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Yes;
thin Si is needed, but

optimal structure is not yet
known. Thicker oxides and

longer channels could
yield superior performance
relative to anything else.
CMOS Scalability to Lgate < 50nm

GG

FD/SOIPD/SOI
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Si Substrate

DBS

Si Substrate

DBS

BOX

G

Si Substrate

DBS

BOX

No,
but with performance

advantage over bulk Si to
the scaling limit, which

can be enhanced in
strained Si/SiGe
technologies .

Maybe,
but how far depends 

how thin the Si-film bo
can be made; tSi < 10nm

will be needed.
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D sics, Superior Features

0nm

nm

res of the intrinsic DG MOSFET.

rt-channel effects (SCEs)
si-ballistic/ballistic transport

rmal injection velocity (vinj)
ntum transport (S-D tunneling)

b charge coupling
pendent quantization (QM)
OS with Fermi-Dirac statistics
e inversion
efinedµn and vinj

⇒

⇒

G MOSFET: Challenging Technology, Complex Phy

tSi < 1

n+ n+p

ΦGf
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Gf

Gb

toxf

y

x

Lmet 10

toxbΦGb

The gate charge coupling underlies several unique, advantageous featu

*  sho
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*  the
*  qua

* Gf-G
*  tSi-de
*  2D D
*  volum
*  QM-d
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Asymmetrical DG nMOSFET Symmetrical 

Notes: Carrier degeneracy for high VGS.

Different inversion-layer centroids, or average depths (i).

Asymmetrical device: one predominant channel (for mo

Symmetrical device: two channels for high VGS; volume in

* D. Vasileska and Z. Ren, Purdue Univ. , W. Lafayette, IN, Feb. 2000.
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Modeling

roximations.

mall number of
and physics.

inimal measurement-
ded for numerical device

ivity analysis,next-
ed-mode device/
ign and analysis with
vice design and

owUFDG .....
Process-Based Compact Device 

* Truly physics-based, with key simplifying app

* Device structure-dependent, with relatively s
parameters that relate directly to processing 

* Straightforward parameter evaluation, with m
based tuning of key parameters (like that nee
simulation).

* Predictive, enabling reliable IC TCAD, sensit
generation performance projection, efficient mix
circuit simulation, as well asreliable circuit des
strong link to technology. Can aid advanced de
technology development.

*  UFPDB for bulk-Si and PD/SOI MOSFETs; n
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U l for DG MOSFETs

ting forparasitics as well as
s design optimization.

solution (withSCEs), with QM-
nt diffusion current.

 (nMOSFET); then link, via

j), via variational approach
compact self-consistent

deling)and vsat(eff)(> vsatfor

t IDS(VGfS, VGbS, VDS, VBS),

d including tSi dependences.

 Gf, Gb, D, S, B.

ned by bias-dependent VGfS
hereby facilitated.
FDG: Generic Process-Based Compact Mode

* Is being developed toproject performance of DG CMOS, accoun
the intrinsic features of DG MOSFETs, and to thereby aid it

* Weak-inversion formalismbased on approximate 2D Poisson
defined shifts of surface potentials(∆φw(QM)(E0) and predomina

* For strong inversion, solve classical 1D Poisson:

derivedφ(VGfS, VGbS), to iterative solution of Schrödinger (ψj, E
with 2D DOS and Fermi-Dirac statistics, for updated Qi(Ej), φ(x):
Poisson-Schrödinger solver.

* Modelquasi-ballistic transportvia µn(Εx, tSi) (based on QM mo
carrier velocity overshoot) with vinj (ballistic) limit.

