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Chapter Three :- Field-Effect Transistors and
Applications

FE'Is vs. BJ1s

Similarities:
* Amplifiers
* Switching devices
* Impedance matching circuits

Differences:
* FETs are voltage controlled devices. BJTs are current controlled
devices.
* FETs have a higher input impedance. BJTs have higher gains.
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* FETs are less sensitive to temperature variations and are more easily

integrated on I1Cs.
* FETs are generally more static sensitive than BJTs.

FET Types

+JFET: Junction FET
MOSFET: Metal-Oxide—Semiconductor FET

*D-MOSFET: Depletion MOSFET
E-MOSFET: Enhancement MOSFET
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JFET Construction

There are two tvpes of JFETs

P—— n-channel

*n-channel
sp-channel \ /

The n-channel is more widely used. Gate (G) \
— 4+ 3P| ® P

Dyraim (f2)
Ohmic W
—

Depletion Depletion
region l region
There are three terminals: Source (5 )

*Drain (D) and Source (S) are connected to the r-channel
*(ate () is connected to the p-type material

JFET Operation: The Basic Idea
JFET operation can be compared to a water spigot.

The source of water pressure is the Source
accumulation of electrons at the
negative pole of the drain-source
voltage.
Gate
The drain of water is the electron
deficiency (or holes) at the positive
pole of the applied voltage.

The control of flow of water is the /

gate voltage that controls the width O Phuniin
of the n-channel and, therefore, the

flow of charges from source to

drain.
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JFET Operating Characteristics

There are three basic operating conditions for a JFET:

* Vg =0, Ve Increasing to some positive value
* Vg <0, Vg at some positive value

*  Voltage-controlled resistor

JFET Operating Characteristics: Voo=0V

Three things happen when V=0 and Vg is increased from 0 to a more positive

voltage

The depletion region between p-gate
and n-channel increases as electrons
from n-channel combine with holes
from p-gate.

Increasing the depletion region,
decreases the size of the n-channel
which increases the resistance of the
n-channel.

Even though the n-channel resistance
is increasing, the current (I,) from
source to drain through the n-
channel is increasing. This is because
Vs is increasing.

In
oy +

Depletion n-channel
FEgION :
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If Vg =0 and Vg is further increased to
a more positive voltage, then the
depletion zone gets so large that it
pinches off the n-channel.

This suggests that the current in the n-
channel (1) would drop to 0A, but it does
just the opposite—as Vg increases, so does -

I,

At the pinch-off point: :
L Saturation level

Vs =0V

If!.'.l.".i.ﬁ'
* Any further increase in V¢ does not
produce any increase in Iy Vg at

I

| Increasing resistance due
. . . |
pinch-off is denoted as V.. ]
|
I

to narrowing channel

* 1y is at saturation or maximum. It is

referred to as I | m-channel resistance

*  The ohmic value of the channel is |
maximum. 0 Ve Vis
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As V¢ becomes more negative, the
depletion region increases.

Vig > OV

JFET Operating Characteristics

As Vg becomes more negative: VigimA)  focus of pinch-off valucs
—f— : ——
. Ot Saturution Region
* The JFET experiences Region |
. e 81T Wy =0
pinch-off at a lower voltage B m ,-"r_ T | 1
b
(Vp). ﬁ“f f| I I I [ :
: 1 ! Ll =1V
* I decreases (I, <l,¢) even 4! '/"ﬂ].’. I I s
. _ L
though Vg is increased. VHAL -
1 __;_i . I Ver==-2¥
o7 '] g
*  Eventually I, reaches 0 A. "W T T : ;‘ ~ aven
, A . . = , } L sl B
Vs at this pointis called V o] 2 10 3 5 3 Vs (V)
or "'rl'"i'{ul'l‘}" 1-":, (T l-:,‘5=l]"f':|

Also note that at high levels of V¢ the JFET reaches a breakdown situation. I,
increases uncontrollably if Vg = Vg
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JFET Operating Characteristics:
Voltage-Controlled Resistor

T.llﬂ region tl.'l t]l.ﬂ left of the 1o (A Locusiof pinch-off valses
pinch-off point is called the el
. . Cihmie I Saturation Region
ohmic region. 1 o | Reion [ b i
1+ o
The JFET can be used as a « LI ;l !
variable resistor, where Vg b j",'r ‘ 1
. r Vg=—1 V
controls the drain-source 4 o |
. . = —— = —— !
resistance (ry). As Vgg becomes 3 ;’/r [ !
more negative, the resistance 24 /J_ : ! Vs =-2V
. 1 Emmm TR
Iy} Increases. e I | 2
(. d] rﬂ g,‘.r.-—'-—l[ T I ! _rv(-"“=_" ‘."=I.:-.
fd = 2 0| e 1 15 20 25 Vs (V)
[1 VGS] Vo lfar ¥y mOV)
Ve
Ch: 1JFETS
P- dllIc
b fes +
The p-channel JFET behaves the
same as the n-channel JFET, Vi +
= ¥ig

except the voltage polarities and
current directions are reversed.




