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Types of FETSs

* In addition to carrier type (N or P channel), there are differences in
how the control element 1s constructed (Junction X Insulated) and
those devices must be used differently

__npn
Depletion mode junction FETs (JFET)
\
pnp
. . _—ph
Metal oxide semi-conductor FET (MOSFET)
pnp

— depletion/enhancement mode
— enhancement mode

(insulated gate FETs, IGFETs, are the same as MOSFETs)
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Oxide (SiO,)

Source
region

p-type substrate
(Body)

Channel
region
Drain region
(a)
Source (S) Gate (G) Drain (D)

Oxide (SiO,)

Channel i
region
| |
| L |
p-type substrate
(Body)

T

Body
(B)

(b)

Physical structure of the enhancement-type NMOS transistor: (a) perspective view; (b) cross section. Typically L =1t0 10 um, W =2
to 500 um, and the thickness of the oxide layer is in the range of 0.02 to 0.1 um.
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Deple_tion / p
Region

Resion p Pinch-off Point

(a) MOSFET in the linear region

(b)) MOSFET with channel just pinched
off at the drain.

(¢ ) Channel pinch off for vpg > vgs - Vi
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] & ] Gate electrode ]
—i UGs l —3
B Induced
S0 0 G n-type QD
Oxide (Si0,) channel
&\m\
- [N
'\ \ " L n* |
\ - Y - /
N _ .
/Z p-type substrate
|

Depletion region

The enhancement-type NMOS transistor with a positive voltage applied to the gate. An n channel is induced at the top of the substrate
beneath the gate.
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UGs l 1 +

B — Ups (small)
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ip \L D~
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| Induced n-channel

p-type substrate

An NMOS transistor with v > V, and with a small v applied. The device acts as a conductance whose value is determined by v .
Specifically, the channel conductance is proportional to v - V,, and this i, is proportional to (v - Vy) Vps. Note that the depletion
region is not shown (for simplicity).
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Drain-Source Voltage (V)

NMOS i-v characteristics in the linear region (Vs = 0)

Ves = Vin
0 <Vps <Vpssar= VasVin
kn = :unCOX
small vy
. . W
Ip = kn T(VGS _th )VDS
di . W
q P = kn _(VGS _th)
Vs L

Linear Region (small vps)
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n-channel

p-type substrate

Operation of the enhancement NMOS transistor as v is increased. The induced channel acquires a tapered shape and its resistance
increases as Vg is increased. Here, v is kept constant at a value > V,.
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ip A

—=<— Triode Saturation ——— >

ups < vgs — Vi Ups = Ugs — V;

LN

Curve bends because
the channel resistance
increases with vpg

|

l

|

| Current saturates because the
| channel is pinched off at the

| drain end, and vpg no longer
{ affects the channel.
|

|

|

|

|

1

Almost a straight line ——_|
with slope proportional to |~

(vgs — V1) vgs >V,

0 Upssat = VUgs — V; Ups

The drain current iy versus the drain-to-source voltage v for an enhancement-type NMOS transistor operated with v > V..
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Output characteristics

G
for an NMOS transistor with 04{ Vp 2\/S
Vi, =1Vand k', (W/L)= 25 x 106 A/V?
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Derivation of the i, - v4 characteristic of the NMOS transistor.

Field Effect Transistors
Electronics — Celso José Faria de Araujo, M.Sc.

A |

11



The PMOS Transistor
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Output characteristics for a
PMOS transistor with
Vi =-1Vand ks (W/L)= 25 x 10°® A/V?
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PMOS

n well

p-type body

Cross section of a CMOS integrated circuit. Note that the PMOS transistor is formed in a separate n-type region, known as an n well.
Another arrangement is also possible in which an n-type body is used and the n device is formed in a p well.
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i ip (MA) A
fs =) = + Ups = vgs — Vi
< Triode [ Ups = tGs — Vi
S . —>-<——— Saturation region ————>
—_l — T region /
+ UGs = V, +4
UGs '_-I-_ \l/ s = Ip -
@
(a)
ip (mA)A vgs =V, + 3
4 —
- UGs = Vt +2
3 -
~ Ups = vgs — Vi | | vgs =V, + 1»
2 8 &9 ups (V)
B UGs V, (Cut Off)
1 —
| L1 =
0 1 2 3 4 ) vgs (V)
A
Vi