* Integrate from S to D to ge

modeling v(y) in terms of Ey, µn, and (bias-dependent) vsat(eff), an

* Definecorrelated terminal charges: Qj(VGfS, VGbS, VDS, VBS), j =

* Usespline interpolationof Ich and Qj for moderate inversion,defi
boundaries (VTW and VTS). Truly physics-based modeling is t

d
2φ

dx
2

--------- q
εSi
------n x( )≅

I ch WQi y( )v y( )– W Dn
dQi y( )

dy
-----------------+=
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A as well as DG MOSFETs

 forvolume-inversion effects.

n+ gates

d potentials,
ric fields

1.0

QM Qi & Ich

Sym. DG nMOSFETs:

tox=1.5nm

NA=1017cm-3

 channel
UFDG:
 Generic Compact Poisson-Schrödinger Solver for FD/SOI 

The QM solution is also the basis for theµn(Ex, tSi) modeling, accounting

Classical PE
(charge coupling,
inversion-charge
distribution)

potentials, SWE
(eigenfunctions,

eigenvalues,
2D DOS, F-D)

update
 electelectric fields

0.0 0.2 0.4 0.6 0.8
Normalized Position x/tSi
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m
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Model
SCHRED

VGS = 1.5V

1.0V

0.6V

1.5V

tSi = 20nm

tSi = 5nm

(classical Qi & Ich)

SWE analytical
solution is derived
using a variational
approach, then
coupled to PE
and Qi(VGfS, VGbS)
via Newton-Raphson
iteration.

in Si



J. G. Fossum / Page 8

)

inversion
nt

f) & S(Leff)] ,

ΦGf

Gf

Gb

toxf

toxbΦGb

tSiB
Leff

S D

y

Short-Channel Effects (SCEs

2D Poisson equation (for weak inversion),

 ,

is solved in (rectangular) body/channel (B) region by assuming

in Poisson, and applying the (four) boundary conditions
(including surface-state charge at the gate-channel interfaces).
The derived potential defines the (classical) integrated (over x) 
charge (Qi) and an effective channel length (Le < Leff) for predomina
diffusion current (in y), and thus accounts for:

*  S/D charge (impurity and/or carrier) sharing [Vt(Lef

*  DIBL (front and back interfaces) [∆Vt(VDS)] .

∂2ψ

∂x
2

---------- ∂2ψ

∂y
----------+

qNCH

εSi
---------------≅

φ x y,( ) α0 y( ) α1 y( )x α2 y( )x
2

+ +≅

x
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T)

e:

 ,   j = 0, 1, 2, ... ;

ition parameter.

Si-film:

 .

 .

1, 2, ...

i



φ x( )

)

QM Modeling (e.g., for nMOSFE

• Trial Eigenfunction for Asymmetrical (Generic) DG Devic

aj are normalization constants, andη is a charge-part

• SolvePoisson equation for the electric potentialφ(x) in the 

• UseSchrödinger equation to get subband energies:

• Apply QM variational approach:

, j = 0, 

ψ j x( )
a j
2
------ 2

tSi
-------

j 1+( )πx
tSi

------------------------ 
  e

b j x tSi⁄–
ηe

b j tSi x–( ) tS⁄–
+

sin=

d2

dx2
----------φ x( ) q

εSi
-------- NA n x( )+( ) q

εSi
-------- NA Ninv ψ x( ) 2+( )= = ⇒

h2

8π2mx

------------------
d2

dx2
----------ψ j x( ) q–( )φ x( )ψ j x( )+– E jψ j x( )= ⇒ E j b j(

dE j
db j
---------- 0= ⇒ b j tSi

qmxπ2 Qd eff( )
5
6
---Qi+ 

 

j 1+( )εSih
2

-------------------------------------------------------------

 
 
 
 
  1 3⁄

≅
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 defines Qi here)

•

lume inversion.

