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Analytical modelling and performance analysis of
Double-Gate M OSFET-based circuit
Including ballistic/quasi-ballistic effects
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Bulk MOSFET FD SOl MOSFET DG MOSFET New devices:

o —

1

Context

- Nanowire
- Nanotube

Stmp
o—t—o

!
l l N g

~—> Excellent electrostatic control e—> Better | /I 4 ratio

—> Undoped film (no more doping fluctuation) —> X

«—> The reduction of channel length =—> New transport properties

To take advantage of this new devices, designers ne  ed a model,
particularly a compact model to design future circu its.
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Our objective %

~ Downscaling of MOSFET to Emergence of physical

nanometric dimensions === phenomena such as
ballistic transport

M. Vinet et al CEA-LETI 2007
Evaluation of the ballistic transport on circuit pe rformances

Verilog-A environment
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Mf I1.1) Schematic view of electronic transport ’ S
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Diffusive transport Quasi ballistic transport Ballistic transport

Downscaling to nanometric dimensions

>

Front Gate

A lot of interaction Some interaction / No interaction

Back Gate

The main difficulty is to implement an unified comp act model
which links the diffusive to the ballistic transpor t.

e Impurities e Electron .
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2@ 1I.1) Schematic view of electronic transport ’ S
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Diffusive transport Quasi ballistic transport Ballistic transport

The well adapted parameter
Is the mobility ( )

The well adapted parameter
is the mean free path ( 1)

Boltzmann Transport Equation

{ /
Current continuity ]

[
[ Closure relation ] [

(on average energy

v

{Drift Diffusion model [1] ]

or McKelvey theory [2]

One flux theory J

J =q.D .0n+gnu .E

[Our model is based on this formalism !!!

Ce:] [1] T. Grasser et al TED Feb 2003
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11.3) Physical assumption on backscattering coefficient

Fs@ Fgpo 171X Fq(x+ b0 Physical assumption [1-2] :
A =P ==) W >> > - Non degenerate semiconductor
Roo 3| rax: §r.dx - Constant electric field
R I - No generation or recombination
¢= ¢= ( ....... ¢=
o 1-r.dx ’ _
SOURCE L Foo Fpeo & - Fp 0+ a0 DRAIN F_ = Drain flux

F.o = Source flux

R, = Backscattering coefficient

O x oo : I = scattering probabilities

‘ FD<x)/FS<x) — R(x)

" For constant electric field : ) Kg-T_ 4 . )
r - KT
R = ; . N 1L — - L_+A
~ Jr=r.reothlx./r’=r.r]+r R= -
- - - ( - - ) - = KT -1 1 M. Lundstrom
ith - r=(r+r)/2 -1 EDL Jul. 1997
\_ with: T (r k) Y, [L. Q-Vosj Ve +A \_ _J
\ 1_ e k.T j
&) [1] J. P. McKelvey et al Phys. Rev 1961

G [2] M.Lundstrom et al TED 2002 WCM MARTINIE Sébastien 06/04/08 | 8
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11.4) Current model

The Backscattering coefficient [1]: A
Graphical definition of kT-Layer [1]:
kT-Layer: the critical distance over which
scattering events modify the current T v
L _
R= KT kT/q
L + /D\
. KT
mean free path: effect of scattering process L. =L, —— o
Ve position
We obtain the current versus potential characterist ICS in presence of scattering processes:
R,
—qVps
ls ) (1-R).I _ 1-R 1-e /kT
> —> | =W.Co,- (Vs —Vr)-Vip. —
1+R 1-R) _~Wos/
«— 1- e /kT
(1-R).I, ., 1+R
RI < [akT . |
P with: V¢ =,/—— is the thermal velocity
mTm*

W: gate width / C, : gate oxide capacitance/ Vg : gate to source voltage / Vg the drain to source voltage
V; : threshold voltage / k the Boltzmann constant / g : electron charge / T the lattice temperature.

g : [1] M.Lundstrom et al JCE 2002
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(. MINATEC

Source

111.1) Verilog-A model %

[VT =V, — AVT]

[ Symmetrical Double gate

J

.

1-R_ dfp
1+R 2L, +dfp

and dfp(‘gbal ) = Voal Tiot

- lonized impurity, optical and acoustic phonon are
taking to account here.

v

I :@.W.f (S) -Cox- (Vs AV

T

v

7’

”

_

~

/

T Interpolation function

' | S-swing parameter mV/dec v

GS

N

/
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Threshold voltage use the Suzuki's model and our in

| =2W .C Vi -
?\“‘V‘B Qi R
1_
Vi =V —AVy

160

140

120

100

80

S-swing (mV/decade)

60

40

I11.2) Short channel effects

terpolation function [1]:

—0qVps
1 —_ e k.T

interpolation

function S_swmg parameter
0.3
0.25
- . S
()
g o2
- 1 )
>
: o
| locurrent increase | S 015
4
£
- 0.1
0 210° 410® 610® 810® 1107 0.05

Channel length (nm)

(Hje_qVD%.T

1+R

Short channel effect influence

—

B Vps=0.7V 7
t4=10 nm

tx=1.2 Nnm

r N,=1¢15 cm-3 7
Ng4=1¢20 cm-3

0 20 40 60 80 100 120
Channel length (nm)

Finally our model describes all short channel effec ts
by using the analytical Suzuki's approach.

