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Chapter 6:
Field-Effect Transistors
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FETs vs. BJTs

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.
* FETs are less sensitive to temperature variations and are more easily
Integrated on ICs.
* FETs are generally more static sensitive than BJTs.
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FET Types

«JFET: Junction FET
*MOSFET: Metal-Oxide-Semiconductor FET

*D-MOSFET: Depletion MOSFET
“E-MOSFET: Enhancement MOSFET

PEARSON Electronic Devices and Circuit Theory, 10/e 3
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The n-channel is more widely used.

en-channel
*p-channel

pmm mzmm oA FAaaianii~a A
Ic dalc uirece weriiinidis.

*Drain (D) and Source (S) are connected to the n-channel

Ohmic
contacts

JFET Construction

There are two types of JFETs

Gate ((+)
o

Depletion
region

*Gate (G) Is connected to the p-type material

Drain (D)

n-channel

Depletion
region

Source (§)
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™ JIFET Operation: The Basic ldea

JFET operation can be compared to a water spigot.

The source of water pressure is the
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. I

The control of flow of water is the
gate voltage that controls the width ;
of the n-channel and, therefore, the @ Drain
flow of charges from source to

drain.
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JFET Operating Characteristics

There are three basic operating conditions for a JFET:

Vg5 =0, Vg increasing to some positive value
e V5s<0, Vg atsome p_ositive value
« \oltage-controlled resistor

PEARSON Electronic Devices and Circuit Theory, 10/e 6
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“JFET Operating Characteristics: Vg =0V

Three things happen when V¢ = 0 and V¢ 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.

!III'J
(] +

Depletion n-channel
F

region Et

o ; ?- Viop
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JFET Operating Characteristics: Pinch Off

If Vo5 = 0 and V4 is further increased to %” N
a more positive voltage, then the

depletion zone gets so large that it ____/__

pinches off the n-channel. ;
1

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

.
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JFET Operating Characteristics: Saturation

At the pinch-off point:

Saturation level

\ FGS = D V
E Increasing resistance due

to narrowing channel

e Any further increase in Vg does not
produce any increase in I. Vg at
pinch-off is denoted as V.

e |y isatsaturation or maximum. It is

referred to as . n-channel resistance

e The ohmic value of the channel is
maximum.

Vbs

PEARSON Electronic Devices and Circuit Theory, 10/e 9
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JFET Operating Characteristics

As V4 becomes more negative, the
depletion region increases.

PEARSON Electronic Devices and Circuit Theory, 10/e 10
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JFET Operating Characteristics

AS VGS becomes more negative: A fp (MA) | geus of pinch-off values
Ohmic | Saturation Regi
- e adaturation kegion
« The JFET experiences | Retion | ) oy
pinch-off at a lower voltage ", | ' u
i |
(VP)- 6 14— i
. 1 |
) H Vs =—1 V
T S decreases_ (I_D < lpss) EVEN s AT ~
though Vs is increased. 3 HA : |
o L | A Ve =2V
e ! | : o R
| - N . - | [ ] Vg=—"3V
* Eventually I, reaches 0 A. g LAy avey,
Vs at this point is called V, 0 e 0 ns - e Vs (V)
Or Vs off)-- V, (for V=0 V)

Also note that at high levels of V4 the JFET reaches a breakdown situation. I,
Increases uncontrollably if Vs >V

DSmax*
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JFET Operating Characteristics:

Voltage-Controlled Resistor

The region to the left of the

4 1p (MA) [ ocus of pinch-off values
pinch-off point is called the -— —
. ) Ohmic | Saturation Region
ohmic region. g | Region | | los =0V
I
The JFET can be used as a ; -
variable resistor, where V s |
controls the drain-source s AT udirald
resistance (ry). As Vgs becomes S
more negative, the resistance 2 1 A | Vos=-2V
(ry) increases. ‘. W mmm ,,»:E_: -3:3':1,-.
Fq = 2 o LS 10 15 20 25 Vs (V)
m V, (for Vas=0V)
( Vp )
12
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p-Channel JFETS

The p-channel JFET behaves the
same as the n-channel JFET,
except the voltage polarities and
current directions are reversed.