0.4 0.6 0.8 1.0
x/tSi

UFDG
SCHRED

tSi = 5 nm

 20 nm

1.5 V

.6 V

trical DG nMOSFETs
QM Model Verification via SCHRED (which

Eigenfunctions

• For thin-tSi symmetrical DG MOSFET, VGS vo

0.0 0.2 0.4 0.6 0.8 1.0
x/tSi

0.0

1.0

2.0

ψ
0 

(x
10

4  
m

-1
/2

)

UFDG
SCHRED

VGS = 1.5V

1.0V

0.6V

1.5V

tSi = 20nm

tSi = 5nm

0.0 0.2
0.0

1.0

2.0

3.0

ψ
0 

( 
x 

10
4  

m
-1

/2
)

tSi =

1.5 V

VGS = 0

AsymmeSymmetrical DG nMOSFETs

⇒
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•

al DG MOSFET.

trical DG nMOSFETs

E1
′

E0
′

E1

.6 0.9 1.2 1.5 1.8
VGS (V)

G
RED

nm

E0
Subband Energies

• QM effects are more significant in asymmetric

Symmetrical DG nMOSFETs Asymme
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•

to the quantization.

trical DG nMOSFETs

0.4 0.6 0.8 1.0
x/tSi

UFDG
SCHRED

VGS = 1.5V

tSi = 5nm

0nm

0.6V

5V
Electric Potential

• Note that n(x) does not correlate directly withφ(x) due 

Symmetrical DG nMOSFETs Asymme
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(to get Qi)

W

el (0 < y < Le).

nel length (Le).

S ration:

j = 0, 1 .

ensity-of-states effective
 QMD, which are

lution.

hannel (0 < y < Le).

 modulation (Leff - Le).

M (VTW,TS, VGbS)].

φsf– )
-------------------
QM Model Implementation in UFDG

eak Inversion: φsf,b = φsf,b(CL) - ∆φ(QM)[E0(VGfS, VGbS, tSi)].

• Diffusion current follows from integration along chann

• 2D Poisson solution defines SCEs and effective chan

trong Inversion: Inversion charge viaNewton-Raphson Ite

• Uncertainty in the effective mass mx (mx’) and the 2-D d
mass md (md’) suggests two tuning parameters,QMX and
generally unity: mx = mx/QMX and md = md/QMD.

• QMX is also used as a flag:QMX = 0 gives classical so

• Drift/diffusion current follows from integration along c

• 2D Gauss solution near drain defines channel-length

oderate Inversion: VTW and VTS are increased via∆φ(QM)[E0

Qi–
4πqkBT

h2
---------------------- gmd 1

ni
2

NcNA
-----------------

qφsf E j–

kBT
-------------------------

 
 
 

exp+
 
 
 

ln
j

∑



=

g′md
′ 1

ni
2

NcNA
-----------------

qφsf E j
′–

kBT
-------------------------

 
 
 

exp+
 
 
 

ln
j

∑ 



+
Coxf VGfS VFB

f–(

γ------------------------------------------------=
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ED

•

run-time.

Gate Capacitance

0.6 0.9 1.2 1.5
 = VGbS (V)

lassical

QM

toxf = toxb = 3nm
tSi = 10nm
NA = 1015 cm-3

VDS = 0.0 V
More UFDG Verification via SCHR

Electrical Properties (Symmetrical DG nMOSFETs)

• UFDG has classical option; QM doubles 

Integrated Inversion Charge Density Intrinsic 

0.0 0.3 0.6 0.9 1.2
VGfS = VGbS (V)
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0.4

0.8

1.2

-Q
i/q

 (
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013
 c

m
-2

)

UFDG
SCHRED

Classical

QM

toxf = toxb = 3nm
tSi = 10nm
NA = 1015 cm-3

ΦG ~ mid-gap
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VGfS
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0.6
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1.8

2.4

C
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m

F
/c

m
2 )

C
UFDG
SCHRED
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•

uning!

ic Gate Capacitance

D

VDS = 0.0V

QM

Classical

.3 0.6 0.9 1.2 1.5
VGS (V)
Electrical Properties (Asymmetrical DG nMOSFETs)

• Note QM effects;no UFDG parameter t

Integrated Inversion Charge Density Intrins
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eling

M

d by the doping density,
ing due to surface states,
on-limited mobility;

ll as Si-film thickness,
antum-mechanical
efines the form factor for
rface-roughness scattering:

 generally unity).

