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The FET PHENII{AAU

UNIVERSITY

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 Iater refined S i S ..o IO, ool
and developed into the FET. Pisoe s s
Materials were not available
at the time to build his
device. A practical FET was
not constructed unftil the
1950°s. Today FETs are the
mMost widely used
components in integrated

CIrcuits.
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The JFET PHENIKAA ()

UNIVERSITY

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

When a negative gate voltage is
applied o the FEI, the electric
field causes the channel 1o
narrow, which in turn causes
current to decrease.
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The JFET

As in the base of bipolar transistors, there are two types of
JFETs: 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 n-channel device,
the gate is always operated with a
negative (or zero) voltage with
respect to the source.

UNIVERSITYU

Drain

Source
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The JFET PHENIKAA ()

UNIVERSITY

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

Between A and Bis the Ohmic

region, where current and voltage P
are related by Ohm’s law. Ohrmic region
From Bto Cis the active (or - - Ves =0 G

constant-currenf) region where
current is essentially independent
of Vps.

Beyond Cis the breakdown
region. Operation here can
damage the FET.

H—— Active region
A 1 (constant current)

I Breakdowr

> VDS

0 Ve (pinch-off voltage)
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The JFET PHENIKAA ()

UNIVERSITY

When Vi, is setf to different values, the relationship between
Vs and Iy develops a family of characteristic curves for the

device.
ID
AN nN-channel ) 0
v . Ves =

characteristic is ;
llustrated here. 5 vy
Notice that Vp IS i
positfive and has the i Vs =2V
same magnitfude as ; Vg =3V

| =-_
VGS(off)' | ng - V‘(‘;S\(’Om Ly

SV, =15 V ~ Vs
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The JFET PHENIKAA ()

UNIVERSITY

A plot of V5 To I is called the transfer or fransconductance
curve. The fransfer curve is a is a plot of the oufput current
(Ip) to the input voltage (Vo).

The transfer curve is based o
on the eguation

2
V

ID = IDSS [1\/68J
GS(off)

By sulbstitution, you can find
other points on the curve for IV ;|
plotting the universal curve. Vasen oy 03 Veson
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The JFET PHENIKAA ()

UNIVERSITY

Example:

A certain 2N5458 JFET has fpgs = 6.0 MA and Viggom = — 3.9 V.

(a) Show the values of these end

points on the transfer curve. o

L lpss = 6.0 MA
(b) Show the point for the case

when [ = 3.0 mA.

Solution:

(b) V\/heﬂ /D - /DSS’ VGS — 0.3
Viseorn: Therefore, Vs =-1.00V S Ven= 35V 105V 10

- 3.0 MA
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The JFET PHENII{AAU

UNIVERSITY

The fransconductance is the ratfio of a change in oufput
current (DIp) fo a change in the input voltage (D V).

. o Al
This definition is 9 = AV

The following approximate o
formula is useful for calculating - loss
gm if you know g,¢.

On = Gmo 1- VGS
VGS(off)

The value of g, can be found AVes
from

Al

21 —Vgs +—t
Ono =1 Vesfh 0
mo =l
‘ GS(off)
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The JFET PHENIKAA O

Because the slope changes at every point along the curve,
the tfransconductance is not constant, but depends on where

It is mmeasured.
[xamlﬂﬂ:

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

Solution:

g - Ao _ 57mA-37mA
"T AV, -07V-(-13V)
2.0 mA

YIVAR 3.33 mS
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JFET Input Resistance PHENIKAA ()

UNIVERSITY

' ' ' ' , R — VGS
The inpuft resistance of a JFET is given by: IN

IGSS
where /-4 IS the current into the reverse biased gate.

JFETs have very high input resistance, but it drops when the temperature
iINnCcreaqses.