PEARSON Electronic Devices and Circuit Theory, 10/e 13
R v Robert L. Boylestad and Louis Nashelsky
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p-Channel JFET Characteristics

As Vs Increases more positively

. The depletion zone Breakdown
increases gpm
o Iy decreases (I < lpss)
« Eventuallyl;=0A - Vasi£5Y
| l >
0 -5 _10 15 -20 25 Y

Also note that at high levels of V5 the JFET reaches a breakdown situation: 1,
increases uncontrollably if V5 > Vpgax:

PEARSON Electronic Devices and Circuit Theory, 10/e 14
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N-Channel JFET Symbol

PEARSON Electronic Devices and Circuit Theory, 10/e 15
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JFET Transfer Characteristics

The transfer characteristic of input-to-output is not as straightforward in
aJFET asitisinaBJT.

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

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

2
V
Ip =Ipss [1—68 ]

Vp

PEARSON Electronic Devices and Circuit Theory, 10/e 16
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e JRET Transfer Curve

f (mA) 4 b 1, (A
— 10 10—
g gl
This graph shows the : Yas =0V
7
value of I for a )
given value of V. 5 Yg=el ¥
4
3
2 Vas = =2V
' e
o 5 10 15 20 25 #1«;},_

PEARSON Electronic Devices and Circuit Theory, 10/e 17
R Robert L. Boylestad and Louis Nashelsky ./
)‘4 GETMYUNI



™ Plotting the JFET Transfer Curve

Using Ipss and Vp (Vg ) Values found in a specification sheet, the transfer
curve can be plotted according to these three steps:

Step 1
2
VGSJ
lp=1 1-—22
| D DSS[ Vo
Solving for Vs = 0V Ip=lpss
Step 2

2
Ip = |Dss(1——VGS)
Vp

Solving for Vg =V, (Vgsem) 1p = 0A )

Step 3

2
Solving for Vo =0V to Vp lp= |DSS[1_ \</GSJ

P

PEARSON Electronic Devices and Circuit Theory, 10/e 18
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e JFET Specifications Sheet

Electrical Characteristics

ELECTRICAL CHARACTERISTICS (T, = 25°C unless ctherwise noted)
| Charaeteristic | Symbol | Min [ Twp | Max [ wnit

OFF CHARACTERISTICS
Gate-Source Breakdown Vallage Vs 25 Ve
(lg= =10 pade, Vg =100
Gare Beverse Currem Ik e
(Vg ==15 Wi, Vg =10 - - ~1.0
(Vgg = =15 Vg, Vg =0, T, = 100°07) - - 300

Gate Source Cotaff Voltage "'rm{m Wie
(Vs = 13 Ve, I = 10 nAdc) 2NGAST =0.5 - =60}

Gate Source Vipllage Voo Ve
(Vs = 15 ¥de, I = 100 pade) IMEAST . ~25 _

ON CHARACTERISTICS

Lero-Gase-Yoliage Drain Cumrent® Ipes mde
(Vg = 15 Vide, Vg =100 2M545T 1.0 3.0 5.0

SMALL-SIGNAL CHARACTERISTICS

Forward Transfer Admittance Common Source * I¥ed penthis
(¥ps = 15 Ve, Vigg =0, 1 = LOKHz) INE4SET 1) - SO0

Durpist Adminasce Common Source® I¥esl pemthos
(W = 15 Wde, Vg =0, F = L KEHz) - i 40

Hamee O nF

(W = 15 Vi, Yigg =0, 1 = 1.0 MHz) = 4.5 0

Frewerse Transfer Capacilanoe L pF
(¥pg = 15 Widc, ¥igg =0, F= 1.0 MHz) = 1.5 30

¥ubie Tear: Palse Width £ 60 ma: Dty Cyche 5 HF%

PEARSON Electronic Devices and Circuit Theory, 10/e 19
i Robert L. Boylestad and Louis Nashelsky
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e JFET Specifications Sheet

