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MOS electrostatics
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space charge and sheet charge density
1(f)=agp(F)" n(f)+ N5 (F)" N;(f)g Clom?
1 ¥D =" (1)
|
Q =""/(r)dxdydz C () clom?
Q =""/ (x)dxdydz C (uniform in y-z plane) Qs C/cm?
Q = Jp(x)dxA C
Q= Q) (x)dx C/cm?
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@xactGsolution of Qg(/ <)

!¥D|:”
| ¥(J, /#d) =(G#R)

| ¥(3p/ q)=(G#R)
equilibrium
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Poisson-Boltzmann equation

no(x) — Nce[EF! Ec (X)]/ksT

Po(X) = N, el 0" el o §(x)

Ec()=Ec(!)" g# (%) wro

nO(X) — nBeq! (x)/kgT

— Lg" (x)kgT e
po(x)_pge i ! S>0
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Poisson equation

a2 #
e ¢
& _"q

dé  #

&0 ()" ny(x)+ Np " N, &

p()(x) — pBe! q" (x)/kgT nO(X) - nBeq! (x)/kgT

d2! n q

dé  #

%Be" q/ (X)/kgT n nBeq! (x)/kgT + NS n NA&
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Poisson-Boltzmann equation

d?/

2
dx -

$ .
ZO:Tjo&pr]SnB+ND$N§$

(Ng! NL)=tps+n,

d2! n q

1 " g/ (X)/kgT n qa/ (X)/kgT +n "
v #%Be 2" nge” YT + NS " N, &

d’y _ -
_ —qu (X)/ kg T Ay (x)/ kg T
—=—| pge ™ —Ng€ —pgtn
dx? e I: B B B B]

pB ! NA nB ! niz/NA
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Poisson-Boltzmann equation

2, n 2 1
d .2 :_qgl\lA(e"q! IkgT 1) n n_i(eq.’ IkgT 1)
o # N, !
see:

Taur and Ning, pp. 63-65
and

Lundstrom® notes on the Poisson-Boltzmann equation.
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solution of the PB equation
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solution of the PB equation

i |0910‘Qs(! s)‘
Clent

— e! q" 5/2kgT

strong accumulation:

QS! + ’ZHSikBT NA e#q$5/2kBT
depletion:

Qs! 29 sNA(# . S keT /)

~ g% s/2ksT

strong inversion:

" 2
QS 1+ 2 SikBT ni e+q#s/2kBT
NA

Vs
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1D MOS electrostatics

" 100,0Qs(! o)
Clen?

need:

~ g s/ 2T ~ g s/2ksT Qs(! ) for capacitance

Qi(! ) for current

Can we understand the
essential features of the

~'s PB solution simply?
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1) accumulation

:q#[(p(x)! P)! (N(X)! ng)]dx Clem?

$ A Up(x)dx

1 p(x) = (p(x)" ps) = ps(€ " " 1)

= q#t p(x)dx ! qp, > T dx
0 0
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accumulation
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1) accumulation

#
= qp, $9! o TkeT gy

accumulation

e q” /kBT
\ E.
| qu #e! q" IkeT o Vg I
Es o %:?’.;f; E:
s
s ~—
Q! IqEB o o otk KeT %; E,
P Eg q = "'*’f
#k, T 1q& %ﬁ
e
=qp(0) og—o =@p(O)W, G
|E| - - 1,<0
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an aside on electrostatics

dl/.E accumulation
( Si ) = (X)
dx
0 1% o <0
| dE = — | #(x)dx &
Eg Si 0 v N Ec
G
7 B
1 Qs e E,
Es=- i
/ s <0
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1) accumulation
A
Q | qu e! q" s/kgT kBT (1) IOglo‘Qs(! s)‘
= q C Clont
e q"s/szD ~ ¥ s/2kT
ES = I QS/”Si
QS | q!SipB e"q#s/kBT kBT ~\/I
Qs q .
©S
[QS! ,/!SiNAkBTe"q’f’S’z"BT ]
kT /q$

Qs = qp(0) # = §
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depletion

[ Qs(! S) ="gNW = 2aN, A ]

tlog,lQs(t )|
Clent

~gu s/2kgT ~ % s/2kgT

Lundstrom EE-612 FO8 19

i) inversion

inversion

Q! 5)=Q (! )+l )

/ 2!
Qp ('I s) = VZqNA”er s s” \B‘ £

kT/qg . ... N -
Q=" qn(O)BTq =" (O, e,

VG
T 7 =
n(0) = nge* ™ e

s
k.T / e
_Kgl /Q P
= .
E v
S w1 >0

A
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strong inversion (above threshold)

Qs(l S) ! Q (I S) kloglo‘Qs(-’ s)‘
T Clent
T ' Q" g/ 2kgT ~ @l s/2kgT
Q(r &)="ano) = e ¢
S
Es(! s) =Q/"s ~s

k. T/
Qi (! s) =" qn(O)BTq
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strong inversion criterion

n(0)! pg
n.2
nBeq! s/kgT — N_|eq! s/kgT pB - NA
A
' 0
/ S=2kBT| ﬂ,/ozz_l 5
q n &

Lundstrom EE-612 FO8 22




weak inversion (sub-threshold)

weak inversion

(! s)" Q! o)

kT / ! 2!
Q (vs) = —an(0) =9 s<2 s

Es \ E
()= ha
77 ﬁ

! o lkgT keT /9 v

Q(f 5)="ange’
N s .