Example:

Compare the input resistance of a 2N5485 at 25 °C and at 100 °C. The
specification sheet shows that for Vi;g =-20V, I55s— 1 NA af 25 °C and 0.2

mMA at 100 °C.,
jon: _Ves | _ ZOV‘: 20 GQ!
Sﬂlll"ﬂ At 25 °C, Rix ls| |1nA
V 20V
R = |~es|_ - 100 MQ
At 100 °C, U o Y HA‘ 00
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JFET Biasing PHENIKAA ()

UNIVERSITY

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

at 0 V.
An n-channel JFET is illustrated. The current in Ry Nop= +12 V
develops the necessary reverse bias that forces
the gate to be less than the source.
Ie' § E% kO
Exampie:
Assume the resistors are as shown and the drain Ve=0V {
current is 3.0 mA. Whatis Vis? |:>
S[]lu“ﬂ"- Re S ngllsssosz
Ve =0V Vs = (3.0 mA)Y330 W) = 0.99 V Me

VGS=O—O.QQ\/= ‘O.QQV
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JFET Biasing PHENIKAA ()

UNIVERSITY

You can use the fransfer curve 1o obtain a reasonable value
for the source resistor in a self-biased circuit.

example:

What value of R should you use to
set the Q point as shown?

Solution:

The Q point is approximately at I
=4.0mA and Vgs=-1.25 V.

Ves| 125V
3.0 mA

= 375Q

S

ID
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JFET Biasing PHENIKAA ()

UNIVERSITY

Voltage-divider biasing is a combination of a voltage-divider
and a source resistor to keep the source more positive than

the gafte.

Vs is set by the voltage-divider and is VI
iIndependent of V.. Vi, must e larger than g
Vs In order fo maintain the gate af @ ZR = \.D

negative voltfage with respect to the

source. .V_G€>

Voltage-divider bias helps stabilize the Sk SR,
bias for variations between fransistors.
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JFET Biasing PHENIKAA ()

UNIVERSITY

A graphical analysis of voltage-divider biasing is illustrated. A
typical fransconductance curve for the 2N5485 is shown with [yes
— 6.5 mA Clﬂd VGS(Off) — ‘2.2 \/.

Start with V!
© b(MA)  The @point is

Ve =279V

V~/R: = 2.79 mA 80 read frpm the
o olot. Itis 3.3

Connect mA and -0.7 V.

the points fo
establish the
load line.

_VGS ~<—
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JFET Biasing PHENIKAA ()

UNIVERSITY

An even more stable form of bias is current- + Voo
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.

control

In This circuit &, serves as a current
source for ,. An advantage to this
particular circuit is that the oufput can
be adjusted (using Rs,) for 0V DC.
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JFET Ohmic Region PHENIKAA ()

UNIVERSITY

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 T Tothic] |
shown. The slopes (which D R
represent conductance) of . 1 / . Vo =-05V
successive Vg lines are different | ew T 177 T 1111, .,y
in the ohmic region. This T - 1sv
difference is exploited for use as TIY
a voltage controlled resistance. EZ0mm

Giledd i d

Vis (V)
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JFET Ohmic Region PHENIKAA ()

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.

The gain of the Ve

BJT depends on

the dc voltage R TR
SeTTing Of VGG' ():I (2211\13904 C

I\
V, = @ R, 10 pF R,
400mvV,, 39 kQ R, Q, oo 1
1.0 kHz 6.2k  2N5458 f —Vee
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The MOSFET PHENIKAA ()

UNIVERSITY

The metal oxide semiconductor FET uses an insulated gate to
isolate 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 o IOSFET
unftil it is induced by a voltage

applied o the gate, so it
operates only in enhancement
mode. An n-channel type is
llustrated here; a positive gate
voltage induces the channel.

Source

http://phenikaa-uni.edu.vn



The MOSFET PHENIKAA ()

UNIVERSITY

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

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

operating in D-mode operating in E-mode
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The MOSFET PHENIKAA ()

UNIVERSITY

MOSFET symbols are shown. Nofice the broken line representing the
E-MOSFET that has an induced channel. The n channel has an
inward poinfing arrow.