Maximum Ratings

CASE 20-04, STYLE 5
TO-92 (TO-226AA)
MAXIMUM RATINGS 1 Pren
Ruting Symbs Yalue Limit
Dirain-Source Vol ¥ 23 Yie 3
" = = Ciage
Drin-Gate Voltage Yoo L Vide
Reverss Gate-Source Voltape Vosg -3 Yo ‘q 3 I Sourge
Gate Cumment ]E {1 mAd: E
Total Device Dissipation @ T, = 25°C Py 30 mW JFETs
Dieraite sherve 25°C 282 W GENERAL PURPOSE
Junction Temperatare Range T 125 T N-CHANNEL—DEPLETION
Siarage Chamnel Temperature Rangs Tag -f5in+150 | °C
Kelfer to INA2M0 for graphs.
more...
PEARSON Electronic Devices and Circuit Theory, 10/e 20
R v Robert L. Boylestad and Louis Nashelsky
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Case and Terminal Identification

2N2844

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

3 Drain
(Case)
8
Gate
32
1 1 Source
JFETs
GENERAL PURPOSE
P-CHANNEL
Electronic Devices and Circuit Theory, 10/e 21
R Robert L. Boylestad and Louis Nashelsky

‘)zi GETMYUNI



WWW. get myuni . con

Testing JFETSs

e Curve Tracer
A curve tracer displays the I versus Vs graph for
various levels of V.

o Specialized FET Testers
These testers show I¢ for the JFET under test.

PEARSON Electronic Devices and Circuit Theory, 10/e 22
R Robert L. Boylestad and Louis Nashelsky
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MOSFETS

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

There are two types of MOSFETSs:

o Depletion-Type
 Enhancement-Type

PEARSON Electronic Devices and Circuit Theory, 10/e 23
R Robert L. Boylestad and Louis Nashelsky
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Depletion-Type MOSFET Construction

(Drain)
S}DE n-channel
The Drain (D) and Source (S) connect g
to the to n-doped regions. These n- "
doped regions are connected via an n- Metal contacts <
channel. This n-channel is connected to .:-:m;\ Substrate
i . i G /1 P 5§
the Gate (G) via a thin insulating layer n | Substrate
of SiO,.
The n-doped material lies on a p-doped - o
substrate that may have an additional l = “*\ '
terminal connection called Substrate oo o
(SS).
Electronic Devices and Circuit Theory, 10/e 24 Copyright ©2009 by Pearson Education, Inc.
T Robert L. Boylestad and Louis Nashelsky Upper Saddle River, New Jers
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A depletion-type MOSFET can operate in two modes:

* Depletion mode
e Enhancement mode

Depletion
mode

& (mA)

made

Basic MOSFET Operation

PEARSON
e

Electronic Devices and Circuit Theory, 10/e
Robert L. Boylestad and Louis Nashelsky
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" ""D-Type MOSFET in Depletion Mode

IS f”[m.-!l.} Iy}

Depletion
mode

104
S

Depletion Mode

The characteristics are similar
toa JFET.

© WhenVgs=0V, Ip = Ipgs PR
e WhenVg<0V, Iy < lpe 3
 The formula used to plot the transfer

curve still applies:

2
oo _Ves
D = 'DSS vV

P

PEARSON Electronic Devices and Circuit Theory, 10/e 26
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D-Type MOSFET in Enhancement Mode

L dpy ) iy

Enhancement Mode

Depletion nol-4———————

mode
madle

e Vg>O0V L

e I increases above lygg

e The formula used to plot
the transfer curve still

applies: J
| I Vs 2 _1?-5 -5 —4 ;:: -1[}';31 of 1 g
D = 'DSS Vp 2
Note that V¢ IS now a positive polarity
Electronic Devices and Circuit Theory, 10/e 27
R v Robert L. Boylestad and Louis Nashelsky
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p-Channel D-Type MOSFET

