(VD)]
• VGS

* =VGS-IDRs

Rs: Source parasitic resistance
• Vt

* = Vt0-(VDS- 2RsID)δ  where δ is DIBL in 
V/V and

Vt0=Vt
*(VDS =0)

• Simple model for ID in saturation:
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MOSFET Switch Performance: Delay MetricMOSFET Switch Performance: Delay Metric

D. A. Antoniadis, et al., IBM J. Res. Dev., 
vol. 50., p. 363, 2006.

Cf* is the total source and drain side fringing capacitance multiplied
by 3/2 in order to include the Miller effect at the drain side.
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ΔQG : Charge difference between the ON and OFF states

Ieff : Effective switching current
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Effective Current Drive During SwitchingEffective Current Drive During Switching

Ieff=[ID(VD=Vdd /2, VG=Vdd) + ID(VD=Vdd, VG=Vdd/2) ]/2

(Based on ID model and effective gate discharge trajectory theory by Na et al., IEDM ’02) 

“Traditional”
Ion=ID(VD=Vdd, VG=Vdd)

Switching Id-Vd
trajectory
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VVtt, I, Ioffoff, Subthreshold Swing, and DIBL, Subthreshold Swing, and DIBL

• Vt and Ioff determine approximate value of S:

where Iref typically about 3.0 μA for nFETs and 2 μA for pFETs

)/(
/

log
WI
LI

SV
off

gref
t =

Vtp Vtn

e.g. L=35 nm :
Irefn/L=85 μA/μm
Irefp/L=55 μA/μm

Sn=120 mV/dec
Sp=130 mV/dec

Data from Bai et a.
IEDM ‘04
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nFET ModelnFET Model--Data comparison: Transfer IData comparison: Transfer I--VV

Intel (H-P) Lg=35 nm CMOS 
(Tyagi, IEDM ’05)

toxinv= 1.9 nm (EOT=1.2 nm)
Vt = 0.37 V
RSD = 160 Ohm-micron
δ = 130 mV/V
S = 130 mV/decade
vxo= 1.35 x 107 cm/s

Intel (LP) Lg=55 nm CMOS 
(Jan, IEDM ’05)

toxinv= 2.4 nm (EOT=1.39 nm)
Vt = 0.45 V
RSD = 320 Ohm-micron
δ = 105 mV/V
S= 100 mV/decade
vxo= 9.15 x 106 cm/s

Model reproduces 
ID-VGS reasonably well

with just six 
parameters
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nFET ModelnFET Model--Data comparison: Output IData comparison: Output I--VV

Model reproduces 
ID-VDS reasonably 
well with just six 

parameters
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Intel (LP) Lg=55 nm CMOS 
(Jan, IEDM ’05)

toxinv= 2.4 nm (EOT=1.39 nm)
Vt = 0.45 V
RSD = 320 Ohm-micron
δ = 105 mV/V
S= 100 mV/decade
vxo= 9.15 x 106 cm/s

Intel (H-P) Lg=35 nm CMOS 
(Tyagi, IEDM ’05)

toxinv= 1.9 nm (EOT=1.2 nm)
Vt = 0.37 V
RSD = 160 Ohm-micron
δ = 130 mV/V
S = 130 mV/decade
vxo= 1.35 x 107 cm/s
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• A 5-parameter physical FET (carrier transport) model
for analyzing device performance

• Historical trend of channel carrier velocities and their
correlation with carrier mobilities

• CMOS technology scaling trends – aggressive “High 
Performance” scaling scenario

• Application of model to predict performance and draw
conclusions about “roadmap” requirements

• Potential device architectures
• Conclusions 
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Historical MOSFET Switching DelayHistorical MOSFET Switching Delay

• Historical performance has followed gate length 
scaling remarkably well. 

For details see 
Antoniadis et al.
IBM JRD 2006 p. 363
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Historical Carrier Virtual Source VelocityHistorical Carrier Virtual Source Velocity

• Virtual source velocity, vxo, increased significantly to 
compensate the increase in the time delay prefactor. 

• Strain has been essential for continuous vxo increase

st
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Khakifirooz et al. IEDM 2006
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What Determines the VirtualWhat Determines the Virtual--Source Velocity?Source Velocity?

1≤

0 V
VG VD

Qi(xo)

L0 x

EC vxo

xo

vθ

vxo=Bvθ

vxo: virtual source velocity
vθ: unidirectional thermal velocity (Ballistic)

where B is the ballistic efficiency factor   
(B=1 means fully ballistic transport)

xovv ≥θSince          ,    1≤B

• Can practical nFETs become ballistic (B=1) ?
• What is the limit of vθ (electrons) in practical Si devices?
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What Determines What Determines vvxxoo? [continued]? [continued]

• vθ , mobility, and mean free path, λ
are closely related

θBvvxo =

l
l

r
rB

/2
/

1
1

λ
λ
+

=
+
−

=

100

200

300

400

500

600

700

Enhanced
Mobility

100

200

300

400

500

600

700

0 0.5 1 1.5
Effective Field (MV/cm)