(d)

(a) An n-channel enhancement-type MOSFET with v and v, applied and with the normal directions of current flow indicated.
(b)The i, - vpq characteristics for a device with V, = 1V and £’ (W/L) = 0.5 mA/V2 (d) The i, - v characteristic for an enhancement-

type NMOS transistor in saturation.
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Channel Length Modulation

. _ H Cox ﬂ VA _ 1
Ip = 2 L (VGS Vt) _IDSAT _)L_LM A%_M :AVDS z:VAOCL
I
L S~ AL . uC, W 2
Ip = 1_Ay = IDSAT (1+ /_Mj Ip = 5 T(VGS _Vt) (1+ZVDS)
Ly,
- _Sourc i Channel Drain

p—

| —  Upssat = YGs ~ Vi + er[/?’ns —~ UpSsat

| ]
L

Increasing v beyond vy causes the channel pinch-off point to move slightly away from the drain, thus reducing the effective
channel length (by AL).
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_HCu W

2 .
lp =2 (Vgs =V, J (1+ A vy ) < Saturation
ip A
Output Resistance: | o — =AY
_ -1 Vv 4 }/ Triode <==~<- Saturation —
. Olg _ Vos gl
(0}
aVDS Vgs =Constant | D , ——
_ Gs — Vi —
-1 VA - = Slope = —
L] =2« VoV
D /// T vgs — V, =2V
///// /,,/,__,/,/—’/' e vgs — Vi=1V
—_— e e e >
—V, = —1/\ 0 s
vgs — V, =0

will have Early voltage V,; and V,,,.

V_Alle

VA2 - L2

V, is directly proportional to L; thus two devices with the same process, and having channel lengths L, e L,,

Effect of v on i, in the saturation region. The MOSFET parameter V, is typically in the range of 30 to 200 V.
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’ +
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UGs > ky Z(UGS ~ ¥ § To UDs

Large-signal equivalent circuit model of the n-channel MOSFET in saturation, incorporating the output resistance r,. The output
resistance models the linear dependence of i, on vgand is given by ry =V, I,
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Summary of equations for the enhancement-mode I\/IOSFET

D
ET N-channel S P-channel
k = G
% I < —! |‘_; “HaCo G I 4!
=1 C Vip<0
is X:;S oo s e
Region N - Type P -Type
Cutoff VGS Sth VSG < th
5 ~0 i, =0
Tiode | Ves ZVa and Vps <Vgs =V, Vs 2 V| and vgy <V =V, |
: : ' V2 _ , 2
(Linear) Ip = kn WA l:(VGS —Vin )VDS — D%} Ip = kaA [(Vse —’thD‘/SD _VS%}
Vgs =V, and Vpg > Vs =V, Vse 2 V| and v, 2 vgs =V, |
Saturation k'
P nW . V
B A Vos ~ t”) 1+ |VA| o = ?pWA<VSG _’th‘)z 1+ﬁ

[F-0 Y in A

Triode ] Triode
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i(? = [} B Ups
—
+ G
UGs S
O O
- 2
ip (MA) A ip (mA) A
; / Depletion Enhancement
e Triode / Saturation region ————> mode mode
region g
s / vps = vgs — V; 36
ups = Ugs — V, /
36 — vgs = 2V (V, + 6) 3
28 - ups = vgs — Vi 24
- vgs = T1V (V, +5) Ups = Ugs — V,
24 20
20 16
IDSS ]6 — /| Ugs = 0 A% (V, + 4) |
12 | g
f vgs = —1V (V, +3)
8 | 4
4 | vws = =2V (V,+2) L L1 -
! I I I I I I I I I ] Vs = —3 V>(V1 +1 -4 -3-2-10 1 2 vgs (V)
0 2 4 6 8 10 12 14 vps (V) !
| 1
-V,

vgs = =4V (V)