1

ph
--------
Physical (QM-Based) Mobility Mod

atthiessen Approximation:

whereµ0(bulk) is the mobility in the bulk silicon define
µco is the carrier mobility limited by Coulomb scatter
µsr is surface roughness-limited mobility, andµph is phon
µco is assumed constant, leading toµ0.

Both µsr andµph are dependent on electric field as we
characterized via theBoltzmann transport equation andqu
perturbation theory, and on the notedQM modeling, which d
the phonon scattering and the matrix element for the su

µeff = µeff[ψj(VGfS, VGbS, tSi)]

with only three parameters (µ0, andθph andθsr which are

1
µeff
-----------

1
µ0 bulk( )
------------------------

1
µco
---------

1
µsr
--------

1
µ ph
-----------+ + += ⇒ 1

µeff
-----------

1
µ0
------

1
µsr
-------- µ---+ +=
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arlo *

on Scattering

s.

xf = toxb = 3nm

A = 1015 cm-3

G ~ mid-gap

DG nMOSFET
Mobility Model Verification via Monte C

Composite Mobility: Surface-Roughness + Phon

• Note the strongεeff and tSi dependence

106 107 108

εeff (V/m)

300

600

900

1200
µ n

(e
ff)

 (
cm

2 /
V

s)

tSi = 10nm

tSi = 20nm

Model
Monte Carlo

to
N
Φ

S

* F. Gámiz, et al., Proc. 10th Internat. Symp. SOI Tech. and Devices, May 2001.
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g

ransport (withvelocity

nce equation (i.e., the 2nd-

nergy, which defines the

 electric field along the

eparasitic BJTmodeled

d as

effective saturated drift
More Physical UFDG Modelin

Physical accountings forimpact ionization and quasi-ballistic t

overshoot) are based on a simplified form of the energy-bala
order moment of the Boltzmann transport equation (BTE)):

where Tc is the carrier temperature [defined by the kinetic e

impact-ionization rate (α) and the carrier mobility (µ)], Ey is the

channel, andτw is the energy-relaxation time. With Ey(y) and th

in UFDG, the impact-ionization current is then characterize

and, with the 1st-order moment of the BTE incorporated, an 
velocity, reflecting overshoot, is defined as

 .

yd
d

Tc y( ) T–( )
Tc y( ) T–( )
5vτw 3⁄( )

----------------------------+
2qEy y( )

5kB
---------------------=

I Gi Tc( ) α Tc( ) yd∫
high Ey– regions

I CH I BJT+( )=

vsat eff( ) Tc( ) µ Tc( )Ey y( )
y Lmet=

vsat>=
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ginning)

1.25 1.50

5V

1V

 ~ 85nm

d SCEs.

Self-heating?
(Turned off
in UFDG.)
UFDG Calibrations/Verification (just be

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

DG nFinFET*
(Lgate = 65nm, tSi = 45nm, tox = 3.3nm)

VDS = 1.

0.

VGS (V)

I D
S
 (

A
)

Measured Data

UFDG Predictions : Leff

Note that tSi ~ Leff/2 can yield well-controlle

*Devices fabricated and characterized at Motorola, Austin, TX.

UFDG SCE formalism
(e.g., for DIBL) needs
to be refined.
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OS

U racteristics:

M effect due to higher Ex.

uffice for scaled DG.

 simulations:

0nm.

xb = 3.0nm.

nm.

1015 cm-3.

olysilicon gates (Φmf =
ndΦmb = 5.13V) for
etrical DG devices.

DG device with back
ounded.
UFDG Application: SG vs. DG CM

FDG-Predicted Asymmetrical DG vs. SG nMOSFET Cha

• Both devices have thesame Ioff.

• SG is representative of bulk-Si devices. Note larger Q

• Note thatpolysilicon gates, with the QM effects,will not s

For UFDG

• Leff = 5

• toxf = to

• tSi = 10

• NA = 1x

• n+/p+ p
4.05V a
asymm

• SG is A
gate gr

0.0 0.3 0.6 0.9 1.2
VGS (V)

10-10

10-8

10-6

10-4

10-2

I D
S 

(A
/µ

m
)

 Classical
QM

 DG

SG

VDS = 1.0 V
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rojections

I  Ring Oscillator:

G at VDD=1.0V.

 so much higher CG.