El
ec

tr o
n

M
ob

ilit
y

(c
m

2 /V
.s

)

2 x 1018

8 x 1017

3 x 1017

7 x 1016

80%

0 0.5 1 1.5 2 2.5
1

1.5

2

2.5

3

Effective Field (MV/cm)

1% <110> Uniaxial
1% Biaxial
Relaxed

NA = 1×1018 cm-3

2×1018 cm-3

B
al

lis
tic

 V
el

oc
ity

 (1
07  c

m
/s

)

January 2007 14

MobilityMobility--Velocity Relationship (at fixed QVelocity Relationship (at fixed Qii))
1 1,

with 0.5  for uniaxially strained Si.
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• The incremental velocity-mobility correlation factor,
K, can be determined from experimental data

• Then, applying theory we can estimate the transmission
ratio and therefore how close to ballistic limit
devices operate

How close to the ballistic limit?How close to the ballistic limit?

[ ]
μ
μ

μ
μβαα ∂

=
∂

+−−+=
∂ KB
v
v

xo

xo )1)(1(

January 2007 16

Carrier VelocityCarrier Velocity--Mobility CorrelationMobility Correlation

• The ratio of velocity change to that of mobility in modern
technologies is higher than the commonly accepted value of 0.5
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Theory: Critical Channel Length  vs. MobilityTheory: Critical Channel Length  vs. Mobility

NFET Simulation by NanoMOS (NEGF + scattering)
Used for both electrons and holes
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Theory: Relative Change in Ballistic Velocity vs. Relative Theory: Relative Change in Ballistic Velocity vs. Relative 
Change in MobilityChange in Mobility
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• For the IEDM ‘05 Intel 65 nm CMOS technology, which uses
uniaxial strain for electron and hole mobility enhancement we
can estimate how close to the ballistic limit LG=35 nm FETs are:

• We can conclude that state-of-the-art FETs operate at 
~65% ballistic efficiency

Estimation of Transmission Coefficient Estimation of Transmission Coefficient 

65.0
1

1 ≈
+−

−
−=

βα
αKB
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• For unstrained Si, vxo increases with scaling primarily because 
r decreases, while vθ nearly constant (modest increase with Eeff).

• B is estimated to have reached 0.6 at Lg~ 65 nm (unstrained) for
both electrons and holes.

• Introducing strain, vxo increases primarily because vθ increases while
B (~0.6) nearly constant with further scaling.

• B unlikely to increase much above 0.6-07 in practical 
“32 nm” FETs

Historical Evolution of vHistorical Evolution of vxoxo
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Si Ballistic Electron Velocity, vSi Ballistic Electron Velocity, vθθ

Calculations based on assumption that 
only Δ2 valleys are populated 
under strain. 

1% Biaxial strain: Increased degeneracy 
and smaller effective mass

1% <110> Uniaxial Strain: More effective 
mass change (Uchida IEDM 05)

• Unlikely to have vθ (Si-electrons) larger than ~2.5x107 cm/s
i.e. at ~1% uniaxial tensile strain
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• Contacted pitch, Lpitch is the main driver: 30% per generation

• Performance scaling both historical and projected based on 
feature dimensions

Scaling scenario, 130 to 15 nm CMOSScaling scenario, 130 to 15 nm CMOS

“Aggressive (HP) Scaling Path”
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January 2007 23

(“130 nm” to “15 nm” CMOS generations)

• Key feature sizes

Shaded: Projection

toxinv
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Scaling scenario, 130 to 15 nm CMOSScaling scenario, 130 to 15 nm CMOS
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• Ioff and Vdd given
• Vt calculated to meet Ioff target, given SS (S) and DIBL (δ)
• No Band-to-band tunneling leakage is included in Ioff

10 20 30 40 50 60 70
0

0.5

1

1.5

Gate Length (nm)

Vo
lta

ge
 (V

)

Vdd

Vt

10 20 30 40 50 60 70
10-8

10-7

10-6

10-5

10-4

Gate Length (nm)

Io
ff 

(A
/u

m
)

)/log(/ offgreft ILWISV =
where: Ιref= 3 μA

Scaling scenario, 130 to 15 nm CMOSScaling scenario, 130 to 15 nm CMOS



January 2007 25

10 20 30 40 50 60 70
0

0.5

1

1.5

2

2.5 x 10-3

Id
sa

t a
nd

 Ie
ff 

(A
/u

m
)

Gate Length (nm)

Idsat

Ieff

Virtual Source Velocity, vxo
(given)

Idsat and Ieff
(calculated)

10 20 30 40 50 60 70
0

0.5

1

1.5

2 x 107

Gate Length (nm)

So
ur

ce
 V

el
oc

ity
 (c

m
/s

)

Scaling scenario, 130 to 15 nm CMOSScaling scenario, 130 to 15 nm CMOS

It is assumed that vxo will peak
at “45-nm” somewhat above
“65-nm” and stay constant with
scaling

Both Idsat and Ieff peak at “65-nm”
with assumed Vdd=1.2 V and degrade
sharply with assumed Vdd and EOT
scaling 
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Much of the “counter-scaling” of delay is due to reduction of Ieff
scaling beyond “65-nm” generation
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Given the geometry, εins, ρc, and Rsh :
Calculate Cc and Rs

