6.720J/3.43J - Integrated Microelectronic Devices - Fall 2002 Lecture 22-1

Lecture 22 - The Si surface and the
Metal-Oxide-Semiconductor Structure (cont.)

October 25, 2002

Contents:

1. Ideal MOS structure in thermal equilibrium (cont.)

2. Ideal MOS structure outside thermal equilibrium

Reading assignment:

del Alamo, Ch. 8, §§3.2 (8.2.3, 8.2.4), 8.3 (8.3.1)
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Key questions

e What happens if a voltage is applied to the metal with respect
to the semiconductor in a MOS structure?

e How much voltage needs to be applied to bring the MOS struc-
ture to the onset of inversion?

e How does the inversion charge evolve with voltage?
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1. Ideal MOS structure in thermal equilibrium

O Inversion
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Do sheet-charge approximation: inversion layer much thinner than
any other vertical dimensions of the problem.

Two consequences:

1. ¢ depends on Qg but is independent of @); (¢ does not change
while crossing a sheet of charge):

Qd = —qNAxd ~ —\/QGSQNA¢S

[same relationship as in depletion]

2. ¢ in inversion rather insensitive to actual value of Wj,:

¢s = ¢sth

Oqn 18 surface potential at threshold
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Rough estimate of ¢4y value that brings surface right at edge of
inversion, that is, n,(0) = Ng:

n; qPsth
n0<l’ - O)’threshold = 7 &Xp !

— N
N4 kT A

Then:
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¢sth =2—1In 4
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= 20y
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Within the sheet-charge approrimation, electrostatic problem is
easy to solve:

e In inversion, ¢, independent of Wj; = x4 independent of Wjy:

Qesgbsth
qN 4

Tq = Tadmax =

Total depletion region charge:

Qd = Qdmaw - _qNAxdmax — _\/2€sqNA¢sth

e [From fundamental electrostatics relation in inversion:

Qs Qz + Qdma:):

Ovi = Ps — o = Qsth — "

Derive expression for (); in inversion:

Qi - —Cox(gbbz' — Qbsth) - Qdmax
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O Accumulation
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Sheet-charge approximation again:

by~ 0

Use fundamental electrostatics equation again:

Qa = - Coxgbbi

O Flatband
o =0= Qs=0,E =0, E:=0,0s=0

Perfect charge neutrality everywhere.

Lecture 22-8
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2. Ideal MOS structure outside equilibrium

O Apply voltage V' to metal with respect to semiconductor:
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a) accumulation (V<0) b) thermal equilibrium (depletion) c) inversion (V>0)

e MOS structure can swing all the way from accumulation to in-
version.

e semiconductor remains in quasi-equilibrium (no carrier flow, no
carrier injection)

Ef. = Es, = Erp

e clectrostatics identical to TE but potential difference across struc-
ture changed:

Qv — Oy +V
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O Total potential build-up across structure:

¢bi +V = ¢s - 22,01
Several important results:
e Flatband voltage: ¢ =0, Qs = 0:
Vip = —ui

e Threshold voltage for inversion: Q); =0, Qg = Qamaz, Ps = Dstn:

Qdmax

Vih = —&pi + Gstn — -

— VFB =+ gbsth =+ 7\/ gbsth
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Qdmam
Cox

‘/th — _bei + gbsth - — VFB =+ Qbsth + Ty Qbsth

V; plays key role in MOSFET operation.
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e In inversion (V > Vj,):

Qi - _CO:B(V - ‘/th) for V > ‘/th

Once reached inversion, the inversion charge increases linearly with
the applied voltage in excess of V.
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O Poisson-Boltzmann formulation

In uncompensated uniformly-doped p-type semiconductor:

p=q(p—mn— Na)
Poisson equation:

d*¢ q
—=——(p—n—N
de €, (p n A)

Quasi-equilibrium prevails for electrons and holes:

ny q¢
N = Nepexp — =~ exp —
BT = Ny TP RT
p = poBeXp;ng = NAexp;qu
kT kT
Charge neutrality in bulk:
Pop —Nop — Na =10
All together - Poisson-Boltzmann equation:
¢ qNa,  —q¢ n; o q¢
“Y_ 1) ER |

Double integration of this equation leads to complete solution.
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First integration tricky [see notes|:

dp  [2kTN,
-\ . @
with:
_ ¢ —qu q¢ nyqd q9

Check signs:

oif p >0, % = +1, and % < 0 (depletion and inversion)
oif p <0 % = —1, % > ( (accumulation)

for depletion and inversion: ¢>0, %(Q <0

for accumulation: <0, %(2 >0
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Second integration from surface (x = 0, ¢ = ¢) towards bulk:

) dgb - QkTNA
%F(d))_i e«

Complete solution, but..., in general, not analytical.
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Even without second integration, we have interesting results:

e Flectric field:

_@ _ |2KT'Ny
dr €

£ —

F(¢)

e FElectric field at surface:

KT N
g= ()

e Charge in semiconductor:

Qs = —€,E = —V26,kT NAF ()
e Relation between V and ¢s:

esk'T'N k
TN B9 = Ve + 60+ Ly F (6

V:_¢bi+¢s+
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Key conclusions

e In inversion, ¢y ~ ¢4y, roughly independent of metal.
e [n accumulation, ¢, >~ 0, roughly independent of metal.

e At Si/SiOs interface, semiconductor can swing all the way from
accumulation to inversion by the application of a voltage.

e To first order, surface potential in inversion and accumulation
does not change with V.

e Flatband voltage: voltage that produces flatband:

Vi = — i

e Threshold voltage: voltage beyond which an inversion layer of
electrons is formed:

Vih = Vip + 205 + 7205

e Beyond threshold, absolute inversion charge increases linearly
with voltage:

Qz’ - _Cox(v - Wh)



6.720J/3.43J - Integrated Microelectronic Devices - Fall 2002 Lecture 22-18

Self study

e Mathematics of Poisson-Boltzmann formulation