» s

Iy (k)

i fy, (mA)
9=
L Kg==l ¥
7l
- Yoy =0V
& — //
i W=l ¥
3 Ko=22V
X ,r""r.-._ Komally

||'

ra'.=1'.;'= 4hH Y

Electronic Devices and Circuit Theory, 10/e
Robert L. Boylestad and Louis Nashelsky
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D-Type MOSFET Symbols

n-channel p-channel
o 7D
G | I<_—a ) fo}—l E s
ox @8

fg_l% | =

PEARSON Electronic Devices and Circuit Theory, 10/e 29
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Specification Sheet

Maximum Ratings

ZN3T97
CASE 2203, 5TYLE 2
TO-18 {TO-200AA)
3 Dyvnin
MAXIMUM RATINGS
Raling Symbad | Value Uni r‘,'_.'.‘;._|
Irenin—Sourre Voluage Vs Ve
3T 0 W
1 e
Cale—Source Voltage Vi A1 Wl
Dvain Current o ] A MOSFETs
Total Dhevice Dissipation @ Ty, = 23°C Py Ha m'W
s s A Ta W LOW POWER AUDMO
Junction Tesperature Ronge Ty +HITS ' N-UCHANNEL — DEPLETION
Storspe Channel Temperature Fange Tug ~05 1 4 K] '
PEARSON Electronic Devices and Circuit Theory, 10/e 30
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Specification Sheet

Electrical Characteristics

ELECTRICAL CHARACTERISTICS (T, = 257 unlew olherssie msted]

I Characierisiic [ Symbol | Min | Twp | Max | Unia |
OFF CHARACTERISTICS
Drrsiin Source Breakdown Viluge Vi Ry Wilc
¥os =TV, Ip= 540 A) INITWT i =]
Gale Reverse Current (1) lgs naAde
Vi = =11V, Vg =0 14
g = -1V, Vg = 0T = 130°C) o = 2
Galo Source Cmall Yolage Vs Vo
il =20 A Vi = 1Y) NI = A0 =70
Dmin-Gale Reverse Current (1) lcua - - 140 phAdc
Vo= 10V, [yl
ON CHARACTERISTICS
Fero-Ciate-Viltage Dinin Cement Inss mAde
g = 10V, Vg =10
ol w97 20 | 29 | 60
{he-ace Divain Cument. o mAde
= 10V, Vag=+L5 W)
(o3 & INITT 90y 14 18
SMALL-SIGNAL CHARACTERISTICS
Forward Transfer Adminance | ¥t umhos
Vg 1OV, Vigg = 0,0 = 10 kkz)
INATWT 1500 RETL] UL
(¥ = 10V, Ny =1, £ L0 MH2)
AW ATHT 15401
Ourprat Admimance | ¥oml pmhos
Mg = 10 Y, Vgom @b, Fa L0 kHz)
o m INITWT - T ol
Input Cagacilancn Cim pF
= WV, Vg =1, M= LOMHz)
s bt INITH - [:A3] BA
Heverse Teamsler Capaciiance Cra - 0% LK pF

(¥ = 10V, Wy =0, = 1.0 MH)

FUNCTIONAL CHARACTERISTICS
Mioise Figure MNF - L - dik

Wy = 10V, Vg =0, = LOEHZ, By = 3 mepohims)
11 This value of current ingludes hoah the FET leakape cunment as well as the leakape curment associied wilh e e socket aml Diaue
when measurcd under bead aaEnable cosdilions,

PEARSON Electronic Devices and Circuit Theory, 10/e 31
e, Robert L. Boylestad and Louis Nashelsky
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e E-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

The Gate (G) connects to the p-doped
substrate via a thin insulating layer of

Sio,

There is no channel

The n-doped material lies on a p-doped
substrate that may have an additional
terminal connection called the

Substrate (SS)

Metallic
contacts

]

5107

/

n-doped
region

no-channel

Substrate

p-type ¢S

substrate

PEARSON
e .

