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MOS electrostatics
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space charge and sheet charge density

p(H)=a[ p(H)-n(F)+ Ny (F)-N, ()] Crem?

VeD=p(r)

Qr = IIJP(F )dXdde C ,0({') Clem?

QT = J‘_U,O(X)dXdde C (uniform in y-z plane) Qs C/Cm2

Q, = J‘p(x)dx A C
Qs =%T= [ p(x)ax  c/em?
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‘exact’ solution of Qg(ws)

Vo[_jzp
Vo(jn/—q): (G-R)
V'@p/ q):(G_R)

equilibrium
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Poisson-Boltzmann equation

no (X) _ NCE[EF —Ec (X)JksT

Dy (x) = N, l& C-Fe b qws (X)

E. (X) = E (0) - qp/ (%) Vs

Ny () = Nye® T %
py(X) = pye T % s >0
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Poisson eqguation

dy _-p

dx? £

d* — s .
dx';ZV - gq[po(x)_no(x)+ Np — NA:|

P (X) = Poe T () = nget

2
d l/2/ _ 9 [ D& WOVET _p gaw(0lsT | N+ _ N/j
dx g
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Poisson-Boltzmann equation

dZW —( - —~
dx’ :O:?[pB_nB_I—ND_NA:l

X—> 0

(NS - N;):_ps +Ng

d’y -
_ —qu (x)/kgT qu (x)/kgT + —
v g[pBe vOT _ e @l 4 N — N, |
d’y -

_ —qu (x)/kgT qu (x)/kgT
dXZ_ g[pse e _nBeW i _pB+nB:|

Ps = N, Ng = n'Z/NA
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Poisson-Boltzmann equation

-

~
C(I;(LZ” _ —gq |:NA (e—qv//kBT _ 1)_ :I_i(eqw/kBT B 1)

- J

see:
Taur and Ning, pp. 63-65
and

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

W _Q{ (e qu kg T 1)_ (eql///kBT _1)} V. >0

_ ( ~aplkeT qQu ) n;’ ( quiket Q¥ ) :
F(W)_\/(e T N NG kT Y /—E\V

©
=
<
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solution of the PB equation

! Ioglo‘Qs (l//s)‘
\ Clcm2 ~ eql//s 2kgT
~ e—QWs [2kgT
~ s
I >
Ws

strong accumulation:

Qs ~ +4/2&5k, TN, @ /2Kt

depletion:

Qs ~ \/2q53iNA(Ws —kgT /q)

strong inversion:

2
Q. z_I_\/ngikBT N, o+ Vs /2keT
N,

Lundstrom EE-612 FOS8 12




1)
2)
3)
4)
o)

outline

Review

‘Exact’ solution (bulk)

Approximate solution (bulk)
Approximate solution (ultra-thin body)

Summary

Lundstrom EE-612 FOS8

13



1D MQOS electrostatics

~ e_q ws 1 2kgT

log,, ‘Qs (Ws )‘
Clcm?

-y

~ eQWs [2kgT

v

Vs

need:

Qs(ws) for capacitance
Qi(yg) for current

Can we understand the

essential features of the
PB solution simply?
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1) accumulation

Qs — q.'ooo [(p(x)_ pB)_ (n(x)_ nB)]dX C/sz accumulation

~q[ A X)dx
q), Ap(x) <0

AP(X) = (P(X)~ Pg )= Py (" ~1)

=
. [ ookt /
o :qup(x)dx; quge T dx %

oooooooooooooooo



1) accumulation

P, J & """ dx

accumulation

0

0 e—qu/kBT
quj dl///d 4 qu. <0

Vs

Vs \| N EC

. % j p~av/ksT d VG _____
E v % £
S 0 / F

%e—QWS/kBT k_T E,

Qs

B
q

—E,
-wol -
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a note added after the lecture

0 e_ql///kBT

Wh forming the int | : d
en performing the integral: Qs quidW/dX W

| assumed that: dy /dx=-E; (~constant)

so that | could move it outside of the integral. This is
fine, since | am just trying to explain the form of the
exact solution in strong accumulation, but....

a better approximation is: dy /dx=-E,/2 (~constant)

because the electric field goes from a large magnitude to
~ 0 over the accumulation layer, so the average electric
field is lower than Eg. With this assumption, we would
get exactly the strong accumulation result on slide 12.




an aside on electrostatics
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1) accumulation

[QS ; \/gSiNAkBT g Vs /2keT ]

| log,, ‘Qs (Ws )‘

Clem?
~ @ Vs /ZKBD ~ @0vs 12keT

-y

<

Ws

r

\
\EV

Qs ; CIIO(O)L
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depletion

[ QS(WS) —gN W = \/quAg&Ws J

I Ioglo‘Qs (l//s)‘
\ Clem?

