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The FET

The idea for a field-effect transistor (FET) was first
proposed by Julius Lilienthal, a physicist and inventor. In
1930 he was granted a U.S. patent for the device.

His ideas were later refined and
developed into the FET. Materials
were not available at the time to
build his device. A practical FET
was not constructed until the
1950’s. Today FETSs are the most
widely used components in
integrated circuits.

Electronic Devices, 9th edition

Thomas L. Floyd

Jan, 28, 1930,
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The JFET

The JFET (or Junction Field Effect Transistor) is a normally
ON device. For the r~channel device illustrated, when the
drain is positive with respect to the source and there is no
gate-source voltage, there is current in the channel.

When a negative gate voltage Is
applied to the FET, the electric
field causes the channel to
narrow, which In turn causes
current to decrease.

Electronic Devices, 9th edition ©"20.1i Pearson E ition. Upper Saddle River, NJ, 07458.
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(b) Greater Vg narrows the channel (between the white
areas) which increases the resistance of the channel
and decreases I};.

(c) Less Vg widens the channel (between the white areas) which
decreases the resistance of the channel and increases Iy,.

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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The JFET

As in the base of bipolar transistors, there are two types of
JFETSs: n-channel and p-channel. The dc voltages are
opposite polarities for each type.

The symbol for an n-channel JFET is
shown, along with the proper polarities of
the applied dc voltages. For an 7-channel
device, the gate is always operated with a
negative (or zero) voltage with respect to
the source.

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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The JFET

There are three regions in the characteristic curve for a JFET
as illustrated for the case when V5 =0 V.

Between A and Bis the Ohmic
region, where current and voltage
are related by Ohm’s law.

From Bto Cis the active (or
constant-current) region where
current is essentially independent
of V.

Beyond C'is the breakdown
region. Operation here can
damage the FET.

Electronic Devices, 9th edition
Thomas L. Floyd
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The JFET

When V¢ Is set to different values, the relationship between
Vs and / develops a family of characteristic curves for the
device.

An rchannel

characteristic is
Illustrated here.
Notice that V/ is - —Ves =-1V
positive and has g
the same
magnitude as ) — Vgs =3 V

Vgs =0

Vg =2V

V W, Ve =—4 'V
23100 - Ves = Vesfny = V

|

DS

Electronic Devices, 9th edition fllzo'li Pearson Iiiducation. Upper Saddle River, NJ, 07458.
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The JFET

A plot of Vs to /; Is called the transfer or transconductance
curve. The transfer curve Is a Is a plot of the output current
(/5) to the input voltage ( V5s).

The transfer curve is based on the
equation

2
V

lp = IDSSL:I'_V = )
GS(off)

By substitution, you can find other
points on the curve for plotting the
universal curve.

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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The JFET

Example:

A certain 2N5458 JFET has /pgs = 6.0 mA and Vg =— 3.5 V.

(a) Show the values of the
these end points on the

transfer curve.

(b) Show the point for the
case when /5 = 3.0 mA.

solution:

(b) When /5 = Y% /g,
Vis = 0.3 Vis(orn)-
Therefore, V;s=-1.05V

Electronic Devices, 9th edition
Thomas L. Floyd

_VGS |

Vasot = 35V —1.05V
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The JFET

The transconductance is the ratio of a change in output
current (A/y) to a change in the input voltage (A V).

This definition is g_=-200
AV

GS
The following approximate formula

Is useful for calculating gm if you
Know g,

S ESSC (1 VGS ]
VGS(off)

The value of g, can be found
from _ 2o

ng V
‘ GS(off)

Electronic Devices, 9th edition

Thomas L. Floyd
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The JFET

Because the slope changes at every point along the curve,
the transconductance is not constant, but depends on where
It Is measured. I (A

A

Example: 7510 mA

What is the transconductance for
the JFET at the point shown?

Solution:

Ip o 93 MA=3.7 MA

On =

© 2012 Pearson Education. Upper Saddle River, NJ, 07458.
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Electrical Characteristics

TA = 25"C unless otherwise noted

Symbol

Parameter

Test Conditions

OFF CHARACTERISTICS

Vierjass

Gate-Source Breakdown Voltage

lz =10pA, Vos=0

lgss

Gate Beverse Current

Ves=-15V. Vos =0
Wes=-15V, Vps =0, Ta=100°C

Vas(o)

