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Lecture 11 - MOSFET (III)
MOSFET EQUIVALENT CIRCUIT MODELS

October 18, 2005

Contents:

1. Low-frequency small-signal equivalent circuit model

2. High-frequency small-signal equivalent circuit model

Reading assignment:

Howe and Sodini, Ch. 4, §4.5-4.6
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Key questions

e What is the topology of a small-signal equivalent cir-
cuit model of the MOSFET?

e What are the key dependencies of the leading model
elements in saturation?
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1. Low-frequency small-signal equivalent cir-
cuit model

Regimes of operation of MOSFET:
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Eftect of back bias:
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Small-signal device modeling

In many applications, interested in response of device to
a small-signal applied on top of bias:
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Key points:

e Small-signal is small
=> response of non-linear components becomes linear

e Can separate response of MOSFET to bias and small
signal.

e Since response is linear, superposition can be used
= effects of different small signals are independent
from each other
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MOSFET
small-signal
equivalent
circuit model

+
Vgsi fvbs
J7 v

Mathematically:
on ey ip(Vas + Vgs, Vs + Vas, Vs + ps) =
N olp olp olp
Ip(Vas, Vps, V; Vos+ Vds Vbs
p(Vas, Vps, Vps)+ aVGSI gt o SI d aVBSI b
vV, —
where ) = bias point (Vas, Vs, VBS = lives,
Small-signal 7,
id = gmUys T GoUds T GmbUbs
Define: — o Mo o !

Gm = transconductance [S]
go = output or drain conductance [S]
gmp = backgate transconductance [S]

Then:
dlp | dlp | N dlp |

I = Vs P avpg'e
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O Transconductance

In saturation regime: Secovd  oridey
W /\A—/‘\
[D — Z/ﬁncoxa/GS — VT)Q[l + >\<VDS — VDSsat)]

Then (neglecting channel length modulation):
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Rewrite in terms of Ip:
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Transconductance of 3 um nMOSFET (Vps =2 V).

< nmos transfer - MIT Microelectronics Weblab
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Equivalent circuit model representation of g,:
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O Output conductance

In saturation regime:

W
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Then: 1y
—~ N
olp O (Vi — Vi2A ~ ATp o 12
o — — S5 MnYox — ~ X —
g V@ 2 LM GS T DX
Output resistance is inverse of output conductance:
1 L
To=— X —
Yo [D
Jo A Jo A
, saturation
saturation
0 cut-off N 0 -




6.012 - Microelectronic Devices and Circuits - Fall 2005

Output conductance of 3 um nMOSFET:

£ nmos output - MIT Microelectronics Weblab
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O Backgate transconductance

[n saturation regime (neglect channel-length modulation):

W
[D — i,uncoxa/GS — VT)
TV'r (VBS)
Then:
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Since: I
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All together:

Gy — Y Gm
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gmp inherits all dependencies of gy,
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Body of MOSFET is a true gate: output characteristics
for different values of Vg (Vs =0 — (=3) V, AVpg =
—05V, Vagg=2V):

< nmos output - MIT Microelectronics Weblab |;||E|b__(|
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Equivalent circuit model representation of g,,:
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Complete MOSFET small-signal equivalent circuit model
for low frequency:
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2. High-frequency small-signal equivalent cir-
cuit model

Need to add capacitances. In saturation:

gate

Cfringe Ctrin
ge
source \\/_\ G nt /\// drain
/ gs,i
== =
n* | % =||= E:OV | n* N
Cisw = Csb,| — Cisw
Ci | —l_ G
p
body

Cys = intrinsic gate capacitance
+ overlap capacitance, C,, (+fringe)

Cyq = overlap capacitance, C,
(+fringe)

Cy = (only parasitic capacitance)

C's, = source junction depletion capacitance
+sidewall (+channel-substrate capacitance)

Cyg = drain junction depletion capacitance
+sidewall
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Complete MOSFET high-frequency small-signal equiva-
lent circuit model:

Cgd id

G o I I - o D
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Plan for development of capacitance model:

o Start with Cy ;

— compute gate charge Qg = —(Qn + Qp)
— compute how ()¢ changes with Vg

e Add pn junction capacitances
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Inversion layer charge in saturation

Qx{Vas) = W [ Quly)dy = (1577 Q) S v,
—" ‘

Chow\y Vewioblen : j —> VL

But:
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Then:
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Do integral, substitute Ip in saturation and get:

2
QnVas) = _§WLCOQ:<VGS — Vr)

Gate charge:
[ mrb.rwo‘u{-
Qe(Vas) = —Qn(Vas) — Qpmar F Ves

Intrinsic gate-to-source capacitance:
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Gate-to-drain capacitance - only overlap capacitance:

Cya = WC,,



6.012 - Microelectronic Devices and Circuits - Fall 2005 Lecture 11-17

olysilicon gate
body source poy g drain

e

<& =
Lact
L) Y
inversion layer gate oxide
n channel
gate length
<« >
. Lt l LAl
p
- - A
. i =
k]
p w
©
(2]
A4
N
n* STI edge

Body-to-source capacitance = source junction capacitance:
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Body-to-drain capacitance = drain junction capacitance:
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Key conclusions

High-frequency small-signal equivalent circuit model of
MOSFET:
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