L ecture 10

MOSFET (I11)
MOSFET Equivalent Circuit Models

Outline

« Low-frequency small-signal equivalent circuit
model

* High-frequency small-signal equivalent circuit
model

Reading Assignment:
Howe and Sodini; Chapter 4, Sections 4.5-4.6
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Summary of Key Concepts

High-frequency small-signal equivalent circuit model of

MOSFET
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1. Low-frequency small-signal equivalent

circuit model
Regimes of operation of MOSFET:

VDssat=Vas-VT
|D A

linear : saturation

| T Vo ves |
Vas= 1. L vge
o v W VEs=\VT
VDs

e Cut-off

1,=0
e Linear/ Triode:

W 4 Vl:25 U
I 5 :Tmcoxgves' 5 VTO' Vs

e Saturation

W
0= los == MCox[Vos~ Vi]  [L+1 (Vos - Vose)]

Effect of back bias

V1 (Vas) :VTo"'g[\/' pr - Vs - '\/'pr]
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Small-signal device modeling

In many applications, we are only interested in the response
of device to small-signal applied on top of a bias.

| — Vbs

Vas Vas
L

Key Points:

« Small-signal is small

— P response of non-linear components becomes
linear

e Sinceresponse is linear, superposition can be used

— P effects of different small signals are independent
from each other.
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Mathematically:

I5(Ves: Vbs: Vas: Vgs: Vs Vbs) »
| D(VDS’ VDS’VBS) +14(Vgs) Vas: Vis)
With i, linear on small-signal drives:
id »” gmvgs + govds + gmbvbs
Define:

g, ° transconductance [S]
g, ° output or drain conductance [S]
g, ° backgate transconductance [S]

Approach to computing g, 9., and g,
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Q° [Vgs = Vs Vps = Vs Ves = Vidl

6.012 Electronic Devices and Circuits— Lecture 10



Transconductance

|n saturation regime:
_ W
I :ZmnCOX[VGS_ VT]2 ' [1"'I (Vos - VDS&at)]

Then (neglecting channel length modulation) the
transconductance is:

Vas

W
»— rrchox (VGS B VT)

Om
QL

Rewrite in terms of |:

W
Om :\/ZT rT]wcoxl D

s )
9m saturation

D
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Transconductance (contd.)

i Measurement Hesults
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Transconductance (contd.)

Equivalent circuit model representation of g :
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Output conductance

|n saturation regime:
_ W
I :mecox[vss' VT]2 ' [1"'I (Vos - VDS&at)]

Then:

1“D W 2
— = C . \Vac- V . | |
ﬂVDS . oL I, ox( GS T) »11lp

Y0

Output resistance is the inverse of output conductance:

1
[ =— =—
g, Ilp

Remember al so:
| 1
u —
L
Hence:

r,uL
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Output conductance (contd.)
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Output conductance (contd.)

Equivalent circuit model representation of g:

6.012 Electronic Devices and Circuits— Lecture 10 11



Backgate transconductance

In saturation regime (neglect channel length modulation):

_ W
Ip »mecox[ves - VT]2

Then:
Mg W AV, | O
gmb — ﬂ'v —- T rr}]COX(VGS - VT) ) \ﬂ'v -
BS Q e BS Qﬂ

Since;

VT(VBS):VTo"'g[\/' 2f - Ves - - pr]

Then :

Hence:

g =—3%
"2 F - Vg
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6.012 Electronic Devices and Circuits—

Backgate transconductance (contd.)
Another way to write this (see book):

Omb — Cb(y — O)

Om Cox

Ratio of backgate transconductance to transconductance
IS equal to the ratio of depletion capacitance at source to

oxide capacitance.

Equivalent circuit representation of g,_,:

id
G . . D
Vgs (L) 9mbVbs
X
Vbs
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Complete MOSFET small-signal
equivalent circuit model for low frequency:
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2. High-frequency small-signal
equivalent circuit model

Need to add capacitances. |n saturation:

Ciringe Ctringe
Source drain
1 GT . |
El T T Cj
body

Cgs0 channel charge + overlap capaciatance, C_,

C,q © overlap capacitance, C,

Cop © only parasitic capacitance

Cg, © source junction depletion capacitance (+sidewall)
Cg4, © source junction depletion capacitance (+sidewall)
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Complete MOSFET high-frequency small-
signal equivalent circuit model:

) OmVgs ImbVbs % o

- Csh
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| nversion layer charge in saturation

V -

L es” Vr
qN(VGS):WOn(y)dyz\N On(Y)' dT - dve
C
0 0

Note that g, is total inversion charge in the channel &
V.(y) is the channel voltage. But:

ave _ I
dy — WmQ,(y)
Then:
Ves- Vr
WL,
dn(Ves) =- i ' @?n(Y) ]2 - dvg
D
0
Remember:
Q,(ve) =-C,, [VGS - Ve(Y)- VT]
Then:
VGS'VT
W?2L 2
An(Ves) = - i . @GS' Ve(Y)- VT] - dv
D
0
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| nversion layer charge in saturation
(contd.)

Do integral, substitute i, in saturation and get:

2
Oy (Ves) =- §WLCox(VGs - VT)

Gate charge:
de (Ves) = - An(Ves) - Qs max

Intrinsic gate-to-source capacitance:

C . :% :—2WLC

osi — dy as oX

Must add overlap capaciatnce:

2
Cs =5 WLCo, +WC,

Gate-to-drain capacitance — only overlap capacitance:

Cy =WC,,
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Other capacitances

Y

Body-to-source capacitance = source junction capacitance:

quNa
26 B~ BS)

Cps=C;+Ci5, =WL diff\/ +(2Ldiff +W)CJS\N

Body-to-drain capacitance = drain junction capacitance:

quNa

+ (2L 44 TW)C
Z(fB'VBs) ( diff )sz

Cpg =C; +Cyq, :WLdiff\/
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What did we learn today?

Summary of Key Concepts

High-frequency small-signal equivalent circuit model of

MOSFET
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