As V¢ increases more positively

* The depletion zone
increases

* 1 decreases (I < lgq)

+  LEventually I, =0A
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as=0Y !
Ve =41V [J
" f |J Breakdown
Vﬂ‘g =+21V . . mai_q.ﬂ
VGS =43V
VGSE-I'-"-V VGS=+5V
1 —] I i
-15 -20 ETERTS

Also note that at high levels of V5 the JFET reaches a breakdown situation: I
increases uncontrollably if Vg = Vipsmare

N-Channel JFET Symbol

D
Q
4
yio
Vbs
-0 -
S
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JFET Transfer Characteristics

The transfer characteristic of input-to-output is not as straightforward in
aJFET asitis in a BJT.

In a BJT, B indicates the relationship between I (input) and I (output).

In a JFET, the relationship of V¢ (input) and 1, (output) is a little more
complicated:

2

Voo
Ip = Ipgg[1-—=
v

JFET Transfer Curve

Tplma) 4 T L
—iHI 14
-8 9|
This graph shows the s 8- 8 = nn=tE
1T 17
value of I, for a o ~—
given value of Vg, g ¥
4
k|
2 M-V
. - Yag=3V
. - . Y
VaW)—4 -3 X - [o o 3 [T 15 i) 5 Wi

Sy =, Vi = Y



DEFARTMENT DF

UNIVERSITY OF TECHMOLOGY

University of Technology / Communication Eng. Department

Subject: ELECTRONIC I / Lecturer: Assoc.Prof.Thamer

Plotting the JFET Transfer Curve

Using Ipgs and Vp (Vggem) values found in a specification sheet, the transfer
curve can be plotted according to these three steps:

Step 1
2
Ve
Inn=Incel 1= G5
D I}hh( Vo ]
Solving for V=0V Ip= Ipss
Step 2 ,
Ip = Ipss| 1- VGS]
. " T T T - VF
Solving for V=V b “"F.S{um] I, = 0A

Step 3

2
Solving for Vg =0V to V, Ip= Iu&‘i(l_ ";'h]
P

Case and Terminal Identification

2N2844

CASE 22-03, STYLE 12
TO-18 (TO-206AA)

3 Drain
(Case)
2
Gate
32
1 1 Source

JFETs
GENERAL PURPOSE
P-CHANNEL



DEFARTMENT DF
COMBUNICATION ENGINEERING
UNIVERSITY OF TECHMOLOGY

e)

NG ddia acd
dam 1 ) Radlad)

University of Technology / Communication Eng. Department

Subject: ELECTRONIC I / Lecturer: Assoc.Prof.Thamer

MOSFETs

MOSFETs have characteristics similar to JFETs and additional
characteristics that make then very useful.

There are two types of MOSFETs:

* Depletion-Type
*  Enhancement-Type

Depletion-Type MOSFET Construction

The Drain (D) and Source (S) connect
to the to n-doped regions. These n-
doped regions are connected via an n-
channel. This n-channel is connected to
the Gate (G) via a thin insulating layer
of 810,

The n-doped material lies on a p-doped
substrate that may have an additional

terminal connection called Substrate 5 e
" (Source) E
(55).

10
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Basic MOSFET Operation

A depletion-type MOSFET can operate in two modes:

*  Depletion mode
* Enhancement mode

Ty (A} il

Depletion 09

-—

e Enhafceme
maoide

Depletion Mode

The characteristics are similar
toa JFET.

1 1 [T |

F T p— r p— b -5 43I0
* When Vi =0V, I, =1, %
*  When V< 0V, I < Ipgs

The formula used to plot the transfer D-MOSFET
curve still applies:

2
n =lpss|1- Vo

r

operating in C-mode operating in E-mode

11
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Enhancement Mode
Depleive tos
ke

* V=0V

* I, increases above I

* The formula used to plot
the transfer curve still
applies:

o o ) D-MOSFET
Note that Vg is now a positive polarity

operating in D-mode operating in E-mode

MOSFET Symbols

n-channel p-channel

I_TD Jf}
e Je—o 355 G jb——oss

g g

§ .