Gate-Source Cutoff Voltage

Vos=15V,lo=10nA 5457
5458
5459

Vas

Gate-Source Voltage

Vos =15V, Ip= 100 pA
Vps = 15V, Ip = 200 pA
Vps = 15V, Ip = 400 pA

5457
5458
5459

ON CHARACTERISTICS

lpss

Zero-Gate Voltage Drain Current®

Vos=15WV,Vas=0

SMALL SIGNAL CHARACTERISTICS

Forward Transfer Conductance®

Vos=15V, Vas=0,f=1.0kHz
5457
5458
5459

Output Conductance®

Vps =15V, Vas=0,f=1.0kHz

Input Capacitance

Vps =15V, Vs =0,f=1.0MHz

Heverse Transfer Capacitance

Vos=15V, Ves=0,f=1.0MHz

Moise Figure

Vos =15V, Ves =0, f=1.0 kHz,
FI.E = 1.0 megohm, BW = 1.0 Hz

*F‘uls-u Test: Pulsa Width <300 ms, Duty Cycle = 2%

© 2012 Pearson Education. Upper Saddle River, NJ, 07458.
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JFET Input Resistance

The input resistance of a JFET Is given by: R | = Ves

IGSS
where /55 IS the current into the reverse biased gate.

JFETSs have very high input resistance, but it drops when the temperature
Increases.

pxample:
Compare the input resistance of a 2N5485 at 25 °C and at 100 °C.

The specification sheet shows that for Vo =-20V, /5o — 1 nAat
25°C and 0.2 pA at 100 °C.

jon: _|Ves|_|20v]_ '
S[]llll At 25°C, R, S 20 GQ!

AL100°C, R, = |Ves :‘

I GSS

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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JFET Biasing

Self-bias iIs simple and effective, so it is the most common
biasing method for JFETs. With self bias, the gate is

essentially at 0 V. op = +12V
An n-channel JFET is illustrated. The current

In R develops the necessary reverse bias that
forces the gate to be less than the source.

Example:

Assume the resistors are as shown and the
drain current is 3.0 mA. What is V¢?

Solution:

Vs =0V; V= (3.0 MmA)(330 Q) =0.99 V
Vis=0-0.99V = —0.99V

© 2012 Pearson Education. Upper Saddle River, NJ, 07458.
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JFET Biasing

You can use the transfer curve to obtain a reasonable value
for the source resistor in a self-biased circuit.

Example: Ip (MA)

A

What value of A5 should you use L10mA

to set the Q@ point as shown? /a0

Solution: / Teo

The Qpoint is approximately at
I=40mAand Vs =-1.25V.
Vool 8125V,

AL RO A o 4 3 o 4 0

.40

2.0

Electronic Devices, 9th edition fllzo'li Pearson Iiiducation. Upper Saddle River, NJ, 07458.
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Load line

First, calculate Vizg when I is zero

Vs = —IpRs = (0)(470 () =0V Vs (V) =

—B
VGsiom

Next, calculate Vgg when Ip = Inpgs.
Vos = —IpRs = —(10mA)(470 ) = —4.7V

Q-point of the circuit as shown, where Iy = 5.07mA and Vgg = —2.3 V.

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
Thomas L. Floyd All rights reserved.




JFET Biasing

\oltage-divider biasing is a combination of a voltage-divider
and a source resistor to keep the source more positive than
the gate.

V;; Is set by the voltage-divider and is independent
of V5. V5 must be larger than V4 in order to
maintain the gate at a negative voltage with
respect to the source.

\oltage-divider bias helps stabilize the bias for
variations between transistors.

© 2012 Pearson Education. Upper Saddle River, NJ, 07458.

Electronic Devices, 9th edition )
All rights reserved.

Thomas L. Floyd




JFET Biasing

A graphical analysis of voltage-divider biasing is illustrated.
A typical transconductance curve for the 2N5485 Is shown

With /DSS — 6.5 mA and VGS(Oﬁ) — _2.2 \/- +Vpp
. : +12V
Start with V! Ip (MA) f

V, =279V s Gl
IS read from

. RD
Vel Rs = 2.79 mA the plot. It is ~Mawa o

Connect the 3.3 mA and 579y, 2N5485
points to /4. -0.7 V. ! ét
establish the

load line.

R,

Electronic Devices, 9th edition fllzo'li Pearson Iiiducation. Upper Saddle River, NJ, 07458.
Thomas L. Floyd rights reserved.




Q-Point Stability

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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Since Iy =

_ Vee

I =
D RE

Electronic Devices, 9th edition fllzo.litPearson Iiiducation. Upper Saddle River, NJ, 07458.
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JFET Biasing

An even more stable form of bias iIs
current-source bias. The current-source
can be either a BJT or another FET. With
current-source biasing, the drain current

IS essentially independent of V.

In this circuit ¢, serves as a current source for
@,. An advantage to this particular circuit is

that the output can be adjusted (using Rs,) for
0V DC.

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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JFET Ohmic Region

As described before, the ohmic region is between the
origin and the active region. A JFET operated in this
region can act as a variable resistor.

.
Data from an actual FET is . Ohmi
shown. The slopes (which
represent conductance) of
successive Vg lines are
different in the ohmic region.
This difference is exploited
for use as a voltage
controlled resistance.

