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« MOSFET: metal-oxide-semiconductor field effect transistor

* Typically
— Channel length: L ~10 nm to 0.35 pm,
— Channel width: W ~ 0.05 pm to 100 pm,
— Oxide thickness: tox ~ 1 to 10 nm




NMOSFET (or simply NMOS)

it Gate electrode

N-channel MOSFET
— Current conducted by electrons

3 terminal device
— Source (S): n+ (heavily n-type)
— Drain (D): n+
— Gate (G): metal deposited on
insulator above channel

Substrate (called “Body”) is a 4t
terminal
— Substrate is p-doped

Electrons is induced in channel when
a positive gate voltage is applied

Electrons moves from Source to Drain
— Current flows fromDto S

Creating a “Channel” for Current Flow

+
Ups (small)

e <
ip

Induced n-channel

p-type substrate
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MOS is a capacitor across an insulator (oxide)
When a positive voltage is applied at Gate,
electrons are induced under the gate.

At "thresold", sufficient number of electrons
form a "channel" between Source and Drain,
forming a conductive channel.

Total charge in the channel:
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where C, =—%
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ox

is oxide capacitance

per unit area
£, =396, =39x8.854x107" F/m
W : gate width
L: gate length
V.. Threshold voltage

Vs =V, =V, is called "Overdrive Voltage"
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" Slope = gps = k,Vov

Ugs = Vi+ Vo

Ugs = Vi+ Von

Ugs = Vi+ Von

Ugs =V,

Vs

0 Ups

Current at Small vpg

When v, =vg -V, >0, a channel is formed
between Source and Drain.

Linear charge density in channel:

[
—=C, W-vy
L ox ov
Electric field along the channel
]2
L
Drain current = charge density x velocity:
.10 Q v
lD = %vn = %Aun El = CoxW : vOVAun %
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ip=u,C, T VovVps

At small v, the transistor is like a

gate-controlled variable resistor
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D Slope = gps =k, Voy

Ugs = Vi+ Von

Ugs = Vi+ Von

Ugs Ugs = Vit Von
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Current at Small vpg
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Ip = U,C o T VovVps

= kn - VOVVDS

L
=k, VoyVps
where

. =u,C,. . process transconducance paramter

ox

k,=u,C, %: MOSFET transconductance

parameter
MOSFET behaves like a linear resistor
Vs 1
Vhe =—==
” ip  kvoy

Resistance value can be changed

by gate voltage (overdrive voltage)




Triode Region (Vps < Vov)
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n- channel

p-type substrate
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As v, increases, the potential in the channel
is no longer a constant. Assume the channel
is v(x):
=C, W (VGS -v(x)-V, )v (x)

dv(x

(0= g, [E@) = g, 2
dx

Note: i,, is still constant along the channel
(think Kirchhoff's Current Law)

Integrate along the channel

XifiDdx=x__f(C W (ves =v(x)=V,) u, )

Change of variable on right-hand side: x — v

V=vpg

i,L= f (COXW(VOV -v)u, )dv

v=0

w 1
ip=u,C, I(VOVVDS - Evzz)s)

Triode Region (vps < Vovy)

ip A

(tps < Vov)

~<— Triode —>~<—— Saturation ——>

(Ups 2 Voy)

Curve bends because —7
the channel resistance

N

Current saturates because the

I
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increases with vpg : cI?Amm‘] is pinched off at the
drain end, and vpg no longer
I affects the channel
Almost a straight line :
with slope DIOPUI'II\\II‘JN |
to W | Ugs =V, +
|
|
0 Vo = Yov Ups

When O =v), <

w 1
ip=u,C, I(VOVVDS - EVLZ)S)

Vov

This is called the "Triode Region"




Pinch-Off

Voltage
i The channel potential at the drain side is v,.
I
i .
Ves| = f TTTTTTTTT T When v, =v,,, the local charge density there
Vv, 16p=V,
‘ (2
Wy i =Cox(VGS_vDS_‘/I)=Cox(VOV_VDS)=0
I
v{l\’ 1 Ups= vl)\/ area
‘ So the channel is "pinched off" near the Drain.
Source 0 L o L Drain X . . .
Voltage drop 2 Average=3Voy Once the channel is pinched off, the drain current
along the channel
: (@ ! remains constant:
I I
! ! 1 w o,
‘ i ip=—1,Co—Voy
Channel { 2 L
Source | Drain
I
I
® This region, v > v, is called "Saturation"
(ol : BSACI)
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Saturation Region (vps > voy)
ip A
~<— Triode —>:<— Saturation ———>
(tps < Vov) | (ps = Voy)
Curve bends because —7 l \
the channel resistance | Current saturd§es because the
murcu:u\ with v, | channel is pinghed off at the
DS | drain end, andRjups no longer
: affects the charfpel
Almost a straight line |
with slope pmpm’lmnuN |
to Wy | Ugs =V, +
|
|

0
When 0 = v, =v,,
. w
i,=uC, —|VyVps ——
p = MU, uxL(OV s~

This is called the "Triode Region"

Vossa = Vov Ups
When vy, > vy,
1 w
2 - 2
VDS) Ip= Enuncox Zvov
This is called "Saturation Region"
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PMOSFET (or simply PMOS)

8 g 8 + P-channel MOSFET
_L mq;!mq j_ — Current conducted by holes

LJ LP—J * 3 terminal device

n-type substrate

— Drain (D): p+

5 — Gate (G): metal deposited on

insulator above channel

terminal

— Substrate is n-doped

induced p channel

n-type substrate negative gate voltage is applied
i‘* * Holes moves from Source to Drain
- — Current flows from S to D

— Source (S): p+ (heavily p-type)

 Substrate (called “Body”) is a 4t

* Holes is induced in channel when a

i

BSACI|

CMOS
(Complementary MOS)

NMOS PMOS

p-type body

* CMOS is the prevalent IC technology today

* Since NMOS and PMOS are formed on oppositely doped substrates,

one of the transistor needs to be placed in a “well”
* PMOS is placed in an “n well” here.
» Alternatively, NMOS can be placed in p well
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