Rext assumed constant, 45 Ω−μm
Cf assumed constant, 0.5 fF/μm
(To include both S/D and Miller effect
multiply Cc and Cf by 3)

εins (SiN)

ρcSheet, Rsh

shctr

trsilcdcshextcextS
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Scaling scenario, 130 to 15 nm CMOSScaling scenario, 130 to 15 nm CMOS
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Required Electron Velocity, vRequired Electron Velocity, vxoxo, to Meet Target , to Meet Target ““HH--P 32 nmP 32 nm”” ττ

32 nm Generation
Lg = 26 nm
toxinv=1.63 nm
Vdd = 0.9 V
Ioff = 300 nA/μm

Target: 
τ = 1.1 ps

Range of ballistic
electron velocity
in uniaxially strained
Si

• Trade-off between virtual source velocity and electrostatic
integrity for different source resistance  values

Target delay here is the nFET delay metric.  
For overall CMOS delay scaling it is assumed that
pFET will have to scale proportionally to nFET
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• Trade-off between virtual source velocity and electrostatic
integrity for different values of toxinv

• Direct sensitivity to toxinv is rather modest, particularly in the presence
of RS and DIBL

• However, reduced toxinv would somewhat reduce SS and DIBL

32 nm Generation
Lg = 26 nm
toxinv=1.63 nm
Vdd = 0.9 V
Ioff = 300 nA/mm

Target: 
τ = 1.1 ps
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Vdd=0.9 V

Required Electron Velocity, vRequired Electron Velocity, vxoxo, to Meet Target , to Meet Target ““HH--P 32 nmP 32 nm”” ττ
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ρc=2.5x10-8 Ωcm2

toxinv=1.63 nm

Vdd=1.0 V

Vdd=0.9 V

• Effect of increasing Vdd by 10%
• Increasingly beneficial as electrostatic integrity diminishes, 
i.e. SS and DIBL increase

32 nm Generation
Lg = 26 nm
toxinv=1.63 nm
Vdd = 0.9 V
Ioff = 300 nA/mm

Target: 
τ = 1.1 ps

Required Electron Velocity, vRequired Electron Velocity, vxoxo, to Meet Target , to Meet Target ““HH--P 32 nmP 32 nm”” ττ
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• Assumed: Gate height = 3xLg
• “Nitride spacers”: gate fully embedded in SiN (k=7.8)
• “Oxide spacers” : gate fully embedded in SiO (k=3.9)
• “Planar fringing” ignores non-planar caps:  Cf

*=Cf=0.5 fF/μm

32 nm Generation
Lg = 26 nm
toxinv=1.63 nm
Vdd = 0.9 V
Ioff = 300 nA/mm

Target: 
τ = 1.1 ps
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• Fringing capacitance has a very significant effect at short Lg
because of the Cf

*/CoxinvLg term in delay.

Required Electron Velocity, vRequired Electron Velocity, vxoxo, to Meet Target , to Meet Target ““HH--P 32 nmP 32 nm”” ττ
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Reduce Rsd
(ρc: 3     1x10-8 Ωcm2)
or reduce Cf

*

(SiN SiO)
or increase Vdd
(0.9 V   1.05 V)

Reduce EOT
(toxinv :1.6    1.3 nm)

Reduce SS and DIBL

~vθ,max

• Can vθ (electrons) in practical Si exceed 2.5x107 cm/s?
• Can practical nFETs become ballistic at Lg~26 nm (B=1) ?

These goals appear out of reach of Si channel

• What then?

Can Can ““HH--P 32P 32--nmnm”” performance be improved?performance be improved?
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Electrostatics: Keep the MOSFET Well TemperedElectrostatics: Keep the MOSFET Well Tempered

• As L is reduced, gate loses control of channel 
charge 

– Short channel effects
– Bulk OK for L> ~30 nm 

• Technology solutions for L<~25 nm:
– Ultra-thin Si channel body
– Multi-gate channel

• “32 nm CMOS” is on the cusp!

L

haloChannel
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Thin body MOSFETDouble or triple-gate 
structures (non-planar)
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oxide

S D

G
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Concluding RemarksConcluding Remarks

• Channel carrier velocity is the key performance 
parameter

• Revised parametrized [H-P] device “roadmap”
• Uniaxial strain increase has been effective in 

increasing velocity though 65 nm node.  There much 
not much left for 45 and 32 nm nodes

• 32 nm performance will slip off trend unless 
electrostatic integrity is improved, and EOT and 
parasitic resistance are reduced

• Non-planar device architectures offer improved 
scalability but…
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Concluding Remarks [continued]Concluding Remarks [continued]

• Potentially increased RSD and Cf
*

• Potentially increased device variations
– Trade Random-Dopant-Fluctuation for Tsi and/or Wsi

variations
– Lose halo Vt stabilization against LER and ACLV 
– Workfunction variability if adjustable for Vt tuning or,
– Trade tuned- and multi-Vt ability for fixed gate workfunctions
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