Electronic Devices and Circuit Theory, 10/e
Robert L. Boylestad and Louis Nashelsky
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Basic Operation of the E-Type MOSFET

The enhancement-type MOSFET operates only in the enhancement mode.

* Vg isalways positive

Iy (oA L fyy (A

Vs =+8 ¥

e AsVincreases, I
Increases

e As Vg is kept constant
and Vg Is increased,
then I saturates (lgc) |
and the saturation level, ’
Vpseat 1S Feached

ad fak e e (- =d [--] =3

I I T T 1 | I
—
=l -
LL

Voe=+4V
; : o V=43V
15 20 25

Vos=Vy=2V¥

£

PEARSON Electronic Devices and Circuit Theory, 10/e 33
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T E-Type MOSFET Transfer Curve

J” (A LII.,[:H."'L]
To determine I given Vgq: “r e
‘-
| D~ k(VGS — VT)2 e Vg =+TV

Where: Al .

V; = threshold voltage gl vy

or voltage at which the e s = b

MOSFET turns on ‘ Vo= V=2V

K, a constant, can be determined by using Vst Can be calculated by:

values at a specific point and the formula:
Vbsat = Vs — VT

K — Ipon)
B 2
(Veson) — VT)
PEARSON Electronic Devices and Circuit Theory, 10/e 34
R v Robert L. Boylestad and Louis Nashelsky
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p-Channel E-Type MOSFETs

JLIJ}:mA} h.;r],[l“-l‘!\]

q g Voo=—-6V

7 7

[i] ]

5 5

4 4

3 3

2 2 l;_".z—-l"'-"

I I Vos==3V
L 11 | - - -
-6 =5 -4 =3 =2 -l 0 v 0 Voo

” (¥4 "'Er'l-= HF= v Dy

The p-channel enhancement-type MOSFET is similar to the n-
channel, except that the voltage polarities and current directions

are reversed.

PEARSON

Electronic Devices and Circuit Theory, 10/e
Robert L. Boylestad and Louis Nashelsky
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MOSFET Symbols

n-channel p-channel

Y wl
G J=——o 55 G bp—-o3ss

1, 1,

PJ% g_J;{

PEARSON Electronic Devices and Circuit Theory, 10/e 36
R v Robert L. Boylestad and Louis Nashelsky
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s o Specification Sheet

Maximum Ratings

2N4351
CASE 20-03, STYLE 2
TOF2(TO-206AF)
MANXIMUM RATINGS 1 Grai
i
Raiing Symbal Yalae Unit
Drain-Source Voliage Vis 25 Vile |J .
Drain-Gate Vollage Wiy 30 Wilg .2 I e
Gute—Source Vollage® Yig 30 Vil G
[hmin Current I 30 mAdc 2! :
Total Device Dissipation (@ Ty, = 25°C o 00 mw i
Derale above 25°C 1.7 mW C MOSFET
Junction Temperaiurs Range T 174 o SWITCHING
Storage Temperatare Range T | 650175 | ¢ N-CHANNEL - ENHANCEMENT

* Teardien poosatials of £ 73 Yol will nol came par-onide fuilee

more...

PEARSON Electronic Devices and Circuit Theory, 10/e 37
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Specification Sheet

Electrical Characteristics

ELECTRICAL CHARACTERISTICS (T, = 25°C unless otheraise noled, )
Characierisiic [ Symbot | Min | Max | Umi |

OFF CHARACTERISTICS

Dratn-Source Breakdown Vollage Vi 25 W
il =10 WA, Vg =0

Ferolate-Yoltage Drain Curnont Eppes
(Vg = WV, Vg =0) T,=15°C - {1} nade

T, = 150°C - LU TR

Gate Reverse Current hss - E] pde
(Ve = % 15 Ve, Vg =10

ON CHARACTERISTICS

Gate Threshodd Voltage: Vs 1.0 5 Vo
(Vps = 10V, I = 10pA)

