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review: the ballistic MOSFET

, H1L eVoslleT & -
l s =WC,, (VGS! VT) TW( (Boltzmann statistics)

“on-current”
| .. &
DS
finite channel Gs = Vbp
resistance T
\ VGS
| L
Vosar ' kT /q Vs
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review: the ballistic MOSFET

#11 ghos'keT &

IDsz\NCox(VGs! T)”TW( (1)
Questions:

1) How do we generalize eqn. (1) for Fermi-Dirac statistics
(essential above threshold)? Part 1

2) How do we properly treat MOS electrostatics?
(subthreshold as well as above threshold and 2D in
addition to 1D) Part 2
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generic model of a nano-device

L Gate 4
A
Er (E: D(E! Ug) %EFl-qVD
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[ﬁ%ﬁf(m(ﬁ—fz)d’f T(E)=D(E! U)% ]

NCN Supriyo Datta, “Concepts in Quantum Transport” www.nanoHUB.org
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the ballistic MOSFET and the generic model

E. {
E,, device
Eror + ___/_\____>

_ __/\ / N F2
13 1 \
contacts’ “— — — E (X

\ /v > X
thermal equilibrium
reservoirs, reflectionless
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expression for current

IDzﬂu#l'(E)M(E)(fl! f,)dE
h. —

\T_(E)zT(E)M(E)

1) semiclassical treatment of T(E)

2) parabolic energy bands for M(E)

transmission in the ballistic MOSFET

Ec
E o —»
Eror + = I~
/ ~ EFZ
—_——— AN
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> X
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energy subbands ina MOSFET
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current in a ballistic MOSFET

A

E.

1,0) L

\‘—'— €,(x)

> X

-
TE) 1= [TEME)f~1,)dE
. -

03 1.(0) —E
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transverse conducting channels (modes)

2q 2q 7
o= EME(L! L)AE  1,=2 [ ME)(f,-1,)dE
L (o)
P Assume that there is one subband associated
M (E) - with confinement in the z-direction. Many
subbands associated with confinement in the
y-direction
lowest mode

NCN M = # of electron half wavelengths that fit into W.
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transverse conducting channels below energy, E

M = # of electron half wavelengths that fit into W.

lowest mode
12— l
z y
.
I 2K? N
E! "(0)= -
1(0) o | |
2 2m' |E—¢€,(0
T ST Gl Lt C)
!
M (E) = int
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transverse modes below E (another approach)

1 m (Divided by 2 to account for the fact
0,5(E) =—,|=F=————=7 #/eV-Cm the spin has already been included in
! 2[ E- 31(0)] the current formula.)

M(E)=W . ng(E)dEzw‘/2m [;# 1)

11(0)

M(E) = number of transverse modes in the y-
direction with energy cut-off less than E.

z y |
W \/
V / /TSI
X
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2 #
= 7‘1 $ME)(f,! f,)dE
(0

_ 1+ !
lo=1711

| :2—:' ;J:,&M(E)fl(E)dE

11(0)

the drain current

M(E) =W,/2m [E - £,(0)] /=!

#

=2 $M(E)f,(E)dE
h.0

+ 2q 1 \/ E_gl(o) dE
h 7! ej 1+ e(E Er)/keT
:'_QNCN 15
the drain current; cont.
\/ [ ] I [E#&?l(O)]/kBT
.29 1 3 J2m |E" #(0)
! _W?!_'%%)/O 1+ glE Ee)/keT dE e [EF1#$1(O)]/kBT
2qvam' (k,T)"* 8 w2 L 2 v
+ - “H n F I _
=W ; Uy g wl'e)" 77 &g
. mk.T 2k, T N
vl T B9 () = M0, )7 )
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Fermi-Dirac integrals

1/2 nF= J.l_i_ennp

Fermi-Dirac integral of order 1/2

the drain current: cont.