E-MOSFETs D-MOSFETSs
D D D D
- |
G-V G-\r G@ G@
S S S S
nchannel pchannel nchannel pchannel
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The MOSFET

PHENII{AAU

UNIVERSITY

The transfer curve for a MOSFET is has the same parabolic
shape as the JFET but the position is shiffed along the x-axis.
The transfer curve for an n-channel E-MOSFET is entirely in the

first quadrant as shown.

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

ID =K (VGS _VGS(th) )2

Vs

+Ves
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The MOSFET PHENIKAA ()

UNIVERSITY

Recall that the D-MOSFET can be operated in either mode. For
the n-channel device illustrated, operation to the left of the y-
axis means it is In depletion mode; operation to the right means
IS In enhancement mode.

As with the JFET, |5 is zero at Viggo,
When VGS is 0, the drain current is |, '
which for this device is nof the
maximum current. The eqguation for
drain current is

- | DSS
2
| 1- Ves
DSS V
GS(off)
Vs .

112

ID
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MOSFET Biasing PHENIKAA ()

UNIVERSITY

E-MOSFETs can e biased using bias methods like the BJT methods
studied earlier. Voltage-divider bias and drain-feedback bias are
llustrated for n-channel devices.

+Vpp +Vpp

I T,
N—
1%

Voltage-divider bias Drain-feedback bias
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MOSFET Biasing PHENIKAA ()

UNIVERSITY

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

+Vpp

Zero bias, which can only be used for the D-MOSFET
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FET Amplifiers and Switching
Circuits




The Common-Source Amplifier PHENIKAA ()

In a CS amplifier, the input signal is
applied to the gate and the output
signal is faken from the drain. The
amplifier has higher inpuft resistance
and lower gain than the equivalent CE
amplifier.

The voltfage gain is given by the equation A, = g,.R..
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The Common-Source Amplifier PHENIKAA ()

Recall that conductance is the reciprocal of resistance and admittance
is The reciprocal of impedance. Data sheets typically specify the forward
transfer admiftance, y, rather than tfransconductance, g,,. The definition

of v is y - Al
fs =
AV,
DYNAMIC CHARACTERISTICS Symbol Min Typ Max Unit
Forward Transfer Admittance 2N5457 [ Yl 1000 3000 5000 1t mhos
(Mps = 15Vdc, s =0) 2N5458 1500 4000 5500

An alternate gain expression for a CS amplifier is A, = V&R
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The Common-Source Amplifier PHENIKAA ()

UNIVERSITY

Ib (MA)
You can estimate what the transfer |
characteristic looks like from values 9
on the specification sheet, but keep .
INn Mind that large variations are
common with JFETs. For example, the A/
range of specified values for a / )
2N5458 is shown. —4
Ves M +——= -1 To
OFF CHARACTERISTICS Symbol Min Typ Max Unit
Gate-Source Cutoff Voltage 2N5457 V s -0.5 - -6.0 Vdc
(Mps = 15Vdc, i =10 nAdc) 2N5458 -1.0 - -7.0
ON CHARACTERISTICS Symbol Min Typ Max Unit
Zero Gate-Source Drain Current 2N5457 I oss 1.0 3.0 5.0 mAdc
(Vbs =15 Vdc, \és =0) 2N5458 2.0 6.0 9.0
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The Common-Source Amplifier PHENIKAA ()

To analyze the CS amplifier. you need to start with dc values. It is useful to
estimate [ based on typical values; specific circuits will vary from this
estimate.

prample:

For a typical 2N5458, what is the
drain current?

Solution:

From the specification sheet, the
typical Ipss = 6.0 MA and Vg = -4
V. These values can be plotted
along with the load line to obtain @
graphical solution.