12
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Common FET Biasing Circuits

JFET Biasing Circuits
* Fixed — Bias
* Self-Bias
* Voltage-Divider Bias

D-Type MOSFET Biasing Circuits

*Self-Bias
*Voltage-Divider Bias

E-Type MOSFET Biasing Circuits

*Feedback Configuration
*Voltage-Divider Bias

Basic Current Relationships

For all FETs:

I =0A

For JFETS and D-Type MOSFETs:

For E-Tyvpe MOSFETs:

2
Ip =k(Vgs — V)

13
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Applications

Voltage-controlled resistor
JFET voltmeter
Timer network

Fiber optic circuwitry
MOSFET relay driver

14
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Chapter Three ( part two) : BJT small signal ac analysis

COMMON-EMITTER FIXED-BIAS CONFIGURATION

® the common-emitter fixed-bias network is shown in Fig. 8.1.

Fee

T

v T
I Co i\ o
— 5 &
¥, o ]| ~—
C; Z,
——
Z; e E
b

Figure 8.1

Common-emitter fixed-bias con-
figuration.

The small-signal ac analysis begins by removing the dc effects of VCC and replacing the
dc blocking capacitors C1 and C2 by short-circuit equivalents, resulting in the network of
Fig. 8.2.

o > O -|'J
g 1z
— B
VIr .
Z
- R &
7 B E
w

Figure 8.2 Network of Figure 8.1 following
the remowval of the effects of V-~ C;. and C,.

Substituting the re model for the common-emitter configuration of Fig. 8.2 will result in

the network of Fig. 8.3.
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i 4150 Fadlad
I I, T
iy ; N W
Vi gRB §ﬁr€‘ } ﬁIb g Yo RC§ J
Figure 8.3 Substituting the r, = i
model into the network of Fig. L zZ. N
8.2. . - & b - = =
e The next step is to determine B, re, and ro .Figure 8.3 clearly reveals that
Z: = Rg|Br, | ohms (8.1)
e For the majority of situations RB is greater than Bre by more than a factor of 10,
Z; = Br, ohms (8.2)
R5=103r-
e For Fig. 8.3, when Vi = 0, li =0, Ib =0, resulting in an open-circuit equivalence for the
current source. The result is the configuration of Fig. 8.4.
i)
L
& Z,
o Ry
i '
Figure 8.4 Determining Z, for
the network of Fig. 8.3.
Z, = R, ohms (8.3)
If 7, = 10 Rp. the approximation R|r, = R is frequently applied and
Z, = R¢ (8.4)

ro=10R¢

e Av: The resistors ro and RC are in parallel
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and Ve = — BIy(Rc|rp)
but I, = i
u > = B
I,
so that vV, = ,3( )(RcHF‘o)
B?e
Ifo (‘RC"}"O}
and 4, =2 = ——2=
an v 7, .
If , = 10R,.
4, = e
Ve re=10Rc

e Ai: The current gain is determined in the following manner: Applying the current- divider
rule to the input and output circuits,

_ (J'o)(lgfb) I, _ .T',_-,,B
P — and — =
s + RC Ib Fa + .R(_'-
» R L Rs
Wit 5 R3+Bf'g of Ir Bl RB_'_-B'FQ
The result is
w227 -EElETs)
! ( (Jr (IO+RC (RB‘FB}"QJ
d 4= o PR 8.7
an =7, T o+ RIRa + Bro) 7
which 1s certainly an unwieldy. complex expression.
However. if 7, = 10R¢ and Rz = 1087,. which 1s often the case.
4. = Io . BRB'F'G
7L (.)(Re)
and A= (8.8)
ro=10R. Re=108r
4= -2 8.9
L1Fp T = VRC ( g j

e Phase Relationship: The negative sign in the resulting equation for Av reveals that a
180° phase shift occurs between the input and output signals, as shown in Fig.8.5.
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Figure 8.5 Demonstrating the
180° phase shift between input
and output waveforms.

EXAMPLE:
For the network of Fig. 8.6:
(a) Determine 7.
(b) Find Z; (with r, = == (1).
(¢) Calculate Z, (with r, = = (}).
(d) Determine 4, (with 7, = = (}).
(e) Find A4; (with 7, = % ().
(f) Repeat parts (c) through (e) including 7, = 50 k() in all calculations and compare
results.

