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Announcements

e No Lab this week
e Lab 1 next week

e Current Reading
e Razavi’'s CMOS book chapter 2



Agenda

e MOS Transistor Modeling
e DC I-V Equations
» Threshold Voltage, V-
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MQOS Transistor

P-type transistor

S

1 B

\ 4
()

o BASIC IDEA:
Thinoxide 01 oxide
s 5 SOURCE-DRAIN CURRENT IS
CONTROLLED BY THE
SOURCE-GATE VOLTAGE.

The system is “isolated” if the
diodes are biased in reverse region
by using the Bulk terminal.

Substrate or well N

|
P-channel \ Polysilicon (heavily doped)
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MQOS Transistor

Accumulation: Two diodes back to back
D-S current is zero

VG<0
B VS=0 VD>0

R

\e.

substrate P

Inversion: Channel is connecting D and S
D-S current is possible

VG>0
B VS=0 VD>0

Ios Quiasi free electrons

Substrate P N+

N-type transistor

D

A

Under this condition, there are 3 possible
applications:

Subthreshold (extremely low-voltage low-
power applications)

Linear region (voltage controlled resistor,
linear OTA’s, multipliers, switches)

Saturation region (Amplifiers)
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MQOS Transistor

Triode Region (D-S channel is complete) N-type transistor
VG>0
B VS=0 VD ~0 D
B | G
substrate P \ S
Channel
_ _ . In this condition, there are 3 possible
Saturation Region (D-S channel is incomplete) applications:
_ VG>0
B Vs=0 VD >0 Subthreshold (extremely low-voltage low-

power applications)

Linear region (voltage controlled resistor,
linear OTA’s, multipliers)

substrate P

N-channel Saturation region (Amplifiers)
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MQOS Transistor

Subthreshold (weak inversion)
V;>VG>0

N-type transistor
B VS=0

VD>0

Ips Linear region

* Vess
v? Saturation
VGSZ
substrate P (N,
Subthreshold
Mobile carriers Vst
concentration< N > Vg
Saturation (Strong inversion) S
VG>V;
B VS=0 VD>0

Subthreshold (extremely low-voltage low-
power applications)

Linear region (voltage controlled resistor,
linear OTA’s, multipliers)

substrate P (Np)

Saturation region (Amplifiers
Mobile carriers gion (Amp )

concentration< N,
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V; Definition

B V8= VG0 vn~n LSival

subatrate P \
\

Channel

e The threshold voltage, V-, Is the voltage at
which an “inversion layer” is formed
e For an NMOS this is when the concentration of

electrons equals the concentration of holes In
the p- substrate
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MQOS Equations in Linear Region

| =Qqu Source-Drain Current
Q, (X) =WCoy (Vec _VT) Incremental Charge Density
Vc(X) Ve —Vr =Vgs =V (X) —V;  Gate-channel \oltage

Iy Vv

I =-WCyy Vgs —Ves (X) V)0 Drain-Source Current

dV (x
I, =WCox (VGS —Ves (X) -V; ),Un %

L Vo
.[x=o pdx = '[/:Vs WCy (Vgs —Ves (X) Vi) g, dV
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MOS Equations in Linear Region

Drain current: Expression used in SPICE level 1

W
Ip :TH nCox (VGS —V1-0.5Vpg )VDS

v

A

L Linear approximation
A

r a

V
GND ©S VDS lpsat
tox
v
4 X W Ves > V7

Non-linear channel Vpsar

> Vps
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MOS Equations in Saturation and Linear Region

Ves \% Under these conditions = current is highest

GND —I|+ +II- 'VDS:VGS_VT

W 2
lo=——1,Cox (VGS_VT)
2L
Strong channel  Weak channel SATURATION REGION (Vs > Vs —V1)
Vs Vps > Vgs -Vq Carriers are attracted to the drain, and swept in the
region where channel is incomplete (why??)

eND[— 1T -

Current is till given by | | 5 :%Mn Cox (VGS_VT )2

or

w
f /‘ | psaT :IH nCox (VDSAT )2

Strong channel  no channel

-11 -
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MOS Equations in Saturation and Linear Region: Vs>V

GND wW

Linear region: Ip = M Cox (Vas—V7-0.5Vps Vps

tox
- ion- W 2

Saturationregion: | —— | Cn~y(V~c—V.

W D ZLMn ox (Ves—Vr)

\

Non-linear channel

Ips Linear region

A
Ves >V Vp >V -V; / Saturation
GND 5 A
Subthreshold
Vs
f " Vps
f N-type transistor

Strong channel  no channel
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MOS Equation in Saturation : Vs>V

GND W
Linear region: 1p=—1,Cox (Vs —Vr—0.5Vps Vps
t L
0X
W
v Saturation region: |p=——n,Cox (VGS -V )2
A W 2L

\

Non-linear channel Ios

Ves>Vr  Vp>V;-V; j

Saturation

GND

Real Current

Equation

<1uA ....... o

f f Ves=Vr s

Strong channel  no channel N-type transistor: saturation
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What about the PMOS device?

NMOS PMQOS

Thinoxide  pppi0p oxide

substrate N

5!: ()Vos é%t @)Vso

P-channel \ Polysilicon (heavily doped)

e The current equations for the PMOS device are
the same as the NMOS EXCEPT you swap the
current direction and all the voltage polarities

NMOS PMOS
: W W
Linear: Ips = Tﬂncox (VGS —V5, —0.5Vpg )\/DS lsp = T/‘pcox (VSG - ’VTp‘ —0.5Vp >/SD
: W W 2
Saturation: |y = Iﬂncox (VGS —Vn, )2 lsp = Ill’lpCOX (VSG - ’\/Tp ‘)
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MOS MODEL: SPICE LEVEL-II

W
NMOS : 1 :Tﬂncox (VGS — Vi, = 0.5V, )‘/Ds

*Drain current, Triode region W
PMOS: I, :Tﬂpcox (VSG _’VTp‘_O'SVSD)/SD

oy W RV
*Drain Current, Saturation region NMOS = s = oL #Cox Vs =V, )

PMOS : I, =ZV—LupCox Vee ~Vso|f

*Threshold voltage (zero bias) Vyo =Veg + 262 + 7+/24:
«Threshold voltage Vi =Vro + 7 [20r Vs — /24 J:VTO‘VSB:O
*KP and y (Spice Model) KP = 4Cy, 7/:—%

OX
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Next Time

e MOS Transistor Modeling
« Small-Signal Model
e Spice Models
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