Regions of Inversion

Semiconductor Devices: Operation and Modeling By: DR. M. Razaghi 141




Regions of Inversion

" Approximate Limits
= For two terminal MOS onset of weak, moderate, and strong inversion by the surface potential values

TABLE 3.1

Approximate bounds between regions’

Bound between
depletion and
weak inversion

Bound between
weak and
moderate inversion

Bound between
moderate and
strong inversion

In terms of surface br+ Vep 2 + Vi 205+ Vg + b,
potential o,

In terms of V. Vig= Vo + Vg V= Vi + Ve Vi = Vi + Ven
for a given V.

In terms of V. V, = Var = V=V + V8
for a given Ve Vig + @ + ¥ b+ Vop Vig +20p + 20 + Vip

In terms of V. V= Vw = Vo=

for a given V;;
(see Sec. 3.5)
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Approximate Limits

"Voltages corresponding to region of inversion is with some changes can
be find as)before, for example for moderate inversion voltage (neglecting
exp term):

Vup = Vpp + (2¢F + Vep) + V\/(2¢F + Vep)

"The corresponding values in terms of V. can be found by subtracting
Vg, as suggested before. Thus, for example:

Vv =Vup — Vep = Vip + (2¢p) + V\/(2¢F + Veg)

*The fact that the quantities in Fig. increase with increasing Vg is a v
consequence of the body effect discussed before. VHO
70
=As is apparent from the expressions in Table 3.1, how much V;, Vy, and V;
will increase for a given increase in V¢p is determined by the value of the 40
coefficient y; hence, the name body eﬁect coefficient for this quantity. v
10

\ 2q€sNy
Cox

-Thgdbody effect is stronger for heavier substrate dopings and/or thicker
oxides.

')/:
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TABLE 3.2
Regions of inversion and properties (three-terminal MOS structure)

Weak inversion Moderate inversion Strong inversion
Dcl'linili(m in tf:nns of bp+ Vep S, < 2+ Vg St < 2y + Ve + by < i,
surface potential o, 2bp + Vg 2+ Vg + by
(see Fig. 3.6a)
Definition interms of V< Viop < Vi Vip S Vo < Vip Vg < Von
Vi for a given Vg
(see Figs. 3.8b and 3.6)
Definition in terms of Vi < Vge< Vi Vi€ Ve < Wy Vi < Ve
V.- for a given Vi
(see Figs. 3.8b and 3.6)
Definition in terms of Vi z Veg > Wiy Vwz Vs>V, Vo= Veg
Vi, for a given Vi
(see Fig. 3.1¢ and
Sec. 3.5)°
e « 1 Varies s | deep in strong
[N inversion: not
necessarily so near the
bottom of the region
c <« | deep in weak Varies >
i inversion; not
necessarily so near the
top of the region
dir, Approximately Varies Small
dv, constant; attains its
maximum vatue in this
region
dify Very small Varies Close to 1
dViy
Dependence of Q) on Approximately -— Approximately first-
Vo or Vi for Yoy exponential degree polynomial
constant
dn| Q)| 1 Varies i

di, b, 24,
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Strong Inversion

=In deep inversion : |Q;| > |Qz| = C; > C},

*As seen in Fig., Ys changes only slightly with V;p in strong inversion and can be assumed "pinned" to a fixed
value.

*This value for three terminal MOS increases by V ¢gin compare to two terminal MOS
s = ¢o + Vep
$o = 2¢r + Ad

A is several ¢

*The depletion region width can then also be assumed pinned at a value dg,,

=Similarly, the depletion region charge is assumed to have reached a maximum value:

QIIB o _\/qusNA\/¢O +Vep = _VCéx\/ b0 + Vep
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Strong Inversion...

“For the case of strong inversion only, V¢g can be interBreted as the effective reverse bias of the field-induced junction
formed by the inversion layer and substrate. (dys/dVep = 1)

*The inversion layer charge can be obtained by:
QI’ = _C(;x(VGB 7 A lps) o Qé
QI’ = —Cox(Vgp — Vrp) where Vip = Vp + Ver
Qo Qp
Vr= ¢us — C’ + ¢o — o Veg + ¢o + v/ Po + Vep
ox ox

=The quantity V7 is the G-B (gate-body) extrapolated threshold voltage. Its meaning is illustrated in Fig (d). It is not
the border voltage for strong inversion mechanism!