( MINATEC

[1] K Suzuki et al TED 1996
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As described before the R= Lir o r We introduce a new s R= Lt
backscattering coefficient was: L +A Lcharacteristic length ( dfp) L. +dfp
The definition of this dynamical mean free path (  dfp) [1] is:
4 A
_ o > 1
dfp(Epa ) = Viar (Eba )-Tiot (Ebal ) Tiot (Epa) = 1 T
+

Timp (€bat) T phonon (€bar )

_ 3 > < \ imp al phono! al !
Epa = KT +0QVpe Voal (Epal ) = =
2 m /

3 1

Timp (gbal ) U gbaIE Tphonon (gbal) N €pal 2

The dynamical mean free path is a local free path o  f ballistic carriers.
It represents the average distance to be crossed be  fore the next scattering event.

[1] E Fuchs et al IEEE TED Oct 2005

{ MINATEC
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I\VV.1) Device simulation DGnMOS and DGpMOS

D
G
S
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S L.=100 nm 3 10° - i
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—— Ballistic 0 10 Th — Ballistic |
4103L v Quasi ballistic 4] e Quasi ballistic
| | | | | ! 10'8 | | | ) | | |
-06 -04 0.2 O 02 04 0.6 -06 -04 02 O 02 04 0.6

Gate voltage V s V)

-----
.............
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T
e
e
-
e
o
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_______________________________________
___________________________
..............
----------
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- g
--------------
......
.....

L.=200, 100, 50, 40, 30, 25 and 20 nm

—— Ballistic
Quasi ballistic

01 02 03 04 05 06 0.7
Drain to source voltage V oS V)

Gate voltage V s V)

- The drain current is independent of the
channel length in ballistic case, except for
the smallest lengths for which short channel
effects are exacerbated.

- In contrast to the ballistic case, the quasi-
ballistic transport has the same behavior
compared to diffusive transport.
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IV.2) CMOS inverter ks

osl 1 -,‘}l.. || D| Quasi ballistic transport Vos=Ve
' L.=100 nm :
Vdd =0.7V v,_. 05 [ ¢ N -ﬁ"‘“-- i ."..'0 . E
3 S i
3 %, .
> . i &3 1
> 04 R N Vs
DG pMOS 2 :
S 03- b isti
= Balistic transport
Vin Vout 45 4
DG nMOS 2 02| 7 2
8 DGNMOS = DGpPMOS
0.1 - — Ballistic i
e Quasi ballistic 3 Ve
0 | | | I
0 01 0.2 03 0.7
Input voltage V .
Quasi-ballistic 2 Ballistic —> Ballistic with SCE
0.7 ‘ 0.7 ——
<067 0.6
S S
505 <0.5
> >
04+ . = 1
S — Ballistic v 04 L=20 nm
S a2l b e i ioti ] =
g 03 - Quasi ballistic £ 03 L.=100 nm
' >
302} 3 0.2 .
S 5 5
©o01r O 01 .
0 L.=100 nm K}v Ballistic
L L L L — . O L L | | L ,
Ce:] 0 01 02 03 04 05 0.6 0.7 0 0.1 02 03 04 05 06 0.7

Input voltage V n V)

Input voltage V o V)
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Oscillation frequency (Hz)

IVV.3) Ring oscillator

e Do

40

Channel length (nm)

oavdd |
f*=2Nt, =C. [ =dV,
c ;; 0.9vdd
L 9

—— Ballistic 510
------- Quasi ballistic

N

Iz 310° L.=30nm

> .

(@) .

GC) \\ — Ballistic

g I S NI Quasi ballistic

9 N\

= h

S

g 10" -

8 3 108 L= 100 MM ST e

©_ . T

~ 6 10

60 80 100 02 03 04 05 06 0.7 0.8 09 1

Charge capacitance (pF)

-Oscillation frequency is strongly impacted

by short channel effects and

the type of transport (Ballistic/Quasi-Ballistic)
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f’m/zm’ CONCLUSION %

«— A unified compact model for DGMOS taking into accou nt
Ballistic / Quasi-Ballistic transport and short cha nnel effect
has been developed and implemented in Verilog-Aenv  ironment
to obtain a complete description of current charact eristics
(sub 32 nm node)

«—> Our simulation results proved that the Ballistic

|_|>‘J_ {>CJ_ {>% transport improves the _s.tat_lc and transient
I T T performances of circuit elements.

L This work also demonstrates the feasibility of a si mulation study of
Ballistic / Quasi-Ballistic transport at circuit le vel and
highlights the direct relation between
the type of transport and circuit performances
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