5

Electronic Devices, 9th edition © 20.12 Pearson Education. Upper Saddle River, NJ, 07458.
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Rp
24 k0

Control

D
voltage G i ;>
5

Rg
1.0 M1
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EXAMPLE 8-14 An n-channel JFET is biased in the ochmic region as shown in Figure 8—32. The
graph shows an expanded section of the load line in the ohmic region. As Vg is

I (mA)

0.6
Rp

27 kQ

Control
voltage __—
G . iGE
Load|line

]

— - - 0 0.5 1.0

Vps (V)

varied from 0 V to —3 V as indicated, assume that the graph shows the following
Q-point values:

Qu: Ip = 0.360 mA, Vpg = 0.13V
Q;:Ip = 0.355mA, Vg = 027V
0y: Ip = 0.350 mA, Vg = 0.42V
Os:Ip = 0.33mA, Vps = 0.97V

Determine the range of Rpg as Vgg is varied from 0 Vto —3 V.

Solution

013V
Qo: Rps 0360 mA 361 ()

027V
“Rps = — 760 Q
Q1 Rps 0.355 mA

- Rpg = 042V _ 1ok0

0>: Rps 027mA
0.6V

Os: Rps = = 526w = 29kQ

When Vg is varied from 0 V to —3 V, Rpg changes from 361 () to 2.9 k().

Electronic Devices, 9th er Saddle River, NJ, 07458.
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JFET Ohmic Region

Here is a circuit in which the JFET is used as a variable
resistor. Notice that that the drain is connected through a
capacitor, which means the JFET’s ¢-point is at the origin.

VCC
+15V

The gain of the
BJT depends on
the dc voltage
setting of V..

Re
6.2 kO 2N5458

© 2012 Pearson Education. Upper Saddle River, NJ, 07458.
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The MOSFET

The metal oxide semiconductor FET uses an insulated gate
to 1solate the gate from the channel. Two types are the
enhancement mode (E-MOSFET) and the depletion mode
(D-MOSFET).

An E-MOSFET has no
channel until it is induced by
a voltage applied to the gate,
so It operates only in
enhancement mode. An /-
channel type is illustrated
here; a positive gate voltage
Induces the channel.

Electronic Devices, 9th edition
Thomas L. Floyd

Sio,

%

Gate ==

Drain

p substrate

Source

E-MOSFET
o]

Induced
channel

+
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The MOSFET

The D-MOSFET has a channel that can is controlled by the
gate voltage. For an /+channel type, a negative voltage
depletes the channel; and a positive voltage enhances the

channel.

A D-MOSFET can
operate in either
mode, depending on
the gate voltage.

Electronic Devices, 9th edition
Thomas L. Floyd

CICCCICIO

operating in D-mode

D-MOSFET

operating in E-mode
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The MOSFET

MOSFET symbols are shown. Notice the broken line
representing the E-MOSFET that has an induced channel.
The nchannel has an inward pointing arrow.

E-MOSFETS D-MOSFETS
D D

G@> G@>

S S

n channel p channel n channel p channel

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
Thomas L. Floyd All rights reserved.



The MOSFET

The transfer curve for a MOSFET is has the same parabolic

shape as the JFET but the position is shifted along the x-axis.
The transfer curve for an /7~-channel E-MOSFET is entirely In
the first quadrant as shown.

ID
!

The curve starts at Vg, Which is a
nonzero voltage that is required to have
channel conduction. The equation for
the drain current is

lp =K (VGS _VGS(th))

2

Vs

© 2012 Pearson Education. Upper Saddle River, NJ, 07458.
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EXAMPLE 8-16

Solution

Electronic Devices, 9th edition
Thomas L. Floyd

The datasheet (see www.fairchild.com) for a 2N7002 E-MOSFET gives Iy, = 500 mA
(minimum) at Vgg = 10V and Vggyy = 1 V. Determine the drain current for
VGS =5V

First, solve for K using Equation 8—4.

Ip(on) B 500 mA ~ 500mA
(Vas — Vesa)® (10V —1V)2  81V?

Next, using the value of K, calculate I for Vgg = 3 V.

= 6.17mA/V?

Ip = K(Vgs — 1-"55@}}3 = (6.17mA/V?)(5V — 1V)? = 98.7mA

© 2012 Pearson Education. Upper Saddle River, NJ, 07458.
All rights reserved.



The MOSFET

Recall that the D-MOSFET can be operated in either mode.
For the /+~channel device illustrated, operation to the left of
the y~axis means it is in depletion mode; operation to the

right means iIs in enhancement mode.

ID
A

As with the JFET, /5 Is zero at Vg,
When VGS is 0, the drain current is
IDSS, which for this device 1s notthe
maximum current. The equation for
drain current is

© 2012 Pearson Education. Upper Saddle River, NJ, 07458.
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MOSFET Biasing

E-MQOSFETSs can be biased using bias methods like the BJT
methods studied earlier. Voltage-divider bias and drain-
feedback bias are illustrated for /7-channel devices.

