Chapter 3

Metal-Oxyde Semiconductor Field Effect Transistors (MOSFET)
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FET: outline

 Enhanced-type MOSFET transistors
— NMOS: introduction to the I-V characteristics
— NMOS: Device structure and physical operation
— NMOS: I-V characteristics (detailled)
— PMOS and CMOS technology
— Complements on NMOS technology

 Depletion-type MOSFET

— Depletion-type NMOS: device structure
— Depletion-type NMOS: I-V characteristics
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MOSFET |-V characteristics

... a bit idealized

* MOSFET is a three-port component *
* Input impedance infinite *

e Current source controlled through input voltage v, *
ignore this area for the moment

1
Ups = Ugs — V; |
-~ e —— Saturation:region —————>

region /

1
1
1
.:.
1
- !
: I
1 .
’ )’l T i switch
G 1 I
150 :
1 I
- i | 2/ Transcon-
ID 1 1 'UGS — V, + |5
Vs LoTy ! ductance
S H ! amplifier
1
0.5 'E“ : UGgs = V, iy )
1
1
: VGs = V, + 05
t ' -
vps (V)

* = not entirely true
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MOSFET |-V characteristics

... a bit idealized

* Transconductance characteristic
* Magnitude of current source controlled through input voltage

in (MA)A

(,O_>| 15 =

— vps = vgs — Y,
‘LID 1.0 -
VGS -
S

0.5

0 0.5
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NMOS device structure

Metal-Oxyde-Semiconductor Field Effect Transistor
 Example of a NPN MOSFET (NMOS transistor)

— gate electrode is electrically insulated from the body

NMOS symbol:

D
— NMOS has 4 terminals (but B often connected to S) Gliep
— n-region heavily doped (n*) ’—|5
S
Source (S) Gate (G) Drain (D)

Oxide (Si02) Metal
(thickness = 1,,)

Source
region

Channel

region

| |
< L =

p-type substrate

p-type substrate

(Body) % (Body)
Channel , T
region l
O
B Body

Drain region (B)
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NMOS device structure

No voltage at gate

* Equivalent to 2 back-to-back diodes
* No current can flow from drain to source, even for high Vg

L k| L L] L] £
| f)d Sio "[G) o o C & < ] -
X.i e (Si02) Metal Oxide (SiO2) Meta
(thickness = 1,)) / (ll):ickncss - }l‘l
G . G - n
| L | | ; \
- s substrz A 1 1
foe e PN junction FO et Depletion area
T = depletion T widens
il o i
— \V —
DS >
So—K——o—P——o D
i,=0
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NMOS device structure

Increasing voltage at gate

e positive gate voltage repels holes in p-region
—> creates a depletion region populated by bound negative charges

— if Vg < V7, positive charge at gate is compensated for by uncovered
bound negative charges

-{- 8 » ol =Y
_r - _lr Gate electrode 1

\ A = / - = — }

. o = £
p-type substrate
I
Depletion region
B
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NMOS device structure

Increasing voltage at gate above V

= ifVgs =V}, , gate starts attracting electrons from n-regions (as well as
minority electrons from p-region)

= n-type channel is created, connecting source and drain
—> the higher Vg, the larger the induced channel

[ +: : Gate electrode — 1L
— Ugs l —
—— Induced
S o oG n-type @ D
channel
> N
\ o g /

. o = £
p-type substrate

I
Depletion region

B
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NMOS device structure

applying a small v

* Electrons start flowing from source to drain

— current from drain to source

* Increasing V., widens the channel

= more currents flows when increasing Vg

+ i ip (MA) s
UGs +
g il , i
- ) Ups (small)
GT%““ 0.4 vgs =V, + 2V
)
e )
) ﬁ_v / In— 0.3 vgs =V, + 1.5V

PR Induced n-channel

vgs =V, + 1V

p-type substrate

0.1 vgs =V, + 05V

B

vgs = V;
—
—

L

200 Ups (M 17)
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NMOS device structure

Higher values of v

* Gate-substrate voltage is not uniform
—> Gate-substreate voltage is lower/higher close to drain/source
= Channel takes tapered form

 Tapered channel => increased resistance

=> iy-Vps CUrve bends i A

Curve bends because —

the channel resistance

increases with

n-channel Almost a straight line
with slope prupm'linnu\

to (e V)
p-type substrate

B 0 Upssa = Vgs — Vi
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NMOS device structure

Higher values of v,

« Eventually, when Vps 2Vgs —V;, channel is pinched off
—=>Increase in Vs no longer increases current
—> called the saturation region

- T ¥ i
UGS
= l %Vm
GOy ic=0 ke : l :
B s ¢ oD ™= ~<— Triode —>|<— Saturation ——————>
T a7l Ups = Ugs — V:1 Ups = vgs — V,
+++++++ |
Curve bends because | \ C |
the channel resistance | ,]umnl] f.llu.x‘m}.x ;a.xti}laL, IIhL
increases with g | C m'nm IS pinched off at the
nichinel drain end, and v,y no longer
: affects the channel.
Almost a straight line |
p-type substrate with slope prupm'linnu\ |
to (g V) : ] G >V,
I
B
l
- =
— 0 Upssa = Ugs — Vi Ups
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NMOS device structure