Figure 8.6 Example
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Solution

(a) DC analysis:

o _Yec=Var _12V-07V
4 Rz 470 k)
Ip= (B + 1)Iz = (101)(24.04 pnA) = 2.42

B 26 mV -y 26 mV

= 24.C

e g o asgumn - UL 4L
(b) Br. = (100)(10.71 Q) = 1.071 kO
Z, = Rg||Br, = 470 kQ[1.071 kO = 1.069 kQ
(¢) Z, = Rc=3kQ
Rc 3kQ
(d) 4, = — = ma s —280.11
(e) Since Rp = 10Br.(470 k) > 10.71 k{))
A4,= B =100
(f) Z, = rJIRc = 50 kO3 kQ = 2.83 kQ vs. 3 k()
4, = _TolRe _ 283 ks:}' = —264.24 vs. —280.11
v r, 10.71 Q e
BRgr, (100)(470 kQ)(50 k)
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A= G T RORe + Br.) - (50 KQ + 3 kKO)(70 kQ + 1.071 kQ)

= 94,13 vs. 100
As a check:

7. —(—264.24)(1.069 k()

A4; = _Al‘R_{- = 3 kO = 94.16

EMITTER-FOLLOWER CONFIGURATION

When the output is taken from the emitter terminal of the transistor as shown in Fig. 8.17, the

network is referred to as an emitter-follower.
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i 500 Baalad
Vee
I;
— B
v, o—oJ)
c, o
v
— t-
£; Rp
—— . -
Z Figure 8.17

conliguration.

e Substituting the re equivalent circuit into the network of Fig. 8.17 will result in the
network of Fig. 8.18.

I
} b2
1 -"17 7
L\'.
Figure 8.18 Substituting the r,
ll": (B+ DL - equivalent circuit into the ac
= =  equivalent network of Fig. 8.17.

Zi: The input impedance is determined in the same manner as described in the preceding

section:
Z: = Rz||Z, (8.37)
Zy = PBr. + (B + 1R (8.38)
Zy = B(7. + Rg) (8.39)
Zy = BRg (8.40)

e Z0: The output impedance is best described by first writing the equation for the current

1b:
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v,

I, ===
I] Zb

and then multiplying by (8 + 1) to establish 7.. That is.

v,
L=@+DL=FE+1-
b

Substituting for Z; gives

_ B+ DV
L= .+ B+ DRs

| L v,
“ * T [BrJ(B+ DI+ Rz
but B+1H=p
and Bﬁ—igl = B!;E =7,

_ ¥
so that I, = 7.+ Ry
e If we now construct the network defined by Eq. (8.41), the configuration of Fig. 8.19 will
result.

?.3

ANN— o |
+ | )=

Figure 8.19 Delining the out-
put impedance for the emitter-fol-
lower configuration.
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To determine Z,. F; is set to zero and

Zo = RE”'PE

Since Ry is typically much greater than 7. the following apprc
plied:

Lo =72,

A,: Figure 8.19 can be utilized to determine the voltage g
cation of the voltage-divider rule:

v = RgV;
RE -+ s
Vs, R
and Av — ? = R_Eiff
i €

Since Rg is usually much greater than 7, Ry + 7, = Rg and

dy=—r=
e Ai: From Fig. 8.18,
Rzl
fg, = —BI
Rgt+ 2
I,  Rs
o I, Rg+Z,
and I,=—-I,=—(B+
I,
or L~ Bt
. L LI
so that A; = T = I T,
Rp
= — —+ _—
B+Vr %7,
and since B+ 1H)=4
BRp
A =——"— 8.46
’ Rg + 7, ( )
Z;
or A= =4y (8.47)
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e Phase relationship: As revealed by Eq. (8.44) and earlier
discussions of this section, V0 and Vi are in phase for the emitter-follower configuration.

e FEffect of ro:
Zi:
(B + 1)R=
Zb — B}'L, == RE
I

Fa

If the condition r, = 10R; is satisfied.
Zy = Pro + (B + DRe

which matches earlier conclusions with

Z, = Bre + Rg)

¥, =10R;
£
Bre
Z, = ro||Rell = ———
Using @ + 1 = g,
£o =1, |RE||.='£.
and since r, ==
ZrJ = ‘RE"'P-E' |
ANy va
A, )
(B + D)Rg/Z,
411,- = R
1+ —
Yo

(8.48)

(8.49)

(8.50)

(8.51)

(8.52)

If the condition r; = 10Rg is satisfied and we use the approximation B + 1 = 3.

