CS301ES: ANALOG AND DIGITAL ELECTRONICS

B.TECH Il Year | Sem.

w

Course Objectives:
¢ Tointroduce components such as diodes, BJTs and FETS.
¢ To know the applications of components.
¢ To give understanding of various types of amplifier circuits
¢ To learn basic techniques for the design of digital circuits and fundamental concepts used inthe
design of digital systems.
¢ To understand the concepts of combinational logic circuits and sequential circuits.

Course Outcomes: Upon completion of the Course, the students will be able to:
¢ Know the characteristics of various components.
¢ Understand the utilization of components.
¢ Design and analyze small signal amplifier circuits.
¢ Learn Postulates of Boolean algebra and to minimize combinational functions
¢ Design and analyze combinational and sequential circuits
¢ Know about the logic families and realization of logic gates.

UNIT - |

Diodes and Applications’ Junction diode characteristics: Open circuited p-n junction, p-n junction as a
rectifier, V-1 characteristics, effect of temperature, diode resistance, diffusion capacitance, diode switching times,
breakdown diodes, Tunnel diodes, photo diode, LED.

Diode Applications - clipping circuits, comparators, Half wave rectifier, Full wave rectifier, rectifier with
capacitor filter.

UNIT - Il

BJTs: Transistor characteristics: The junction transistor, transistor as an amplifier, CB, CE, CC configurations,
comparison of transistor configurations, the operating point, self-bias or Emitter bias, bias compensation, thermal
runaway and stability, transistor at low frequencies, CE amplifier response,gain bandwidth product, Emitter
follower, RC coupled amplifier, two cascaded CE and multi stage CE amplifiers.

UNIT -1l

FETs and Digital Circuits: FETs: JFET, V-I characteristics, MOSFET, low frequency CS and CD amplifiers,
CS and CD amplifiers.

Digital Circuits: Digital (binary) operations of a system, OR gate, AND gate, NOT, EXCLUSIVE OR gate, De
Morgan Laws, NAND and NOR DTL gates, modified DTL gates, HTL and TTL gates, output stages, RTL and
DCTL, CMOS, Comparison of logic families.

UNIT - IV

Combinational Logic Circuits: Basic Theorems and Properties of Boolean Algebra, Canonical and Standard
Forms, Digital Logic Gates, The Map Method, Product-of-Sums Simplification, Don’t-Care Conditions, NAND
and NOR Implementation, Exclusive-OR Function, Binary Adder-Subtractor, Decimal Adder, Binary Multiplier,
Magnitude Comparator, Decoders, Encoders, Multiplexers.

UNIT -V



Sequential Logic Circuits: Sequential Circuits, Storage Elements: Latches and flip flops, Analysis
of Clocked Sequential Circuits, State Reduction and Assignment, Shift Registers, Ripple Counters,
Synchronous Counters, Random-Access Memory, Read-Only Memory.

TEXTBOOKS:
1. Integrated Electronics: Analog and Digital Circuits and Systems, 2/e, Jaccob Millman, Christos
Halkias and Chethan D. Parikh, Tata McGraw-Hill Education, India, 2010.
2. Digital Design, 5/e, Morris Mano and Michael D. Cilette, Pearson, 2011.

REFERENCE BOOKS:
1. Electronic Devices and Circuits, Jimmy J Cathey, Schaum’s outline series, 1988.
2. Digital Principles, 3/e, Roger L. Tokheim, Schaum’s outline series, 1994.
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UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

UNIT-II

BIPOLAR JUNCTION TRANSISTOR

The transistor was invented in 1947 by John Bardeen, Walter Brattain and William Shockley at Bell
Laboratory in America.

A transistor is a semiconductor device, commonly used as an Amplifier or an electrically
Controlled Switch.

There are two types of transistors:

1) Unipolar Junction Transistor
2) Bipolar Junction Transistor

In Unipolar transistor, the current conduction is only due to one type of carriers i.e., majority
charge carriers. The current conduction in bipolar transistor is because of both the types of charge
carriers i.e., holes and electrons. Hence it is called as Bipolar Junction Transistor and it is referred
to as BJT.