COX - 80X /tOX

(".i)uc / /;4 ’ Strip dx: C =C_Wdx

E— Oxide dqg=-C (VGS —-V; _V(X))

W

Capacitor of value P dq — —C W (VGS _VT _V(X))dx

C, W dx

~ Source Y| Drain E E (X) _ d\:j(XX) E
i dx i
i Varitt :E:_I[JnE(X) i
» Voltage % ) dV(X)
- : gt " dx
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NMOS device structure

d -
Gy =CaW (v Yy ~v()
dx dv(x) | | iy
E:ﬂn dx = 15 :—|:COXW/1n (VGS —VT —V(X)) d(x )
i dg dqg dx
Cdt  dx dt | » Ii,dx=C W 1, (vGS —V, —V(X))dv(x)
L Vbs
B [ipix= [ CW s, (ves ~Vy ~v(X))dv(x)
0 0
i W 1
» b =k; T|:(VGS —V; )VDS _EVES}

with k! =4 C,,
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NMOS device structure

W
Ip = kn (VGS VT )VDS Vbs 1 W 5
L 2 = i ==k — (V.. -V
saturation: Vs = Vg — Vs
—-—
in A
ip (m
~<— Triode —->:<— Saturation ——> —
Ups < vgs — Vi Ups = vgs — V, 20
Curve bends because : \ - s (i, ~
the cliannél restdtance | Current T.mI‘IJIL\ lx,u.bl.uu. the e
st e channel is pinched off at the
Increases wilh ipyg | f "
drain end, and wps no longer — s = Ugs — VY,
| affects the channel. L
| 1.0
Almost a straight line | B
with slope Pl'&‘PUl'lit\nuN |
to (vgy V) J | i i, 0.5
| —
| L1 A .
: - 0 0.5 1 1.5 2 25 3 vgs (V)
0 Upss = Vs — Vi Ups A
v
m ELEC-H402/CH3: MOSFET 14



NMOS device structure

Ip-Vp
Triode region:

. . . 1.,W
Saturation region: Iy ==k —

Ups = Ugs — Vi |
Triode |

Ups = vgs — Vi

. —>~<—— Saturation region —————>
region [

2.0

-
-
~~~~~~~~~~

1.5

Ugs — V, +=1.5
1.0

0.5 e — V, Taeli()
UGS = V, + 0.5

| | | o)

0 4 & ps (V)

. Ssummary
i W 1
I = kn r|:(VGS _VT )VDS _EV[Z)S:I

L (VGS _VT )2

Limit between triode
and saturation region:

Vbs = Ves _VT

. 1. W
< lp :Eknfvés
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NMOS device structure

In saturation region...

* large-scale equivalent circuit
— NMOS operates as a perfect current source
— Input on gate: very high (infinite) input impedance
— Valid for Vpg = Vgg —V;

i =10 Ip

}_JD G o—=o0 ~ o D
+ +
G e—
B ’
}_| UGs flz"kn %(U(;s o Vr)z Ups
5 S -
O O
. vgs =V,

Ups = Vgs — V,
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NMOS device structure

Saturation region: effect of channel pinching

* Increasing vy reduces the channel length
— Voltage accross actual channel remains Vgg —V; = Ve,

— Electrons are accelerated through depletion region by additional
voltage drop

Source

Channel
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NMOS device structure

Saturation region: effect of channel pinching

* Quantitative analysis:

1., W
Iy —Ekn L — AL (VGS _VT )2
1., W 1 2
==k’ -V
2 "L1- AL/L)( ")
:E V_V( j )2
2 "L

* Letusassume: T:fVDS AV

= | =§k’ L( ss —Vi ) (14 A )
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NMOS device structure

Saturation region: effect of channel pinching

. 1., W 2
iy ==k —(Vgs —V; ) (1+ Ay )
2 L .
in A
!
I Gy V, =20V

Triode ~<>-< Saturation A—

Current at triode/ ’

saturation treshold

A R J UGe — V, = IS V
,"/'
| - |

> i
D $ = —

vgs — V, = 1.0V

= % 3

- {i_ = ,’;!—r : — ¥ e Ugs V, =05V
B = e e e e S S -
~Yar= =LA P Ups
L> large, typically 100V 1 Voo — V=0
_ di 1 VvV,
=> Qutput impedance of current source: I, = ~ =
dves | Al

with I, :%k' Vf\’(vGS -V, )’

n
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NMOS device structure

In saturation region...

* large-scale equivalent circuit

— Current source has output impedance r,

}_][:- G o—=90 B oD
£ +
ElleB 1, W
}_| UGs 7 ko f(vm =SV § T Ups
S
o l . o
S
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PMOS transistors

... N-type substrate => p-type channel

PMOS Treshold voltage V; is negative

= Vg heeds to be « more » negative to create
a channel: vgg =V =2 v < =V

-
7, B

—> Saturation when vy « more » negative than
gate voltage: vps < Vg5 — Vp

= Current i, (flowing from source to drain) in
triode region:

VY 1
I, =kK; r|:(VGS —V; )VDS _Evés:l
$1b — Current i, in saturation region:

L s : 1., W
G o= K, (Vs =V )° (L Ao )

D Note that K; =,C_ and u, =0.254, 10 0.54,

(a)
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CMOS technology

Complementary MOS transistors

e Both NMOS and PMOS and same substrate

= Many powerful circuit-design possibilities
—> Most widely used IC technology
= Many BJT applications now possible with CMOS

NMOS PMOS

S G D D G
Gate

Polysilicon

n well

p-type body
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CMOS technology

Example: CMOS digital logic inverter

e Digital logic inverter can be implemented with CMOS pair

Voo
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CMOS technology
Example CMOS digital logic inverter (cont’d)

V’l’“ —A [:Q,, Input high

; = vgs(Qy) high, Vis(Qp) low \O
i l"—° ‘v = Qy passing, Q, blocking

: Vo = 0 '1'() ()
—[ o .
4 FDSN
VosN ‘/:/'

vosy = You = Voo
NMOS Q,
Operatmg Load curve
point (Vsgp = 0)
PMOS Q,
. Y -
9 Vor =0 Voo Yo

ELEC-H402/CH3: MOSFET 24




CMOS technology

Example: CMOS digital logic inverter (cont’d)

Vop
¥ A Vbp
sar = Vopp
s Input low -
= i — v(Qy) low, Vi (Q,) high .
. = QN blocking, QP passing 0 DD
. e—0 U
i ' = Vo =Vpp
Veoy = 0 ]
o A Load curve —
N = (Wser = Vop)

Operating point
Vou = Voo

0 Voo Yo
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Effect of the substrate

V.; hot alwas zero

e Substrate common to many MOS transistors
= usually connected to most negative power supply in NMOS circuit
— Vg may not be zero for all transistors!

= < l 2 =+ -+ re l &
r : Gate electrode T— v : ) : Gate electrode T—
b— vGs l ) SB l UGs -
T = Induced T = T
S o 0 G n-type QD D> O 0 G oD
Oxide (Si0O,) channel Oxide (SiO,) channel
narrows
l'?“ — 4 . ~ = :2:"/’ } E l.vi‘-‘:.\ - \-, E‘-i = - - ;3...:.;‘ E
- o Y N :
/1 p-type substrate / ______ p-type substrate
I /
Dcplctvion region Dep|etion region
B widens B
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Effect of the substrate

V. changes with V,

* Depletion region widens
—> More negative ions in depletion region
—> Less electrons required to compensate positive charges at gate
= n-type channel narrows

—> macroscopic effect: V, increases
Vi =V +7/|:\/2¢f +Vgg _\/2¢f :| with y = 207,

(/V COX
physical parameter
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NMOS input impedance

Gate acts as capacitor with substrate

Source (S) Gate (G) Drain (D)
O O

Oxide (SiO2)
(thickness = 1,,)

iG
—
G
| | 'cll —Ces
p-type substrate
(Body) S

1

Body
(B)

* Input resistance rg very high (~10%> Q)

Css ~ a few fF to some nF depending on size of NMOS
—> purpose of i is to load Cg
—> static ig is zero
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Depletion-type MOSFET

channel is physically implanted in MOSFET

* For a NMQOS, the channel is of type n

= A n-type silicon region is implanted between the n* source and the n*
drain at the top of the p-type substrate

= If voltage v is applied between drain and source, a current i, flows,
even forvg =0

= There is no need to induce a channel
* Channel depth and conductivity is controlled through v

—> Positive v : more electrons into channel => channel enhanced

—> Negative v : electrons repelled from channel => channel becomes
shallower => conductivity decreases
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Depletion-type MOSFET
I-V characteristics

2 ip (MA) A
[/‘ +
ob)
; /
v =10 Triode i Saturation region >
' region / o Y
Go > | Ups Ups = vgs — V, / Ups = Ugs '
+ 36 — vgs = 2V (V, +6)
e 32 /
GS SO a /\
_ 28 Ups = Ugs — V;
o o /
24 Vs = +] V (V, R 5)
ip (mA) A 20
Depletion Enhancement Ipss 16 vgs =0V (V,+4)
mode mode |
12 |
3 $ vgs = —1V (V,+3)
|
4 . ws = =2V (V,+2)
} | | [ I I I [ T 1%s = =3V (V:"'l)=
0 2 4 6 8 10 12 14 ups (V)
tps = vgs — V, I £
=¥ ves = —4V (V)
| e ==k —V
il DSS n t
2 L
L1 [ o
-4 -3-2-10 1 2 ves (V)
I * 5
v,
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MOSFET characteristics

Enhancement-type vs depletion-type

Enhancement-type and depletion-type MOSFET can be
realized onto the same IC chip
= Circuits with improved characteristics

iDA

p-channel p-channel n-channel n-channel
enhancement  depletion depletion  enhancement

0 UaGs
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