%
! gFu((s) L [Ea# SOk T
! F2 " [EFz #$1(0)]/kBT
)Fuz (an) =[Er, #qVps # $(0)] /K T
=! F1 # qVDS/kBT

"Nyp , %
:\NqﬁT!TL&QC 1/2((F1)) 7:1/2((F2)-‘- ]

’
. f ,’
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o :m(%vTj[Flm(nH)_Fuz(an)]

the drain current: cont.

- [EF1 #$;(0)]/kBT
e, =la” qVDS/kBT

)

\ /EFZ =Eq ! Vs
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the Landauer picture of a nano-MOSFET

Ec 4
top of the barrier

LOL E, =07 ;

1.(X) QYDS \E

reservoir reservoir

— X

The gate voltage
controls the top of the
barrier, and, therefore,
€4(0).

L~

If we know ¢,(0), then
we know ng4 and npg,.

If we know Mg, and ng,,
then we know /.

ballistic channel

o NCN 20
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the generic model
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By KEED(E! U Vg
$ ST
= N
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filling states in a ballistic MOSFET (k-space approach)

N . 1
E E(k) , = 1+ (B! Era/ksT
EFl /
EFl qVDS
1 ,1(_0?_ = k -
\ —————
1)
> X
1

f' = 1+ e(E! Epy)/ksT
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filling states in a ballistic MOSFET (k-space approach)

4 . 1
E E(k), e
£ /
EFl - qVDS
T 10 ek
—_——— -~
£(X)
» X
| 1
f= ,
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filling states: summary

1) In a ballistic device with contacts in equilibrium
and identical connections to the contacts, each
state inside the device is in equilibrium - with
one of the two contacts.

2) Things are especially simple at the top of the
barrier: + velocity states are filled by the source,
and - velocity states are filled by the drain.

= ,,QNCN 25
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filling states in a planar MOSFET

€, vs. x for Vg = 0.5V

Increasing Vpg

I
' 10°

S
v, [ cm/s |

V. .=0.1V V. .=0.61
] S

£, (eV) >
/ ’,

-10 -5 0 5 10

.
U, [ cm/s |

0 U, | cm/s |

(Numerical simulations of an L = 10 nm double gate Si MOSFET from
o NCN J.-H. Rhew and M.S.Lundstrom, Solid-State Electron., 46, 1899, 2002)
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mathematics of filling states (energy space)

£, (top) _
4 ns(0)= J. Mfo(Em)dE
E
, D, lEY (0
ng (0) = # L%lfo (EFZ)dE
"1(0)
EFl
T !1(0) /T~ <
S N
L \
S———-1(3
\ » X
:"Q?CNHUB y 2
integration in energy space
", (top) " *
S D,[ET (0 m
ni(0)= # 2D[ 5 i )] fO(EFI)dE DzD(E):”z
0 I
m dE n=[E-&©O)]/k,T
ng(0) = 0/ 1 ?
S 2112 /(1 + e(E" Ery)/keT
CAO !Fl ! [EFI #‘ﬁ(o)]/kBT

. mkT?® d”
(0)=—=-2

N ’ N "
ng (0 2112 %E:TZDIH(l-FeF]): 22DF0( Fl)
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filling states in a planar MOSFET

N

n;(0)=%/:0(! Fl)

! NZD "
ny (0) = TFO( r2)

_mk,T

I 2

N, #lcm?
Ne = (EFl - 31(0))/k|3 T

Ny =Npy—qVps [k T

_ NCN
R

~/% nanoHUB..
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V. .=0.1V V. .=0.61

U, [ cm/s |
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filling states in a planar MOSFET

Note that the positive half in
case 4) (Vps >> kgT/q) is larger
than the positive half in case 1)
(Vps =0). Why?

Answer: Because the total
number of carriers is fixed at:

C
ns(0) = %(Ves ! VT)

How does this happen?