The current-voltage characteristics of a depletion-type n-channel MOSFET for which V, = -4 V and &’ (W/L) = 2 mA/VZ:
(a) transistor with current and voltage polarities indicated; (b) the i, - v characteristics; (c) the i, - v44 Characteristic in saturation.
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Bias Circuits 1

- A usually neglected ( 1/ A =V,—x)
- Q-point most often located in saturation for analog circuits

VG = RZ VDD
Vbp R1+R2 } V —R2 Vo — R
6s R LR DD slp
. Ro Vs =Rl 1o
Io
¢ VDS :VDD (RD+RS)ID

K. W 2 (assuming the MOSFET to be
L VAY,
A( s~V in the saturation region )

. 2
K R t lution nly on
_tW 2 N\ ( two solutions — only one
o 2 A{Rl—l—RZVDD Vi RS'D} is possible )

Ex:Vpp =10V R, =150kQ  R,=100kQ Rg=10KkQ
Ro=50kQ Kk’ (W/L)=50pAN? V=1V

Solution: 1, =100 pA Vps=4V

Field Effect Transistors
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Bias Circults 2

Voo é\/w Analysis
Rp !
Rp K
Rs I, =W/ (v -V, f
AAN L D~ 5 A( GS t)
D
<k | Ves =Vop —Rplp
| k'
- s Iy = _n(VDD -V, - RDID)2
Two power supplies are e 2
available Vo =V - (l.=0
Vor A GS DS ° ( G )
- Vobp/ Rop
’ & Jload line
. 4-Lurve Vos = Vs
Re
|
- -Vss i
A simple circuit utilizing Vbs = Ves2 Vbbb
a current source
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O i

V.

0 [——[,0 v

7S

=

Q,: I =V converter
Q,: V =1 converter
If Q, in saturation

(Vomin — Ves _Vt)
then

T
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IREF ¥

Example: Vpp =5V ;lgee=10pA; Q; and Q, are
matched ; L=10 um and W=100 pm; V, =1V ;

Voo

|

| Io A
R |

|

|
Q:I | — I:Qz V) i :
P

Ijpr ————=

hs 2

K’ =20 pAIV? V, = 10L; AVo=+3V

1,100 )
oy = logr =100=220=—(Vgg 1
D1 REF 2 10(GS )

Vg =2V

R= 5-2 =30KQ
1004
V, =2-1=1V
V,=10x10=100V —>r, = 100V =1MQ
00uA
Al = AV, =ﬂ:+3uA:>+3%
I IMQ

0

Basic MOSFET current mirror.



Basic amplifier configurations with current sources

Vbp
+ o
Vi
—T—T |
-Vss

Source follower
or common-drain
amplifier

Field Effect Transistors
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Vbp

+ 4|
Vi

Common-source
amplifier

Common-gate
amplifier
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i A Qin 0> in |
triode saturation Slope = —
Q3 To2
lpo—— —l—
| vs6 = Vsa
|
IRer | |
| |
| |
| | -
0 (Vsg — |Vrp|) Vs v
(a)
ip1 4\ vo A
Q,in ; ; I, I (o, v
trilode e Q, in saturation vesi = Vi Vs I I :
/ Vop — Vs = Vi
B oo — (Vsg — | z/|) I 0, Cutoff
U1 =V @, Saturation
o2 o “ : 0, Triode
| 0, Saturation
I
| | O, Saturation
| | 0, Triode
| | 0, Saturation
l s Vos
0 Vos Vop — Vsc T Vop Upsit = Yo -
Y,
VDD - (VSG - |le|) 1
(d)
()
G D, D,
+ I | ! <
R =0 R =r,/t,
o f+ o g, I s o ( )
i _ sl ml gyt ol o2 . e
C) A\/ gml r01 // If02
—y o A . o
= .. 5,

The CMOS common-source amplifier: (a) ciréuit; (b) i-v characteristic of the active-load Q,; (c) graphical construction to determine
the transfer characteristic; and transfer characteristic.
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Example: Vpp=10VVy, = | Vi, = 1V ; k()= 2 k )= 20 pA/V?
v (W=100 pum; L =10 um |V,|= 100V for both the n and p device)
o lrgr=100 pA.