Dirain-Source Cn-Vollags Vst - 1.0 v
|:||3| =2.0mA, "r'.:kq = LU"-'F

Om-Siate Dvain Current Tpyesy LR - mAde

(Vas = 10V, Vg =10V}
SMALL-SIGNAL CHARACTERISTICS

Faraand Transfer Admittznce ¥ [TEL( - Hrmbay
(V= 0V, Ip = 20mA 0 = LIkHz)

Inpul Capacilan: Clas - 0 pF
(Vg = WV, ¥gg = 0,1 = 140 kHz)

Reverse Transfer Capacilanos Cra - 1.3 pF
(Vs =0, Vg =0, = 140 kHz)

Dirain-Suhstrate Capacilance Catrat) - s oF
(Vissymy = 10V, F = Ld0 kM)

Drain-Source Resislance R " 00 pre
(¥og = W0V, I =0, 0= LOKHz)

SWITCHING CHARACTERISTICS

Tum-Cn Delay (Fig. 5) Ly - 45 ns

Rise Time (Fig. 6) :3 g ml;“‘::ﬂ“m i Iy 65 ns
- L

Ture CHF Delay tFig T ] o Fpure % Times Cireuit Detcrmined) Lax = 50 3

Fall Time (Fig. §) Iy = 10 ns

PEARSON Electronic Devices and Circuit Theory, 10/e 38
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H Handling MOSFETSs

MOSFETSs are very sensitive to static electricity. Because of the very thin
Si10O, layer between the external terminals and the layers of the device,
any small electrical discharge can create an unwanted conduction.

Protection

« Always transport in a static sensitive bag
« Always wear a static strap when handling MOSFETS

* Apply voltage limiting devices between the gate and source, such as
back-to-back Zeners to limit any transient voltage.

PEARSON Electronic Devices and Circuit Theory, 10/e 39
R Robert L. Boylestad and Louis Nashelsky
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p——— VMOS Devices

VMOS (vertical MOSFET)
increases the surface area of N
the deVice. c.\;tcmally r:ﬂnnc.cllcd

Advantages

 VMAOS devices handle
higher currents by
providing more surface
area to dissipate the heat.

 VMOS devices also have
faster switching times.

0

PEARSON Electronic Devices and Circuit Theory, 10/e 40
R Robert L. Boylestad and Louis Nashelsky
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—— CMOS Devices

MOSFET) uses a p-channel
and n-channel MOSFET;
often on the same substrate as

CMOS (complementary [ |
|

5i0),

=~ R
shown here. — SUNAL 5 B v | e
- When "on® 5 5 When “on" i
p-—-chunncl';‘-mSFET u-chnnrh:lR‘[ﬂSFE.T
Advantages il

» Useful in logic circuit designs
* Higher input impedance

» [Faster switching speeds

* Lower operating power levels

PEARSON Electronic Devices and Circuit Theory, 10/e 41
R Robert L. Boylestad and Louis Nashelsky
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Summary Table

——

!D
Ig=0AIn=1
D
g IDSS
Ve
§ 1
I
> 1
"D*J'DSSG—‘“—S Vi Ve 03V |0 Vis
2
jl.|’)
Ig=0A.l,=1 Tot
c=0AIp=1g
D i
I IHSS
G Dss |
o—l Vp :
|
> i
1
V,
1p=1Ipgy G -4 i
Y 0[Vies Vos
ip
I=0A, Ip=1g
N
Vi
g—l Ipton) ",I'J(on)
Vesom | [T TTTTTT
s |
|
Ip=k( gs=Vasan)? |
k= _]D‘J""— | .
Vasion — Vas o)’ 0 Vasm Vasion Vos
PEARSON Electronic Devices and Circuit Theory, 10/e 42
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