See the following slide...
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The Common-Source Amplifier PHENIKAA ()

UNIVERSITY

smu[iun: (continued)

A graphical solution is illustrated. On
the transconductance curve, plot I (MA)
the load line for the source resistor. A

Load line for 470 Q resistor

A
Then read the current and \ °
voltage at the Q@-point. /
@-—i 2.8 MA
//
b =28mMA and V) /
GS - -
VGS=‘].3V —4 13V 0
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The Common-Source Amplifier PHENIKAA ()

UNIVERSITY

solullﬂll (continued)

2
I R
Alfernatively, you can obfain [y using Equatfion 9-2: 1, =l [1— o J

VGS(off)

The solution to this quadratic equation is simplified using a calculator
that can handle quadratic equations.

After entering the equation, enter '[I’S':D%gzg@ﬂ;é%*?ssl%%m
the known values, but leave [y open. IDSS=.006
For the typical values for the 2N5458, \F;(SBZ (‘)‘rzg 0 enter absolute
(lbss= 6 MA and Vg = -4 V) with 0 bound=(~1£99,1e99) "
source resistance of 470 Q, we find
2 75 MA. IGRAPH|RANGEIZOOM|TRACEISOLVEI

press
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The Common-Source Amplifier PHENIKAA ()

UNIVERSITY

E)(amﬂle: AsSUME pgs is 6.0 MA, Viggory is -4 V. and Vigg =-1.3 V as found

i i in?
previously. What is the expected gain” Outout s
Iu"o“. inverted
Solton. I
/o
2(6.0 mA
gmo:‘\leSS — ( 4V ):30 mS \ /
GS(off) \/
oVou
gm = ng (1_VVGS J
GS(off)
—30ms[1- =3V 1°0n¥36’ =2
' 40V 10 uF
2.02 mS =

A, = g.R, = (2.02 mS)(2.7 kQ) = 5.45
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The Common-Source Amplifier PHENIKAA ()

UNIVERSITY

The gain is reduced when a load is connected to the amplifier because
the fotal ac drain resistance (R,) is reduced.

prample:

How does the addition of the
10 kQ load affect the gain?

Solution:

__RoR

d
Ry, + R, V.
 (27kQ) (10 kQ) 0 mv@

2.7 kQ+10 kQ
=2.13 kQ

RL
10kQ

A, =g, R, =(2.02 mS)(2.13 kQ) = 4.29
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The D-MOSFET PHENIKAA ()

UNIVERSITY

In operation, the D-MOSFET has the unigue property in that it can be
operated with zero bias, allowing the signal fo swing above and below
ground. This means that it can operate in either D-mmode or E-mode.
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The E-MOSFET PHENIKAA ()

UNIVERSITY

The E-MOSFET is a normally off device. The n-channel device is biased
on by making the gate posifive with respect 1o the source. A voltage-
divider biased E-MOSFET amplifier is shown.

Enhancement

Vas(h) dD
1V,
gs
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The E-MOSFET PHENIKAA ()

The E-MOSFET amplifier in

Example 9-8 is illustrated in % o
Multisim using a 2N7000 MOSFET. :

A E
+.'-I— +'.—I-
0 ! FEH
15
R4
§3.3kﬂ
5%
1N
iz 1e-0090
1
R It
§4.?ME’! +1t
2% 1 10uF
3 |:
] | ] 1 — w7000 R3
Time Channel_A Channel_B
TV g5 i6a0: 2ag7amy 1.469 Y2 qonF §33kﬂ
T gl | zoooms 10z -3 B8 my R T R 5%
T T 1344 ms 24874 my AA13 N ave - (MR 3, 25mpk §820kﬂ
o e MkHz 5%
Timebaze Channzl & Channe| B Trigger — ODeg
Soale | 200 us/Oiv | Scale | 10 m/Div Scale |1 “Div Blge [F %|[A& B |Ea
¥ position |0 ' position |0 W position |0 Lewel 0 W 1 N 1 N
[T edd| mes|ae| | Ac| 0 JOC | Ac| o JOC - | 7] Type [Sing. Mer | Auto | None - - - -
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The Common-Drain Amplifier

PHENII{AAU

UNIVERSITY

In a CD amplifier, the input signal is
applied o the gate and the output
signal is faken from the source. There is Viro

NO drain resistor, because it is common
to the input and output signals.