G I's>0
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summary

A

|0910‘Qs(! s)‘
Clent

QS | Q ~eq" s12kgT
' i

QS | Q - e"q#SIZKBT
" acc

Qs ! QD ~y" s#(kBT/Q)

= (2k,T /)/Eg

aoc/lnv
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assumptions

1) Boltzmann statistics (not valid above threshold)
2) Uniform doping (not valid in practice)

3) No quantum confinement (not valid above threshold)

guantum
well Er
VG
o

.....
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guestion

What is E; - E; at the SiO,:Si interface under on-current
conditions?

Q! Q! "\2%Kk.T n(0)

Q =!gN, " ! q#10° Clem®

n(0)! 3" 10 /cm®

n(0) = N g &/keT
N. =3.2! 10°cm®  (Taur and Ning, Table 2.1)
(E-! E.)/keT =Inyn(0)/N.§&In10=2.3
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ultra-thin body double gate MOSFET
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UTB energy band diagram

Ty — UTB (neglect band bending)
I fully depleted (for! > 0)
R tE
> EF EG B ' 2n2u 2
& £ " amg
L 'Ilh ______ * EV Si
fon == B =Es+" +",
N T
* 3h
< tSi »
> X
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2D carrier densities
=l Ng = "0, (E)f, (E)dE
0
€ 7 — n|2D (Ep #E #% /kgT) 2
E. =N¢ In(1+ e )cm
EF
K. T
1 E, NZ® = e
!2h “““ o
/ Boltzmann statistics:
g
Ng = NéDe(EF! Ec!")/keT cm?
< tSi »
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2D carrier densities

!2 ______ ng = NéDe(EF! Ec! ")/keT om?2
’l ————— 2D _ mnkBT
E. c 12
EF
'Ilh ______ EV ps = NGDe(EV +11," B ) /keT cm?
Eon - .
0 _ m kg T
[ S v 1?2
* 3h
< tSi »

(these eqgns. assume that only 1 subband is occupied)
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UTB (Gurface(otential)

!m """ R

*tSi »

I 4<0 I's=0 I's>0
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2D carrier densities

, N = NéDe(E,:! Ec! ")/keT Cm-z
- 2 ______
: ! n
[ S Ec=E,! d"s
EF ns = NéDe(EF! Feo! ”1+Q#S)/kBT
| B —
1 EV n — n eq! S/kBT
! b-——-- s — llgg
— 1" o/keT
’ ______ F)S - psoe q S/ B
* 3h
< tSi »

(these eqgns. assume that only 1 subband is occupied)
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Qs (! g) for UTB MOS

Qs =0a[(Ps! §)" Peo)" (sl 6)" Ngy)] Clem?

[Qs=q§pso(e! T DL gy (e T Y ] @

Pso ! Natg cm™
Nso = (niZD)z/pso cm’*

From equation (2), we can readily plot Qg(! )
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Qs (! g) for UTB MOS

Qs = Q#psy(€ T =" L 1)1 gy (e +"T | 1)y ()

1) strong accumulation (! g << 0)

IkgT

QS = q pSO e! e
2) depletion (! 4> 0)
Qs =! qN,tg

Note: We are not resolving band bending within the Si body.
We assume that the film is fully depleted when! ¢ > 0).

3) inversion (! ¢ >>0)
QS = I anO eQ" sfle?
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Qs (! g) for UTB MOS

Qs = q#fps, (€ 7" L ! ngy (€T 1 DY (2)

|0910|QS(! s)|
Clent
O slkgT
Q.1 Q ~g¥slkeT Q! Q-"e
S * Wacc
Qs ! QD ~" q NAtSi
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Qs (! g) for UTB MOS: summary

1) The UTB case is easier to solve than the bulk Si case.

2) Results are qualitatively similar - except for the
depletion charge and acc and inv layers that vary as
exp(! s/kgT) rather than exp(! ¢/2kgT).

Can you explain why this difference occurs?
3) We have included quantum mechanics (without
self-consistent electrostatics inside the silicon film)

but not Fermi-Dirac statistics .

Fermi-Dirac statistics are important above threshold.
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Qs (! 5) for UTB MOS: exercise

1) Repeat the derivation, but include Fermi-Dirac statistics.
(This can be done analytically for the UTB.)

2) Plot Qg vs. ! 4 from accumulation to inversion for both

Boltzmann and Fermi-Dirac statistics and compare the
results.
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summary

1) Understanding Qg(/ ) and Q,(/ ) are essential
for understanding MOS C-V and MOSFETS.

2) Both Qg(/ ) and Q,(! ) are readily computed for
simple, model structures.

3) The general features of the Qg(/ g) and Q;(/ 5) vs. / ¢
are readily understood with simple calculations.

4) Before we proceed to MOS-C® and MOSFETS, we
need to relate !/ gto the Vg that produced it.
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