BRg
4=
But Z, = B(r. + Rg)
BRE
5o that A\- = m
Re
and A, = E

EXAMPLE:-

re=10Rs

(8.53)
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For the emitter-follower network of Fig. 8.20. determine:
(a) 7.
(b) Z.
(¢c) Z,.
(d) A,.
(e) A
(f) Repeat parts (b) through (e) with 7, = 25 k() and co:

12V
&)
220 kO
10 uF
v —) B =100 r,=cQ
—
I 10 uF
7. §3.3]{ﬂ
--17
L |
Solution
Vee — Vae
(a) Ig =
Rg+ (B + 1)Rg
B 12V — 07V  on uA
~ 220 kQ) + (101)3.3 k() ~ UM
Ie = (B + 1)ig
— (101)(20.42 pwA) = 2.062 mA
_ 26 mvV _ 26 mv — 12610
Te =", T 2062mA

10
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&) Z, = PBr. + (B + DRe
— (100)(12.61 £2) + (101)(3.3 k(1)
= 1.261 k2 + 3333 k()
— 334.56 k() = SR.
Z, = Rg||Z, = 220 k0)|[334.56 k()

=132.72 kO
(©) Z, = Relr- = 3.3 k(2]]12.61 2
= 1256 Q) =,
v, Re 33 k()
{d) ‘:IT _ — = —
V., Rg+r. 33k{)+126110
= 0.996 = 1
BRs (100)(220 k€2)
(e) 4, = — = — = —39.67
Ry +Z, 220 k0O + 334.56 k()
VETrsis
B zZ; 0.996 '132.72 kil) o a0.06
A=A p-=-0 :"(_ 33k )

(f) Checking the condition r, = 10R;, we have
25 kL2 = 10{3 3 k() = 33 k()

whiach i1s not satisfied. Therefore,

+ 1R 100 + 1)3.3 kQ
Z, = Br. + “j_—é; = (100)(12.61 ) + ( . 3_3; 0
o 25 k()
= 1.261 k) + 294 43 k()
= 205.7 k()

with Z; = Rg||Z, = 220 k(12957 k(2
= 126.15 k{} vs. 132.72 k{} obtained earlier
Z, = Rgllr- = 12.56 )  as obtained earlier

B+ DRFZ, (100 + 1)(3.3 k£2)/295.7 k)

A, -
. Re 33 ki)
{ljﬂT,J [1+25k11}

= 0.996 = 1

COMMON-BASE CONFIGURATION

University of Technology / Communication Eng. Department
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e The common-base configuration is characterized as having a relatively low input and a
high output impedance and a current gain less than 1. The voltage gain, however, can be
quite large. The standard configuration appears in Fig. 8.23, with the commonbase re

equivalent model substituted in Fig. 8.24.

11
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‘r:' Is I.:
o o— — ' 0
+ E C f ) +
v, Z E < v, Z,

Figure 8.23 Common-base configuration.

Iﬂ
o . g |Ie oy
— 4
T | 4
| f—
v, Rg . f al, Re V, Z,
) J
o . o
Figure 8.24 Substituting the r, equivalent circuit into the
ac equivalent network of Fig. 8.23.
Z,':
Z, = Rg|r. (8.54)
Z,:
Z,=R¢ (8.55)
A

Vo= —I, Re= —(—I. )Re = al.Rc

12
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i) e
with I,=—
'?lg
A
so that V, = «a —) Re
T
v, R He
and A, = 2 = =
p’f 'Flﬁ' 'TE'
A;: Assuming that Ry == 71, vields
I, =
and I,= —al, = —al;
. 10
with AE:?:-: —ax=—1

e Phase relationship: The fact that Av is a positive number reveals that Vo and Vi
are in phase for the common-base configuration.
e Effect of ro: For the common-base configuration, ro = 1/hob is typically in the
megohm range and sufficiently larger than the parallel resistance RC to permit the approximation

rolRC = RC.
EXAMPLE:-
For the network of Fig. 8.25. defermine:
(a) 7,
(b) Z.
(c) Z..
(d)y 4,.
(e) 4,
10 pF I, 10 pF
I i
+ b r +
I:’ u T i,
1k =098 5k

Figure 8.25 Example 8.8.
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P
Subject: ELECTRONIC I / Lecturer: Assoc.Prof.Thamer @

Solution
_ Vee— Ve 2V —-07V 13V

@ =5 " m 1 Sui

26 mV 26 mV
B, iR
(b) Z: = Rglr. = 1 kQJ20 Q
=19.61 Q =,

(&) Z.= Rp= 5k
Re  5KkQ) _

(d) 4, = bk 250

(e) 4;= —0.98 = —1
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