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

Announcements:

1. Quiz#l: March 14, 7:30-9:30PM, Walker Memoridl;
covers Lectures #1-9; open book; must have
calculator

» No Recitation on Wednesday, March 14: instructors or
TA’savailable in their offices during recitation times
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Large Signal Model for NMOS Transistor

Regimes of oper ation:

VDSsat=VGS-VT
D A

linear : saturation

| T VoS VesT
VGS_——_ 1 _'F_ VBS
v v v Ves=VT
0 X N
0 cutoff VDS

e Cut-off

I D —
e Linear/ Triode:

W V
lp= T /uncox[VGS _7DS - VT}. Vbs
e Saturation
W 2
Ip = Ipsat = Zﬂncox[VGS _VT] ° [1+/1VDS]

Effect of back bias
Vi (Ves) = Vro + 7/[\/—2¢p — Vs — V2%, :I
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Small-signal device modeling

In many applications, we are only interested in the response
of the deviceto asmall-signal applied on top of abias.

O Vds

—_— V
+ | + DS
= e

Vgs

Key Paoints:

e Small-signal issmall
— = response of non-linear components becomes
linear
e Sinceresponseislinear, lotsof linear circuit
techniques such as superposition can be used to
determine the circuit response.

e Notation: iy = I, +i4---Total = DC + Small Signal
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Mathematically:
ID(VGs, VDs, VBS; Vgs: Vds » Vbs ) ®
Ip (VGS , VDS VBS )+ g (Vgs, Vds» Vbs)
With i, linear on small-signal drives:
lg = InVgs + GoVais + Gt Vs
Define:
0., = transconductance [S]

g, = output or drain conductance [S]
Omp = Dackgate transconductance [

Approach to computing g, 9,, and g,-

dp
Om * Py
GSQ
ap
g ~
° é\/DSQ
dp
g I~

Q=[Ves=Vegs Vbs= Vps Vas = Vi
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Transconductance

In saturation regime:

W

ID = ZﬂnCOX[VGS —VT]2 e 1+ AVps ]

Then (neglecting channel length modulation) the
transconductanceis:

__4dp
a/GS

W

~ T ,unCOX(VGS - VT)
Q

Im

Rewriteintermsof |5:

wW
Om = JZT :unCoxI D

Im saturation
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Transconductance (contd.)

Equivalent circuit model representation of g,,:
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Output conductance

In saturation regime:

: W
ID = ZﬂnCOX[VGS —VT]2 e [1+AVvps]
Then:
1z W 2
— = V —V ® ~ I
go évDsQ oL /UnCox( GS T) A=A D

Output resistance is the inverse of output conductance;

L1
° _go - AID
Remember also
1
A oc—
L
Hence:
r.oclL
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Output conductance (contd.)

Equivalent circuit model representation of g,:
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Backgate transconductance

In saturation regime (neglect channel length modulation):

W 7)

Ip = Z:uncox[VGS ~Vr ]
Then:
Omb = Py :_TﬂnCOX(VGS_VT).L
BSQ BSQ
Since:

Vi(Vgs) = Vqo + 7/[J_2¢p —Vgs _\/—2¢p ]

Then:

N7
Ngs

_ v
Q 2J_2¢p o VBS

Hence:

79
224, —Vas

gmb
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Backgate transconductance (contd.)

Equivalent circuit representation of g,:
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Complete MOSFET small-signal
equivalent circuit model for low frequency:

C‘DVDS metal
- C)VGS interconnect to gate

* polysilicon gate

/‘ metal interconnect to bulk I/
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2. High-freguency small-signal
equivalent circuit model

Need to add capacitances. In saturation:

fringe electric
field lines
gate .
source o drain
Nt r— \ T,
=——Co — —  U(Gd — ~— Cy, J depletion
overlap L overlap L region
D D .

Cys = channel charge + overlap capacitance, C,,

Cqq = overlap capacitance, C,,

C4, = source junction depletion capacitance (+sidewall)
C4, = drain junction depletion capacitance (+sidewall)

ONLY Channel Charge Capacitanceisintrinsic to device
operation. All others are parasitic.
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Inversion layer chargein saturation

Vas =Vt

( d
(V) =W [Qu)Ay =W | Qu(ve)e -2 edve

C

Note that g istotal inversion charge in the channel &
v(Y) isthe channel voltage. But:

dy WlunQN (VC)

Then:

Oy (Vos) = _Wi b, GSJT T [QN (V) ]Z o dv,

D 0

Remember:
QN (Vc) = _Cox [VGS — Ve (y) - VT ]
Then:

W2 Ves—Vr

aN (VGgs) =- i;n' | [VGS—VC(Y)—VI']Z'dVC
0

6.012 Spring 2007 Lecture 10 13



|nversion layer chargein saturation

(contd.)
Do integral, substitute i, in saturation and get:

2
an(Ves) = _EWLCOX(VGS - VT)

Gate charge:
dg (Ves) = —AUn(Vas) — Qb max

Intrinsic gate-to-source capacitance:

_ e _ 2y ¢
dvgs 3

Cgs, i

Must add overlap capacitance:

2
Cgs — EWLCOX + WCOV

Gate-to-drain capacitance — only overlap capacitance:

ng — WCov
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Other capacitances

NRS= N (source) NRD = N (drain)
PS=2x L (source) = W PD =2 x L (drain) =W
E—— L PP
«— L5 (Source) — —— L (drain) ——
W
AS=Wx L i (source) AD = WX L (drain)

Source-to-Bulk capacitance:
Csb = WLiff Cj +(2Ldiff "‘W):jsw
: 2
where Cj :Bottom Wall at Vsg(F/cm®)
Cjow :Side Wall at Vgg(F/cm)

Drain-to-Bulk capacitance:
Cdb = Whyifr Cj + (2Ldiff +Wﬁjsw
where Cj :Bottom Wall at VDB(F/cmz)

Cjsw : Side Wall at Vpg(F/cm)

Gate-to-Bulk capacitance:
Cyo = small parasitic capacitance in most cases (ignore)
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What did we |learn today?

Summary of Key Concepts

High-frequency small-signal equivalent circuit model of
MOSFET

ng id
G- 1 A
+
Vgs —Cgs T Cgb @omvgs L ImbVbs % fo
S -
Vbs — Cgp
B |
Cdb
|n saturation:
g, € W |
m - 'D
L
L
o € —
| D
Cys WLC,,
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