+Vpp +Vpp

R
Re D

\oltage-divider bias Drain-feedback bias

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
Thomas L. Floyd All rights reserved.




MOSFET Biasing

The simplest way to bias a D-MOSFET is with zero bias. This
works because the device can operate in either depletion or
enhancement mode, so the gate can go above or below 0 V.

+Vpp +VDD

n

Zero bias, which can only be used for the D-MOSFET

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
Thomas L. Floyd All rights reserved.




EXAMPLE 8-18 Determine Vs and Vps for the E-MOSFET circuit in Figure 847. Assume this particular
MOSFET has minimum values of I = 200 mA at Vigg = 4 Vand Vg = 2 V.

FIGURE 8-47

Vbp

Solution  For the E-MOSFET in Figure 847, the gate-to-source voltage is

V —(7‘% )v —(7]5}{!})24\;—411\?
G AR + R/ PP 115k0 e

To determine Vg, first find K using the minimum value of I, and the specified
voltage values.

Ip(on) 200mA 200 mA

K= H 2= H 2 = 2
(Vas Vgsﬂh}} 4V 2V) 4V

= 50mA/V?

Now calculate Iy for Vgg = 3.13 V.
Ip = K(Vgs — Vasam)® = (S0mA/VH(3.13V — 2V)?
= (50 mA/V)(1.13V)? = 63.8 mA
Finally, calculate V.

Electronic Devices, 9th edition Vps = Vpp — IpRp = 24V — (63.8 mA)(200 (1) = 11.2V
Thomas L. Floyd

e River, NJ, 07458.




JFET Junction field-effect transistor: one of two
mayjor types of field-effect transistors.

Drain One of three terminals of a FET analogous to
the collector of a BJT.

Source One of three terminals of a FET analogous to
the emitter of a BJT.

Gate One of three terminals of a FET analogous to
the base of a BJT.

Electronic Devices, 9th edition ©"20.1$1 Pearson Education. Upper Saddle River, NJ, 07458.
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Transconductance The ratio of a change In drain current to a
(9,) change in gate-to-source voltage in a FET.

MOSFET Metal oxide semiconductor field effect
transistor; one of two major types of FETS;

sometimes called IGFET.

Depeletion 1n a MOSFET, the process of removing or
depleting the channel of charge carriers and

thus decreasing the channel conductivity.

Enhancement 1n a MOSFET, the process of creating a
channel or increasing the conductivity of the

channel by the addition of charge carriers.

Electronic Devices, 9th edition © 2Q12 Pearson Education. Upper Saddle River, NJ, 07458.
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1. If an r/+~channel JFET has a positive drain voltage and the
gate-source voltage is zero, the drain current will be

d. ZEro

C. Igss

d. none of the above

Electronic Devices, 9th edition fllzo'li Pearson %ducation. Upper Saddle River, NJ, 07458.
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2. For a JFET, two voltages with the same magnitude but
opposite signs are

a. Vpand Vv

b. Vand V4
C. Vsin) and Voo

d. Vjand Vs

Electronic Devices, 9th edition fllzo'li Pearson Iiiducation. Upper Saddle River, NJ, 07458.
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3. A set of characteristic curves for a JFET are shown. The
blue lines represent different values of

a. Vps

b. Vi
c. Vs
d. Vi

Electronic Devices, 9th edition fllzo.litPearson Iiiducation. Upper Saddle River, NJ, 07458.
Thomas L. Floyd rights reserved.




4. Transconauctance can be expressed as
2 g =2
- AV

Al

AV

Al
AV,
Al

Electronic Devices, 9th edition fllzo.litPearson Iiiducation. Upper Saddle River, NJ, 07458.
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5. JFETs cannot be biased using

a. self bias
b. voltage-divider bias
C. zero bias

d. current-source bias

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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6. The JFET operating point in the circuit shown is

a. at the origin

b. at /[

C.at Vi
d. undefined

100 k Ve

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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7. The JFET In this circuit acts like a(n)

a. voltage source

b. amplifier
C. capacitor

d. resistor

100 k Ve

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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8. The symbol for a p-channel E-MOSFET is

D D

(S N(:

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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9. The transfer curve shown is for an /+channel
a. E-MOSFET
b. D-MOSFET
c. JFET

d. all of the above

Vasiin)

Electronic Devices, 9th edition ©"20.1i Pearson Education. Upper Saddle River, NJ, 07458.
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10. A type of FET that can use the same bias method as a
BJT is a(n)

a. E-MOSFET
b. D-MOSFET
c.JFET

d. all of the above

Electronic Devices, 9th edition fllzo'li Pearson Iiiducation. Upper Saddle River, NJ, 07458.
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Answers:
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