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Lecture 29 - The ”Long”
Metal-Oxide-Semiconductor Field-Effect
Transistor (cont.)

November 13, 2002
Contents:
1. Small-signal equivalent circuit model

Reading assignment:

Tsividis, Ch. 8, §§8.1-8.4
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Key questions

e What is the topology of a small-signal equivalent circuit model

for the MOSFET?

e What are the key bias and geometry dependencies of all small-
signal elements in the model?
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1. Small-signal equivalent circuit model

In many applications, interested in response of device to small signal
applied on top of bias:
MOSFET

small-signal
equivalent

circuit model
Inp+i | .
J b™d + J D 4 l'd

i |
= 1 +

+ + T Vbs |: T Vbs +

Vgs | ) Vbs Vgs | ) Vbs

Vgs Vgs Ves VBs J7

+

Key points:

e Small signal is small = non-linear device behavior becomes lin-

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

e Since response is linear, superposition applies = effects of dif-
ferent small-signals independent from each other.

Mathematically:
ip(Vas, Vbs, VBs; Vgs, Vs, Ubs) =

In(Vas, Vs, Ves) + 14a(vgs, Vds, Ubs)
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14 linear on small-signal drives:

id = gmUys + GdVds + GmbUbs

Define:

gm = transconductance [S]
ga = output or drain conductance [S]
gmp = back transconductance |9]

Approach to computing ¢,,, gq, and gp:

olp
aVGS VDs:VBs

9m =

_ 0dip
— OVpg VasVBs

gd

dlp
dVas

9mp =
VasVps

For mathematical simplicity, do in absence of body effect.
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Small-signal low-frequency equivalent circuit model:

id = gmUys + GdVds + GmbUbs

id
G o —. D
Vgs CD OmVgs CD ImbVbs % dd
S .
Vbs
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O Transconductance, g,,:

N olp
gm - aVGS VDs:VBs
e Linear regime:
W 1
Ip = f,uecox(VGS — Vi, — QVDS)VDS

|4
m — "1 ecoxv
g I M DS

e Saturation regime:

W

I sat — A4 eCO:c Vas — Vi 2
Dsat 9 L,LL ( GS th)
|44 |44
9m = —,ueCox(VGS - Vih) - JQ,uncox]D
L L
gm A gm A
saturation
saturation
linear linear
VDS T / VDS T
0 cut-off R 0 >




6.720J/3.43J - Integrated Microelectronic Devices - Fall 2002

Om A

ol

saturation

I
Iinear/

/

Vs |

|
|
L
I
|
.
|
I
y

0

VDSsat

Y

Lecture 29-7



6.720J/3.43J - Integrated Microelectronic Devices - Fall 2002 Lecture 29-8

O Output conductance, g;:

Olp
OVps VasVBs

gq =

e Linecar regime:

W 1

Ip = f,uecox(VGS — Vin — EVDS)VDS
%%
gd = fﬂecox(VGS - V;fh - VDS)

e Saturation regime:

W Vbs — VDSsat
I sat — ST ecox Vaos — Vi 2 1
Dsat QLH (Vs ) (1 + &L )
W 1 ]Dsat
= — 1,0 (Vg — Vip)? ~
91 = ypeColVos = V) zp = o7
gd _ 9d
saturation
0 S 0 e
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O Backgate transconductance:

dlp
dVas

9mp =
Vas:Vps

Back-gate transconductance arises from V};, dependence on Vgg:

Jmb = OV, VasVps OVpg ' VasVos — OVigg VinVps OVgg VasVps
Then:
AL |
Jmb = =G OVpg VasVps
Since:
Vin(Vsg) = Vino + 7(\/¢sth + Vsp — \/@stn)

Then:

Vi _ v

OVps VasVps 2v/@sth + Vsp
Then:

- Y9m
2v/0sn + Vsp

9mb

gmp inherits all dependences of g,,.
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Can be rewritten as:

9mb -~ Csth(VSBa Yy = O)

9m Cox

gmp: another manifestation of electrostatic control of inversion layer
by body.
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At high frequency, AV = A = capacitive effect.