~ NCN
~/\ nanoHUB..
) org

f(!xa',y)

8
v 5 0 10

V. .=0.1V

108

U, [cm/s | U, [ cm/s |
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low Vg

n(0) =3 (0) + L (0)
ni(0)! n;(0)

o NCN
‘e “R nanoHUB.org
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high Vg
ns(0) ! n5(0)
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S QNCN 33
re-cap
n N 0/
ID:\Nq§ 22D-IT'&Qc 1/2((F1)) Fl/Z((FZ)-‘- (1)
N
n5(0) = =2 [Fo (1) + Fo (e )] (2)

Solve (2) for N,p, then insert in (1):

NCN 34
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|-V characteristic

$F1/2(”F1)#F1/2(”F2)')
OFO(”F1)+FO(”F2) (

Ip :\Nqns(o)!T

% Fl/Z(”Fl)b/o:'-l* Fl/Z(”FZ)/FlIZ(”Fl)'O
%T Fo(”m) 0 1+FO(”F2)/FO(”F1) /

qng(0)! C, (V" V) (simple, 1D MOS electrostatics

Vs> V7)
fiinNCN 35
final result
— 31 F1/2 (#F2)/F1/2 (#Fl)
Iy —VVCox(VGs VT) T oc/Lol F, (#FZ)/FIO (#Fl) %
!! 2kBT F1/2 ($F1) = F1/2 ($Fl)
' #m Fo($|=1) ' FO($F1)
fiinNCN 36
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using the final result

! #m Fo ($Fl) T ]:O($F1

Noo s (7o) 4 Fo ("2

COX(VGS ' VT): q 2

Te=lg" qVDS/kBT

Given, Vs and Vg, solve (3) for ng,
then solve (2) for the ‘ballistic injection velocity.’
Finally, solve (1) for /.
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key results

$1-F o, (#05)/Fo( Fl))
+ (#FZ)/F ( )

,! n 2kBT E/Z ($Fl) — f;./Z ($Fl)
T #m* FO ($Fl) T FO ($F1

See:  “Notes on Fermi-Dirac Integrals, 2nd Edition”

by Raseong Kim and Mark Lundstrom
Boltzmann limit: [EF ! "1(0)] [ksT <<0 #<<0 F, (#)$ €

NCN 39

Boltzmann limit

1- Fl/2( 2)/F1/2(nF1)
1+Fo (1) /F, (001

ID :Wcox(VGS_VT) I |:

T Fial8) | FanlSs)

! #m' F0($F1) o 7:0($F1)

ZkBT $1 _ e aVps/ksT 1

T " T= #m* ID ! VVCOX(VGS " VT)#T W%

. NCN 40
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examine result

81-F,, () Fanl) Fonle)
I ZWCO\_ V ' V o 1/2 F2 1/2 F1 ﬂ :! 1/2 F1
oW Ve ) e G R ) T TR ()

1) Ballistic injection velocity (now gate voltage dependent)
2) High drain bias (on-current)

3) Low drain bias (ballistic channel conductance)

4) Ballistic mobility

5) Drain saturation voltage (was ~ k;T7/q)

o _NCN 41
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injection velocity

noo ZkBT F1/2($FI) =1 F1/2($Fl) V.o —0.6V

ToVam Fi(8) TR (8) =

most convenient to plot vs. ng (0).

Assume: ©-10
1) Si(100)
2) 1 subband occupied <v(0)> for high drain bias.

v, [ cm/s |

3) parabolic energy bands

NCN 42
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injection velocity vs. ng(0)

b — (4/37r)vF

& 2 ) Ik
E CET T
©q18 1 2k T Fyyp ($F1) 1 m
& TN Fo(8.)
E 0\*F1
§1.6
8
o 1.4
>
[
L1
/V
[
— 1 L n
/ 1010 1011 1012 1013
Inversion layer density (cm'z)
I=J2kT/"m
NCN
9 nanoHUB.org 43
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high drain bias

_ _ 1'F1/2(nF2)/F1/2 (nFl)
S —VVCox1'JT (Ves VT) 1+F, (npz)/Flo (nFl)