+Vpp

ngS

The voltage gain is given by the equation A = 1+g R

The voltage gainis always < 1, but the power gain is nof.
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The Cascode Amplifier PHENIKAA ()

UNIVERSITY

oo
The cascode connection is @ % %
combination of CS and CG N T o
amplifiers. This forms a good b -
high-frequency amplifier. The o .
input and output signals at 10 T
MHz are shown for this circuit i I %,
on the following slide... J o "
) — 2 =
V3 E[ I_
@EEEE : §"R”%““ §§5}!
l
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The Cascode Amplifier PHENIKAA ()

UNIVERSITY

l6:
Exa m I] M % Dscilloscope-XSC1

The input signal for the
cascode amplifier is \
shown in red; the oufput is : / : o

blue. What is the gain?

Solution: N

The peak of the inpuft is

EXN|
24.7 m\/. . Time Channel _A Channel_B R
T I TEATITE S 24680 mY Agesy e |
The peak of the oufput D3 ssootee marany 21y ave | B Toager
| TET1 |
" — — f"'
IS 233 V eeeeee Channel & Channel B
s ale zn =/l Seale | 10 M Div Seale 1 WDiv Ejg |_J|_
A — 94 3 ¥ pozition |0 :I ¥ position |0 ¥ position Lawel Iil_
v ' [ add| Bea|avp| | ac| 0 JOC | Ac| o ||:||:J (%' Type [Sing. Mor.| Aute | Mone
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The Class-D Amplifier PHENIKAA ()

UNIVERSITY

MOSFETs are useful as class-D amplifiers, which are very
efficient because they operate as switching amplifiers. They
use pulse width modulation, a process in which the input
signal is converted 1o a series of pulses. The pulse widfth
varies proportionally to the amplitude of the input signal.

Pulse-width modulafion is easy to set up in Multisim. The
following slide shows the circuit. A sine wave is
compared to a faster triangle wave of the about the
same amplitude using a comparator (a 741 op-amp
can be used at low frequencies).
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The Class-D Amplifier PHENIKAA ()

UNIVERSITY

A circuit that you can

Op-amp set
use in lab or in Multisim up as O
to observe pulse width comparator ===
modulation in action. \ mU cos
The scope display is vi 1 AR

shown on the following

1Vpk
10 Hz ,
1 ['D
Sllde v %" Function Generat... [Z| 0 VCC\Ul\Is U1
+

Wavefomms _Tl_

| 2
e T e e L
Signal Options iFE1 FEY]

I

F 250 H | S | 5 -
requency | | z //y . i VEE
Duty Cycle |40 | % s ? T . _VEE
Amplitude [ 1.1 :" Wh Jl} VEE A2V
Offzet |0 [ W |

Commaon =
{+ {(+ '
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The Class-D Amplifier PHENIKAA ()

UNIVERSITY

The signal is the yellow sine wave and is compared repeatedly to the
triangle (cyan). The result of the comparison is the output (magenta).
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The Class-D Amplifier PHENIKAA ()

UNIVERSITY

The modulated signal is amplified by
class-B complementary MOSFET e,
fransistors. The output is filtered by @ ?

low-pass filter fo recover the original t) o
signal and remove the higher =
modulation frequency. K | rowes

- ' filter
PWM is also useful in control - SR
applications such as motor confrollers. ';)Qz
MOSFETs are widely used in these =

applications because of fast switching
fime and low on-stafe resistance.
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The Analog Switch

UNIVERSITYU

MOSFETs are also used as analog switches to connect or disconnect
an analog signal. Analog switches are available in IC form — for
example the CD4066 is a quad analog switch that used parallel n-
and p-channel MOSFETs. The configuration shown allows signals o

e passed in either direction.

Advantages of MOSFETs are
that they have relatively low
on-state resistance and they
can be used at high
frequencies, such as found in
video applications.

IN/OUT

Control

Simplified infernal construction of
a bidirectional IC analog switch.

OUT/IN

7\
[ anin

|

11
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