 SG devices).

.2

%

UFDG/Spice3 Speed-Performance P

ntrinsic Propagation Delay from a 9-Stage CMOS-Inverter

• DG CMOS is much faster; e.g., 41% faster than S

• The speed superiority is due tomuch higher Ion and not

• It is enhanced by QM effects(which are worse in

0.5 0.6 0.7 0.8 0.9 1.0 1.1
VDD (V)

0

30

60

90

120

D
el

ay
/s

ta
ge

 (
ps

)

1

 Classical
QM

SG
 DG

 Gf/Gb-S/D Overlap = 40
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O

• terpartat relatively low VDD,
anced by QM.

ity, is also beneficial.

.5 1.0 1.5
VDD (V)

 Classical
QM
n-State Current (nMOSFETs):

TheDG-device Ion is greater than twice that of the SG coun
due mainly to the near-ideal gate swing S andenh

• Significant velocity overshoot, due to higher DG mobil

0.2 0.4 0.6 0.8 1.0 1.2
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I

version.

 moderate inversion.

.5
ntrinsic Gate Capacitance (nMOSFETs):

• The DG MOSFET CG is near-zero in weak in

• It is less than twice that of the SG counterpart in

-0.6 -0.3 0.0 0.3 0.6 0.9 1.2 1
VGS (V)
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FET Design

N 5V with poly gates:

s not viable!

0 50.0
0.0
5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
45.0
50.0
55.0
60.0
65.0
70.0

N
C

H
 (x10 18) [cm

-3]
UFDG Application: Scaled FD/SOI MOS

eeded thin tSi for DIBL < 100mV/V,high NCH for Vt ~ 0.2

•High SOI-channel doping density for Vt control i

5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.
Leff  [nm]

1.0

6.0

11.0

16.0
t S

i[
nm

]

UFDG
MEDICI

tof = 1.5nm

1.1nm

1.1nm

0.9nm

0.5nm



J. G. Fossum / Page 25

N gap gate:

e tolerated.

60.0

65.0

70.0

75.0

80.0

85.0

90.0

S
 [m

V
]

60.0

m

eeded thin tSi for DIBL < 100mV/V, withlow NCH and mid

•Ultra-thin SOI is needed, but moderate∆tSi can b

10.0 20.0 30.0 40.0 50.0

Leff [nm]

1.0

3.0

5.0

7.0

9.0

11.0
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t S
i [

nm
]

0.5nm

0.9nm

1.1nm

1.1nm

toxf = 1.5nUFDG
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D/SOI CMOS*
ns)

k-CMOS values)

1.00 1.05

i for Vt control.
UFDG/Spice3: Performance of Lgate = 28nm F
(9-stage Unloaded Ring-Oscillator Simulatio

Propagation Delay vs. Supply Voltage
(20% of Lgate overlaps S/D; RS/D assumed comparable to bul

Low-Power

High-Performance

τ d
 [p

s/
st

ag
e]

VDD [V]

tSi = 5nm
tSi = 7nm

0.65 0.70 0.75 0.80 0.85 0.90 0.95
2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

*Leff = 35nm, low NCH, midgap gates. Note use of tS
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developed as a generic
s well as DG

n-Schrödinger solver,
g thin Si-film DG and
nologies (and

 near the Lgate =
ance, but very thin
e needed.

ned with
otentially scalable to
extremely good
pment, with very thin
llenging.
Summary

* Process/physics-based UFDG is being
compact model, applicable to FD/SOI a
MOSFETs, including FinFETs.

* In essence, UFDG is a compact Poisso
and can be useful for optimally designin
FD/SOI MOSFETs and the CMOS tech
circuits).

* UFDG: FD/SOI CMOS can be scaled to
28nm generation with very good perform
SOI (tSi < 10nm) and metal gate(s) will b

* UFDG: DG CMOS, pragmatically desig
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