Pey =1e " QVps/KsT =[EF1 " QVos” #1(0)]/kBT <<0

| A
DS

Fllz(" F2)1F0(! FZ)" e’Fz n 0
Vs = Voo

ox T

Ip ! WC,"y (Vas # V4 ) B

Voen ! kT/q Vos
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high gate and drain bias

lp = WG,/ (VGS " VT)

ox" T
Ip ! (Ves Vi )#
1$#$1.5
by > vy %ngf - (Vo= ;)2
' | os 4
ID ! (VGS" VT)32
Ves = Voo
Recall, in the non-degenerate case, (/ \]
Ip ! (VGS" VT)l \ /

. HUB Visar VDS
oy gano .org
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low drain bias

A
DS

.. V.. =V
finite channel S b

resistance T

VDSAT
_ Uy
GCH - \NCox (VGS VT)(Zk T/q
B
Fermi-Dirac correction
NCN 46
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typical numbers

Ge, = [ans(o) (ZKS' /q)j{FI;ZZ(SZS)}

assume Si (100), single subband, T = 300K, ng(0) ~ 103 cm-

Gy /W)y, = [qns<0>(2k”—;/q)J ~0.038 mhos/um

#1000 )/Fo(7e )8 05

[ ReyW =(Goy /W) " 52# 1 um ]

= _NCN 47
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ITRS: 2022

channel resistance:

oy /W =2786A/ um

ReaW <Vop /(1on /W) 1 230" # pim

ID A ]'/IRCH
series resistance: )
" ,/ VGS VDD (\
R,W <135! " um [
ballistic resistance: Ves
RCH\N'banisnc 52" # pm T I >
VDSAT VDS
V,p =0.65V
o NN http://public.itrs.net (ITRS Report, 2007 Ed.)

~/\ nanoHUB.o
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ballistic mobility

ballistic:
# "

&*F! 1/2 () Fl) -

I5 :MOX(VGS! VT)(sz;/q)(Lr Fo() Fl) .

diffusive:

W
Iy = T Heit Cox (VGS PV, )VDS

ballistic mobility:

1 Vos

a ng! 10° cm?
F 15 (1e1)/Fo(ne1) = 0.5

Ug ! 12" L(nm) cm?/V-s

oy el We(8)(
5!
(2k,T/9) & Fo($r1)
& NCN 49
'.:c;!anoHUB.org
drain saturation voltage
IDS“
VGS VDD
VGS
| :
VDSAT VDS
#2C, (V. " V. )&
Visar ! (kBT/q)ln?:exp . qu(NGS T)( "1/ (V" V)
2D -
ﬁ — 2C0X(kBT/q)
o NCN 50 aN,p
..c;\anoHUB.org
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drain saturation voltage

traditional:

EX.:

100nm NMOS

Vossr =(Ves ! Vo) 0,97V

ballistic ( Boltzmann statistics):
Vosar ! (kBT/q) 0.026 V
ballistic ( Fermi-Dirac statistics):

"2C (k. T/q)%
Vosar ! $ Oa(NB /q)' (VGS( VT) 0.12V
D

NCN 51
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Vi =V,, =1.2V
V, =0.23V
Cy =1.5x10° F/cm™

N,, =4.1! 10 cm?

Voer ! 0.35V

=

1)
2)
3)
4)
5)
6)

NCN
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summary

1) We have generalized

#11 eVoslleT &

o5 = WC (Vos ! Vi )"+ g et (

to include Fermi-Dirac statistics.

$1-Fyyy (#2)/F oo (#2)!
I, =WC, (Vo ! V)1, gt
, (Vos ! Vi) TS/‘O1+F0(#F2)/F0(#F1)(

NCN 53
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summary

2) We discussed key device parameters for ballistic
MOSFETSs:

-ballistic injection velocity
-ballistic on-current
-ballistic channel resistance
-ballistic mobility

-drain saturation voltage

NCN 54
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questions

1) How do we treat more realistic band structures (e.g.

conduction band of Si?)

2) How to we treat subthreshold conduction and 2D
electrostatics?

These questions are addressed in Part 2
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