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Lecture 11 - MOSFET (III)
MOSFET EQUIVALENT CIRCUIT MODELS

March 15, 2001

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:

VDSsat=VGS-VT
D A

linear : saturation

I — Vps e
Ves = 1 — VBs
4 N ~ ~e
0 cutoff VDS
o Cut-off:
Ip =0
e [inear:
%4 1%
ID — f,uncox<VGS — %S — VT>VDS
e Saturation:
W 2
ID — [Dsat — i,uncoxa/GS_VT) [1+)\<VDS_VDSSCLt)]

Fffect of back bias:

VT<VBS> = V7, + 7(\/_2@9 — VBs — \/_2¢p)
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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:

)

) Vds

| T Vbs
Vbs

Key points:

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

e since response is linear, superposition can be used
= effects of different small signals are independent
from each other
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Mathematically:
ip(Vas, Vps, VBs; Vgs, Vds, Ups) =

In(Vis, Vs, Ves) + 1a(vys, Vds, Vbs)
with 74 linear on small-signal drives:

Z.d = gmUys + GoUds T GmbUbs
Define:

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

Approach to computing g,,, go, and g,p:

Olp |

dm =

Olp |
OVps @

9o =

Olp |
OVps @

9mb =

Q) = bias point (Vas, Vs, Vis)
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O Transconductance

In saturation regime:

|44
[D — E,uncoxa/GS — VT>2[1 + )\<VDS - VDSsat>]

Then (neglecting channel length modulation):

Olp 4%

= ~ — 11y, Cor (Vs — V4
5VGS|Q LN (Vas T)

Im

Rewrite in terms of Ip:

%4
9m = JQL,uncox]D
Im saturation
0 ve
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Meazurement Results
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Equivalent circuit model representation of g,,:

id
G. < .p
Vgs OmVgs
S .
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O Output conductance

In saturation regime:

W

[D — QLNTLCOiC(VGS — VT>2[1 + )\<VDS - VDSSCLt)]
Then:
g aVDS\Q 57 HnCor(Vas = V1) D

Output resistance is inverse of output conductance:

1 1
TO —_—  —
Go )\[ D
Remember also:
1
\ oc —
*T

Hence:

r, < L
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Equivalent circuit model representation of g,:

Id
G < . b
Vgs %ro
S o

Lecture 11-11
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O Backgate transconductance

In saturation regime (neglect channel length modulation):

|44

[D ~ E,uncox“/GS - VT>2
Then:
8][) |44 aVvT
mb — - I ncox Vas — Vr)(—
Imb (9VBS|Q T H (Vas T)( 3VBS‘Q>
Since:

oVr - —
OVps @ 2/=2¢, — Vps

All together:

gy = 19m
. 2\/_2¢p — VBS
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Another way to write this (see book):

gmb _ Ciy = 0)
Im Cou

Handy rule: ratio of back transconductance to transcon-
ductance is equal to ratio of depletion capacitance at
source to oxide capacitance.

Equivalent circuit model representation of g,,;:

Gi — D
Vgs ImbVbs

S -
Vbs
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Complete MOSFET small-signal equivalent circuit model
for low frequency:

id
G. .0
Vgs OmVgs ImbVbs % o
S -
Vbs
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2. High-frequency small-signal equivalent cir-
cuit model

Need to add capacitances.

In saturation:

gate

Cfringe Cringe

source drain

TE

N
Cgs,i Coy

CJ SwW CJ SW

+ Cov
Cj _|

1
—|—Cj

body

C'ys = channel charge + overlap capacitance, C,,

Cya = overlap capacitance, Cy,

Cy, = only parasitic capacitance

(s, = source junction depletion capacitance
(+sidewall)

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

Cgd 2

Go | | > D

+

Vgs _— Cgs _— Cgb QD nggs OmbVbs % lo
S -

Vbs — Csp
Bt |

Cdb

Plan for development of capacitance model:

o Start with Cys;

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

e Add pn junction capacitances
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Inversion layer charge in saturation

Qn(Vas) = W [FQuly)dy = W /&5 Q. (V.)

But:

dV. - Ip

dy Wi, Qn(Ve)
Then:

W?Lu, _
Qu(Vas) = == = [T QA (Vv
Remember:
Qn<v> — _CO£C<VGS - ch — VT)
Then:
W?Lu,C? _

Qn(Vas) = — ™ or /OVGS (Vs — Vi — Vi)2dV,

Ip
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Do integral, substitute Ip in saturation and get:
2
Qn(Vas) = —§WLCox(VGS —Vr)
Gate charge:

QG(VGS) — _QN<VGS’> — QB,max
Intrinsic gate-to-source capacitance:

dQa 2
= -WLC,,
dVgs 3

Cgs,i —
Must add overlap capacitance:
2
Cgs — §WLCO:U -+ WCOU

Gate-to-drain capacitance - only overlap capacitance:

Cya = WCy,
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interconnect

gatecontact\:.':':' gate //

Lecture 11-19

active area (thin
oxide area)

polysilicon gate

n* polysilicon gate

- contact
metal
interconnect

A

source contacts: R
G W
bulk
contact
& drain
contacts
™ edge of
ource drain active area
interconnect interconnect
gate oxide bulk
deposited il i "
o;.?de source n* polysilicon gate drain interconnect
interconnect interconnect
. J.::.. ....:ZZ:L
L LH
_ . o " drain diffusion /
fild n* sourcediffusion | Lgit | p

axide [ ptype]

Body-to-source capacitance = source junction capacitance:

qes N,

+(2L g ¢ r+W)C
05 — Vis) (2Laig W) Clrsw

Chs = Oj—l—stw = WLdZ'ff 5

Body-to-drain capacitance = drain junction capacitance:

qesNa
(9B — VBD)

Chg = Cj—l—Ojsw = WLdZ'ff 5 +<2Ldiff+W)OJSW
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Key conclusions

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

ng Id
G o || e ]
i [ D
Vgs — Cgs = Cgb (D OmVgs (D OmbVbs % o
S .
Vbs — Csb
B . | |
Cdb
In saturation:
%4 7
9m X |—/1D
L
L
TO CX —_
Ip