IREF

(a) o] —
loee = 1o, =15, =100 ;LA . 81509 g ISlope = -100V/V
. 2 OI [~
I = e =100uA=Ekp(fj Ve ~ V| f = Ve = 2.41V 5
3 i
! Bias Point
Vo, =10—(Vgg =V, ) =8.59V ; [
v, =V, -V, =1V i
On = 7170 4.795| . S
Vo~ (Vo Vo )—o 4y, =4795V L
~ " r01 + r02 " i i
Ior = leer :1OOHA:%k{V%j (VI _th)z =V, =2V i i
1 i i
W l ______ -i _____ i- _____ 1
O = Jan(Tj lrer = O.Zm% i i i >
1 196 2 2.04 v
ry="r, _ Ml =1MQ
REF
Vo o| = £3. i| =1
A\/ — V_I — _gml(rol // r02): _100% Vv +3 795Vp = |V 40mVp
R, = R, =(r,//r,)=05MQ
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\# Ugsl 8m1Vgsl1 8mb1Ups1 T'ol
IREF .
0, ) SO @ * =
i 1 } v’_’:‘
o e 3 oS
(b)
@) 'A\/ — V_o — gml — gml
G, v, 1+g
O L ! i Omt9m+——+ —
- rol r-02
Ugs 8m1Ygsl 1

gml + gmbl - 1+X

3 1
Y Rs= g a2 R :(}6 )//(% j// r, /i,
ml mb1l
) = //
(©) (}/gml) (}/gmbl) Ji 1+)()

The source follower: (a) circuit; (b) small-signal equivalent circuit; and (c) simplified version of the equivalent circuit.
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VDD

A
\I W/L
—i[, o
- A (W/L), W/L),
Ip2 = Ip1 =
I‘—‘j (w/L), 1+zz VL),
—[ 2 e
in1 A =
w4 1 II 111
0, CuﬁOff Q, in | 0O, in
| saturation | triode region

Vop = Vi :

I

I

I

|

I

I

I

I

|

v, |

V3
(b) 0 Va 1%

(a) NMOS amplifier with enhancement load; (b) graphical determination of the transfer characteristic; (c) transfer characteristic.
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Voo i A Gy 5 8
A GS1
0,
«——O
\L Ip +
o I Yo
Uy -
—_ —_ 0 Voo = Vipl) Vob  vo
DI’ GZ’ SZ
- T8 > o)
vo A — +
¢ 1 I I Iv
: I : 8m1Vgs1 Tol Ups2 8mb2Vbs2 To2 Yo
V
“TATN N R
Q, Cutoff > - ¢ : & o)
Voo = [Viol _—Jl_l; I I Q, Triode L D:. B,
| I\ I 1 Q, Saturation =
| ] Q, Triode
| I\ O, Saturation Vv 1
|1\ I Saturati =0 _ _ =
| [\ 2 Ta.u(rja . A\/ - - gml // r01 // r02
|1\l ¢ rv{ & Triode Vi mb1
| | Q> Saturation
: I ~ gml — (W/ L)l 1
— > Qb2 (W/ I—)z X

0 Vie

The NMOS amplifier with depletion load: (a) circuit; (b) graphical construction to determine the transfer characteristic; and
(c) transfer characteristic.
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_+_
Usgp == ()
Vop —
—i[ o _
| Fosn = W
j K|— | (Vo =V
l/’_oz,() n(Ljn( DD tn)
—| O
+
vgsy = Vop Vbb
i + s =
()
vgsy = Vou = Vpo
vo=0
Operating Load curve r
/ point / (vsgp = 0) o
-~ =
0 ——
Voo =0 Voo Yo

(©)

Operation of the CMOS inverter when v, is high: (a) circuit with v, =V (logic-1 level, or V,,)); (b) graphical construction to
determine the operating point; and (c) equivalent circuit.