But inversion layer has distributed charge:

G

Cyd

AN

B

Cgs

S D

High-frequency small-signal equivalent circuit model:

Cyd
G . | "D
Vgs —Cgs © gmvgs () ImbVbs % Jd
¥
Vbs Csb =
B C('j'b
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O Intrinsic capacitances

e When lumped:

-

To first order, can write Cy in terms of Cj:

Cb Osth Csth Y
~ = C) ~ C,= C
Cg Oox ’ Cox ! 2\/¢sth + VS B I
e Distributed: G
Cys, ! ! ,Cgd
S -~ AN D
\/ \/
B
0Q 0Q;
Cis = — = —
5= s T T aVep
Csb il Cgs Odb il Ogd

2V @sn + Vi 2y un + Vsp
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To compute capacitances, must compute total integrated charge in
inversion layer, ().

For mathematical simplicity, do in absence of body effect:

bs oo d
Qi =W [} Quy)dy = W [ Qu(v) TV

From MOSFET current lecture,

1 d
Je — _—D — ,ueQid—V
Yy

|7,%
Then:
dy _ W e
av - Ip Qi
Therefore:
W2u, v
D
Also,

Qi(V)=—Cor(Vas =V — Vi)

Assume Vi, is independent of V' (weak body effect).
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All together:

W2u.C2. v, Wn.C2 1
Q= _,U—/O P (Vas—=V=Vip)?dV = M——(Vgg—V—V;h)?"gDS
ID ]D 3
1o (Vas—Vos — Vin)* — (Vas — Vin)?
= W n.C, .7 :
3 T 1eCor(Vas — Vin — 5Vs)Vps
Note also,

1 1
(Vas — Vin — EVDS)VDS = 5[(VG5 —Vi)* = (Vap — Vin)?]

Then:

(Vas — Vin)? — Vap — Vip)?
(Vas — Vin)? — (Vap — Vin)?

2
Q[ — _§WLCOJJ

Further mathematical simplification:

2 (Vas = Vi) + (Vas — Vi) (Vap — Vi) + (Vap — Vin)?
Q[ — __WLcox
3 (Vas — Vi) + (Vap — Vi)
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Compute capacitances:

0Q; 1 Vos — Vin — £Vps
Cpo= =2 S WLC, (Vas -V 3
! aVGS‘VGD 2 Ves = Vi) (Vas — Vin — 5Vps)?
0Qr 1 Vas — Vin — 5Vps
Cg=— = -WLC,,(Vas—Vps—V; 3
" Ve Vs =5 Wos=Vos=Vin (Vas — Vin — 5Vbs)?

Evolution with Vpg:

Ca
VGs>Vin
WLCox 4
C
9° 2 WLCox
%WLCOX
C
0 gd >
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Limits:

e Linear regime (small Vpg): inversion layer charge uniformly dis-
tributed across channel.

1
Cys = Cyq §WLCM

end.
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Body capacitances:

Y
Cyp =~ .,
P oG + Vg °

Cap il Cya

- 2v/0sn + Vsp

=
—
@)
Q
X

|

= WLCpx

Y

Vps
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O Extrinsic capacitances

gate
Cts Cid

source

9

5
I__
S)
=]

|
1
C'S_ Ci

i | bulk T ci

e Source and drain junction capacitances (including sidewall ca-
pacitances.

e Source and drain overlap capacitances.

e Gate fringing capacitances.

All together:
Cys = Clt' + Cops + Cfy
ng = C;Zt + Copa + Cfd
Ca = C'+ Cjs + Cug
Cp = Cflzt + Ojd + Clua

In saturation:

B!
|

2
= gWLCOZ + Covs + Cfs
ng ~ Cypa+ Ofd < Ogs

YW LC,,
—_ —|_ C.S + C’UJS
3vVostn + Vsp /

Cay =~ Cjg+ Cypa

>
.
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Key conclusions

e Transconductance. In saturation regime:

gm X VIp
e Drain conductance. In saturation regime:

Ip

ngCI

e Back transconductance:

Cstn(Vsp, y = 0)
Cox

e [n saturation, Cys dominated by intrinsic gate-inversion layer

Imb = Gm

capacitance:

2
Cgs ~ 5WLCO$

e In saturation, Cyq dominated by overlap and fringe capacitances:

Cya =~ Copa + Crqg K Cys
e (', dominated by source-body junction capacitance:
Cg ~ C}
e Cy, dominated by drain-body junction capacitance:

Cap ~ Cig