BJT is a semiconductor device in which one type of semiconductor material is sand witched
between two opposite types of semiconductor i.e., an n-type semiconductor is sandwiched between
two p-type semiconductors or a p-type semiconductor is sandwiched between two n-type
semiconductor. Hence the B]Ts are of two types.

They are:
1) n-p-n Transistor
2) p-n-p Transistor

The two types of BJTs are shown in the figure below.

=E J M

E o— | N P N ’ & P ﬁ‘__{/\
‘ > P

AR :

I
) |
EwiHery - baze [ Collectar- baze

ju»\("k {on B jt‘\’\(‘"‘:*ﬂ@ n o

m

L.

The arrow head represents the conventional current direction from p to n.

Transistor has three terminals.

1) Emitter
2) Base
3) Collector

G F Harish Reddy,Department of ECE-MRITS



UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

Transistor has two p-n junctions. They are:

1) Emitter-Base Junction
2) Collector-Base Junction
Emitter: Emitter is heavily doped because it is to emit the charge carriers.
Base: The charge carriers emitted by the emitter should reach collector passing through

the base. Hence base should be very thin and to avoid recombination, and to
provide more collector current base is lightly doped.

Collector: Collector has to collect the most of charge carriers emitted by the emitter. Hence
the area of cross section of collector is more compared to emitter and it is
moderately doped.

Transistor can be operated in three regions.

1) Active region.
2) Saturation region.
3) Cut-Off region.
Active Region: For the transistor to operate in active region base to emitter junction is

forward biased and collector to base junction is reverse biased.

Saturation Region: Transistor to be operated in saturation region if both the junctions i.e.,
collector to base junction and base to emitter junction are forward biased.

Cut-Off Region: For the transistor to operate in cut-off region both the junctions i.e., base
to emitter junction and collector to base junction are reverse biased.
Transistor can be used as
1) Amplifier 2) Switch

For the transistor to act as an amplifier, it should be operated in active region. For the
transistor to act as a switch, it should be operated in saturation region for ON state, and cut-off
region for OFF state.
Transistor Operation:

Working of a n-p-n transistor:

E B C
| 1 = C
- N ‘ P [ N ——
B | G

" % C=,

(“l: | )
E »
Vee ‘ ’ Vee

|1 —|IF '

The n-p-n transistor with base to emitter junction forward biased and collector base
junction reverse biased is as shown in figure.

As the base to emitter junction is forward biased the majority carriers emitted by the n-
type emitter i.e., electrons have a tendency to flow towards the base which constitutes the emitter
current Ig.

As the base is p-type there is chance of recombination of electrons emitted by the emitter
with the holes in the p-type base. But as the base is very thin and lightly doped only few electrons
emitted by the n-type emitter less than 5% combines with the holes in the p-type base, the

G F Harish Reddy,Department of ECE-MRITS



UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

remaining more than 95% electrons emitted by the n-type emitter cross over into the collector
region constitute the collector current.

The current distributions are as shown in fig

IE = IB + Ic
Working of a p-n-p transistor:
E B C
E | G
] P N f P
I-— B
" )
lIH !C-A/
| VEE Vee
L_ +] | [ Jl ’ (==

The p-n-p transistor with base to emitter junction is forward biased and collector to base
junction reverse biased is as show in figure.

As the base to emitter junction is forward biased the majority carriers emitted by the p-
type emitter i.e., holes have a tendency to flow towards the base which constitutes the emitter
current Ig.

As the base is n-type there is a chance of recombination of holes emitted by the emitter
with the electrons in the n-type base. But as the base us very thin and lightly doped only few
electrons less than 5% combine with the holes emitted by the p-type emitter, the remaining 95%
charge carriers cross over into the collector region to constitute the collector current.

The current distributions are shown in figure.

IE = IB + Ic
Current components in a transistor:

The figure below shows the various current components which flow across the forward-
biased emitter junction and reverse-biased collector junction in P-N-P transistor.