=Another way to express the equations using V:
Qr = —Cox(Vge — Vr)
The quantity V7 is the G-C extrapolated threshold voltage.

Vr= Vg + ¢ + /b0 + Vep = Vro +(¥y/dbo + Ver — V\/%)

*The plot of Vr vs. V¢g has been included in Fig.
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Strong Inversion...

"The threshold increase V; — Vo due to the body
effect is shown vs. V¢pg for various values of y in Fig.

*Note that, although we have assumed V¢p = 0,
results are approximately valid even if V¢p is
somewhat below zero (thus forward-biasing the
source-body junction), as long as the V¢p value is not
enough to cause appreciable junction current. This
has been confirmed experimentally.
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Weak Inversion

=*In weak inversion : |Q;| < |Qg| = C] K Cy

*In this case as the Y, < 2¢pr + V¢p, like before we can find:

= V2965 Na ¢Te(1/)s—(2¢F+VCB))/¢T

*In weak inversion, ¥V ¢g cannot be interpreted as an effective reverse bias, as explained before.

*In weak inversion, the surface potential is practically independent of V¢g and is practically equal to Y,

y Y2
1/)5 G l/)sa(VGB) o _E als I + VGB Bl VFB

Therefore, in mentioned Eq. the only term dependent on Vg is e ~(Ves)/®r

—+/2q€sNy ¢Te(¢sa(VGB)—2¢>F )/ b1 o= (Vep)/PT

3 2 'ubsa (VGB)
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Weak Inversion...

=For a fixed Vg, Q; turns out to be nearly
exponentially dependent on V¢p. v,

=Let V.5 denote the constant value of ¥V ¢g for which
this curve is obtained.

*As seen, the width of the region in terms of 15, is only 1, .v,,

Pr-

"As V¢p changes over the region, the corresponding

variation of the term /Y, (V;5), is very small
compared with the large variation of the exponential in
that equation. Therefore:

e —— — — — — —

v

e A et

Vep = Vg = constant

\/lpsa (VGB) =~ \/2¢F + VC"B Vig Vaa

Weak
inversion
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Weak Inversion...

=*Thus:

TV2AENA o Wsam208)/br - (Vis)/$r 7
2,/2¢p + Vi

*In analogy with the corresponding development for the two-terminal o
structure, a simplified, approximate expression can be developed j\r
based on the observation that the slope of Y5, (V) is nearly constant |
in weak inversion.

Qr =

|
|
|
*hat the inverse of this slope was denoted by n : |
-1
d
Ll ( ¢5a> Lot £ | :
2 | |
| |

dVsp v 1/1519 (Veg)

—2b etV + 7 0 > Vi
Ysa=2¢r+Vcp 220 + Vg Vig Vs
Then: _.l

o 1 1 =
. Voo = @or +Vip) = ~(Vop ~ Vis) =~ (Vo — Vi) e

n=n
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Weak Inversion...

=Substituting to previous equations:

Q) =~ QI’VIe(VGB_VMB)/n¢T

or
QI’ ~ Q;We(VGC_VM)/nd)T

—/2q€egNy p
il
22¢r + Vi

=This result represents the value of Q; at the top of weak inversion (Vi = Vyp).

Where

Qu =

=These equations predicts exponential behavior for Q; in weak inversion.
"As was the case with the two-terminal structure, this is only approximately true.

=*If Vep is fixed and V ¢ is varied instead above equations can be misleading. The reason is that the dependence of Q;
on Vg is hidden in 6‘,{4, Vup and n, each of which depends on V¢pg in a complicated manner.

=In thils case previous Eq. is ideal for such cases, since it makes explicit the exponential dependence of Q; on Vg ina
simple manner.
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Moderate Inversion

“For a given Vgp value in moderate inversion, one can numerically solve the implicit equation
for Y, and substitute ¥ into equation to find Q;.
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