_ e_ql//s /2kBT —_ eql//s /ZkBT

-y

Ws
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i) Inversion

Qs (ws)=Qp (s )+ Qi (ws)

Qp (l//s): \/ZqNAgSi Vs

Q (Ws ): —qn(0)

/n(O) = nge?s’e’

W - KT /0
\ inv ES

KsT /Q .
ES

\

_/

— _qn(O)Winv

EEEEEEEEEEEEEEEEEE

Inversion




strong inversion (above threshold)

QS(WS)zQi(WS)
K. T/
Q; (Ws):_qn(o) BE k
E (Ws):Qi/gsi
a )
Q (Ws): _\/55i kg T ngetvs'=te!
g J

A

log,, ‘Qs (Ws )‘
\ Clcm?
~ @ Vs /2kgT ~ @U¥s /2kgT
A
‘//:
~ ~
ko T /(
< Q, (Ws):_qn(o) . e
S
N\ V)
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strong inversion criterion

n(O)z Pg

2
n.
qys/kgT __ I qQus /kgT —
ng€ = € ~ Pg =N,
A

4 N
okl (N
_quknJ 2y,

\_ J
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weak inversion (sub-threshold)

Qs (vs)~Qp (ws)

Q (V/s ): —qn(0) c

ksT /Q

E (V/s): \/quAgSiWS /55i

-

Q (Ws ): —qnge®s’e’

kKeT /Q

\/2q53i N ws /55i

EEEEEEEEEEEEEEEEEE

weak inversion




summary

| log,, ‘Qs (W s )‘
Clcm?

= (2k,T /)/E,

acc/ inv
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assumptions

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

3) No guantum confinement (not valid above threshold)

guantum
well

%5
N
N m W
< T @]
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guestion

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

Qs =Q = _\/253ikBT n(0)
> n(0)~3x10* /cm®

Q, = —gN, ~ —gx 10" Clcm?

n(0)= N e FelkeT
N. =3.2x10° cm®  (Taur and Ning, Table 2.1)

(Ex —E. )/ksT =In[n(0)/N. |~ In10=2.3
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ultra-thin body double gate MOSFET
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E(eV)

UTB energy band diagram

& p-----
gl ______ 1
E =
G
!
ST E,
Eop [~
LT
ety -

UTB (neglect band bending)

fully depleted (for v > 0)

h’n?z°
g, = —

2m'ts

r
EL=E;+¢&+¢,
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2D carrier densities

62 ______
gl ______
EC
EF
En ™77 E,
Eop ==
Ean [T

Ng; = jgzD(E)fo (E)dE
0
= NZP In(1+ e(EF‘EC‘gl/kBT))cm'2

m kT
7 h?

2D
NC =

Boltzmann statistics:

nSl — NéDe(EF_EC_gl)/kBT Cm'2
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2D carrier densities

P — ng = N2Per~Eema)keT o2
& P~ N2P — mnkBT
EC ¢ h?
E.
i [T E, ps = N P& T o2
Eop - X
N2 — m kgT
______ N
E3n

(these eqns. assume that only 1 subband is occupied)
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UTB (‘surface’ potential)

vs |

vs |

ws <0

Ws:O
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2D carrier densities

N. = N2PeEr-Ec-a)keT oppy2
g - S C
g F-——-- Ec = E¢o —Qus
E.
n. — N2De(EF—ECO—gl+q1//S)/kBT
s — N¢
T S Ays/keT
Ep F-———- Ng =Ng,€7°"
Ps = psoe_qu/kBT
Ean [T777"
<t -

(these eqns. assume that only 1 subband is occupied)
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Qs (ws) for UTB MOS

QS = q[(ps(l//s)_ pso)_ (ns(l//s)_ nso)] Cl/cm?

[ Qs = q[pso(e_q%/kBT - 1) - nso(eWS/kBT o 1):| ] (2)

4 Pso = Nt cm™ A

Ngo = (niZD)z/pso cm”
= _/

From equation (2), we can readily plot Qg(ys)

Lundstrom EE-612 FOS8
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Qs (wg) for UTB MOS

Qs =0 P& ™" =D =ng, (™" =D ] (3)

1) strong accumulation (y¢ << 0)
Qs =0 psoe ™"
2) depletion (yg > 0)

Qs =—0 NAtSi

Note: We are not resolving band bending within the Si body.

We assume that the film is fully depleted when y¢ > 0).

3) inversion (yg >> 0)

— ql//s /kBT
Qs =-Qng,e
Lundstrom EE-612 FOS8
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Qs (wg) for UTB MOS

Qs — CI|: pso(e_q%/kBT o 1) o ﬂso(eq%/kBT o 1):| (2)

IOglO‘Qs (V/s )‘
Clcm?

~ ~ qus /kgT
QS ~ Q ~ e_ql//s/kBT QS ~ Qi €
acc

Qs #Qp ~—aN, g

W
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Qs (wg) 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(ys/kgT) rather than exp(y</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 (ys) 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. g from accumulation to inversion for both

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

1) Understanding Qs(ws) and Q,(ws) are essential
for understanding MOS C-V and MOSFETSs.

2) Both Qg(ws) and Qi(ws) are readily computed for
simple, model structures.

3) The general features of the Qg(ws) and Q,(ws) VS. s
are readily understood with simple calculations.

4) Before we proceed to MOS-C’s and MOSFETSs, we
need to relate ygto the Vg that produced it.
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