‘iE JC_‘
P 1pE n !f‘{-'- p
Hole current L \ | e Hole current
Recom- Y(Ipe —Ipc) I
g bination I
T current Lo
1 E C
| Ine lco
_ =7 I Reverse satur- ‘
Electron current ation current
E® Q Ig |
|
il f i I e _J
iri 1t
Veg Ve

Figure. Current components in a transistor with forward-biased emitter and reverse-biased
collector junctions.

The emitter current consists of the following two parts:

1) Hole current I,e constituted by holes (holes crossing from emitter into base).
2) Electron current I, constituted by electrons (electrons crossing from base into the
emitter).

Therefore, Total emitter current Ig = I,z (majority)+ I.e (Minority)

G F Harish Reddy,Department of ECE-MRITS



UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

The holes crossing the emitter base junction Jg and reaching the collector base junction Jc
constitutes collector current Ipc.

Not all the holes crossing the emitter base junction Jg reach collector base junction Jc
because some of them combine with the electrons in the n-type base.

Since base width is very small, most of the holes cross the collector base junction Jc and
very few recombine, constituting the base current (I,e — I c).

When the emitter is open-circuited, Ig=0, and hence I,c=0. Under this condition, the base
and collector together current I equals the reverse saturation current Ico, which consists of the
following two parts: Ipco caused by holes moving across I from N-region to P-region.

Inco caused by electrons moving across Ic from P-region to N-region. Ico = Ihco + Ipco
In general, Ic = Inc + Ipc
Thus for a P-N-P transistor, Ie=Ig+ Ic

Transistor circuit configurations:

Following are the three types of transistor circuit configurations:

1) Common-Base (CB)
2) Common-Emitter (CE)
3) Common-Collector (CC)

Here the term ‘Common’ is used to denote the transistor lead which is common to the input
and output circuits. The common terminal is generally grounded.

It should be remembered that regardless the circuit configuration, the emitter is always
forward-biased while the collector is always reverse-biased.

jf»'\pb\ . { = (‘,b\{ Pu{‘ ,Tv\r)'\.\ . = o ul DM"L'
|
[

Fig. Common - emitter configuration
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UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)
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Fig. Common - Collector configuration
Common - Base (CB) configurations:

In this configuration, the input signal is applied between emitter and base while the output
is taken from collector and base. As base is common to input and output circuits, hence the name
common-base configuration. Figure show the common-base P-N-P transistor circuit.

I

.‘i E . = L __(:. _-,_-f\;::
Oy
s
it
[0 Al W8 L

9. O

=

Fig. tommon - base PNP transistor amplifier.
Current Amplification Factor (&) :
When no signal is applied, then the ratio of the collector current to the emitter current is
called dc alpha (& 4.) of a transistor.

do = T e (1) (Negative sign signifies that I flows into transistor

while I¢ flows out of it).

‘@' of a transistor is a measure of the quality of a transistor. Higher is the value of ‘& ’, better is
the transistor in the sense that collector current approaches the emitter current.
By considering only magnitudes of the currents, Ic = Iz and hence Iz = I - I¢
Therefore, Ig=I-dlg=1(1-&) ............ (2)

When signal is applied, the ratio of change in collector current to the change in emitter
current at constant collector-base voltage is defined as current amplification factor,

LT

___C
Otdc— DG ............... (3)

For all practical purposes, adc =y = and practical values in commercial transistors

range from 0.9 to 0.99.

Total Collector Current:

The total collector current consists of the following two parts:

G F Harish Reddy,Department of ECE-MRITS



UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

i) O I, current due to majority carriers
i) Icgo, current due to minority carriers
.". Total collector current Ic= I+ Icgoceinenns (4)

The collector current can also be expressed as Ic = & (Ig+1c) + Igo (2" Ig= Iz + I¢)

:>IC(1—a):a13+ICBO

a 1
Common-Emitter (CE) configuration:

In this configuration, the input signal is applied between base and emitter and the output is
taken from collector and emitter. As emitter is common to input and output circuits, hence the
name common emitter configuration.