Field Effect Transistors
Electronics — Celso José Faria de Araujo, M.Sc.

30



Load curve
(vsp = Vpp)

/

vosn = Vor =0

" A

UsGp =

rDSP_/k'p(VI\_/]p(VDD’th)

+
Ugsy — 0 VDD
'Dsp
vo = Vpp
Operating point
Vo = Vpp /
/ > —
Vob [0) -
(©)

Operation of the CMOS inverter when v, is low: (a) circuit with v, = 0V (logic-0 level, or V,); (b) graphical construction to
determine the operating point; and (c) equivalent circuit.

Field Effect Transistors
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Oy in saturation

o ; 1
Bk QIP in triode I‘egIOIll VIH — g (5VDD - 2Vt)
On off | 5 |
Vior = Voo | Slope = —1 1
| | VIL:§(3VDD_2VI)
| I
| I\
L
Noise Margins
|
: | NM :g(S\/DD+2Vt)
| ] Oy and Op 1
| in saturation
: | NML=§(3VDD+2Vt)
| l QOp in saturation
(@_V) ____I____:E_ Slope = —1 Qy in triode region
2 ! | |
| | | I
| L | |
| | | | QOp off |
| : l D |
1% =0 | | | | | >
or 0 V, Vi T Vie Vop—=V) Vop vy
V

The voltage transfer characteristic of the CMOS inverter.
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VDD Uy +

A
Voo +
__|| P e
i D
¢ DI 0 0 ! !
Yro—e : ) i :
¢]/)‘\‘ Yo A I l
| tprL —>{j<— >l lpLn
S | Oy — H
1 1 |
1
. Operating ®
iny A point at
F \ Vesin = Vip ' i “h
v I ‘I'E ¢ IpN
|
} Capacitor I ‘
| discharge * QN ;= ¢
}through Ox |
Operating point i l i
after switching | | O[g;&ttlantg =
is completed ‘ I/ [; =0— = =
D l LAl >~
0 Vop \L Voo vo
: ] (d)

Dynamic operation of a capacitively loaded CMOS inverter: (a) circuit; (b) input and output waveforms; (c) trajectory of the operating
point as the input goes high and C discharges through the Q,; (d) equivalent circuit during the capacitor discharge.

Field Effect Transistors o

Electronics — Celso José Faria de Araujo, M.Sc.



C‘x:d

Go SR [ R .
" Il
g 8m vgs 8mbVUbs
Ups C

gs

AAAN
vy
o

==C; I -
S

C\'lz

1
1

Strong inversion and saturation:

— 7
~—

Vs — V, > 200 mV

gm = \/2 k (W/L)ID
V, +V

ID

c -2cwL
3

g

db

o D

(a) High-frequency equivalent circuit model for the MOSFET; (b) the equivalent circuit for the case the source is connected to the
substrate (body); (c) the equivalent circuit model of (b) with C, neglected (to simplify analysis).
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(b)
Cgtl
Go 1 _ o5
i I
Ugs o ng 8mUgs r,
S
(c)
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ng / o

I R
: |

I/ D Vk’* e e C.L'A\' gnl v.tt-\' 'y §

Q
«

I0 gm
l, s(C,+Cy)

For physical frequencies s = ja, it cam be seen that the magnitude of the current gain
becomes unity at the frequency:
O

= 2n(C,.+C,,)

Determining the short-circuit current gain I /..
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When to use JFETSs

v JFET have much higher input impedances
and much lower input currents than BJTs.

v BITs are more linear than JFETS.

v" The gain of a BJT is much higher than that
of a JFET.

36
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