Figure shows the common-emitter P-N-P transistor circuit.

Fig. Common-Emitter PNP transistor amplifier.
Current Amplification Factor (B):

When no signal is applied, then the ratio of collector current to the base current is called dc
beta ('Bdc) of a transistor.

When signal is applied, the ratio of change in collector current to the change in base
current is defined as base current amplification factor. Thus,

From equation (1), IC = ’BIB

Almost in all transistors, the base current is less than 5% of the emitter current. Due to
this fact, ‘B’ ranges from 20 to 500. Hence this configuration is frequently used when appreciable
current gain as well as voltage gain is required.

Total Collector Current:

The Total collector current Ic= fla+Icco e (3)

Where Icgo is the leakage current.

G F Harish Reddy,Department of ECE-MRITS



UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

sut, we have, T =% |1, +[—_ 1 4
ut, we nave, C_ m B m CBO ............. ()
Comparing equations (3) and (4), we get
1
,6_ and ICEO 1_aICBO ........... (5)
Relation between & and ,B:
1 1
We know that a’=I—C and ,3=I—C
E B
IE=IB+IC (or) IB=IE— C
e
I/ 1
Now ,le CI = ? =1a ................ (6)
ETC, 1-C KRN
Ig

= pl-a)=a (or) B=a(l+ /)
L ................ (7)

=S o= 1+,B

It can be seen that | —Q = 1+1ﬂ ................ (8)

Common - Collector (CC) Configuration:

In this configuration, the input signal is applied between base and collector and the output
is taken from the emitter. As collector is common to input and output circuits, hence the name
common collector configuration. Figure shows the common collector PNP transistor circuit.

i
T 1

Fig. Common collector PNP transistor amplifier.

Current Amplification Factor ( 7' ):
When no signal is applied, then the ratio of emitter current to the base current is called as

dc gamma ( ¥ 4c) of the transistor.

G F Harish Reddy,Department of ECE-MRITS



UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

When signal is applied, then the ratio of change in emitter current to the change in base
current is known as current amplification factor* ¥,

L7
—n__ E
}/ac—}/—W ................. (2)
B
This configuration provides the same current gain as common emitter circuit as

DIE zDIC but the voltage gain is always less than one.

Total Emitter Current:

We know that IE =IB +IC Also  Ic= Ig+ Icgo

Ie =Ig + (X Ig + Icgo)
:>IE(1—0{)=IB+ICBO
_'s lcpo

E 1-a l1-«

1
(or) :>IE=(1+ﬁ)IB+(1+ﬁ)ICBO .................. (3) ('E:Hﬁj

=1

Relation between Yand @ :

We know that 7/=I— and @ = —

Also IB=IE—IC

1
Now ¥ = =
Ig-Ic | ¢

Relation between Y and [3:

1
We know that =1+
l-o p

* From equation (4), }/=ﬁ =14+ s (5)

Characteristics of Common-Base Circuit:

The circuit diagram for determining the static characteristic curves of an NPN transistor in
the common base configuration is shown in fig. below.
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UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

Fig. Circuit to determine CB static characteristics.

Input Characteristics:

To determine the input characteristics, the collector-base voltage Vg is kept constant at
zero volts and the emitter current Ig is increased from zero in suitable equal steps by increasing
Veg. This is repeated for higher fixed values of V. A curve is drawn between emitter current Ig
and emitter-base voltage Vgg at constant collector-base voltage Vcg.

The input characteristics thus obtained are shown in figure below.
I=(mA)

35 + VCS>1V VCB:OV

3 =
g T
2

1.5 =
T\ &

05 T

1
| | 1 L L } 4

01 0.2 03 04 05 0.6 0.7 0.8 VW

Fig. CB Input characteristics.

Early effect (or) Base — Width modulation:

As the collector voltage Vcc is made to increase the reverse bias, the space charge width
between collector and base tends to increase, with the result that the effective width of the base

decreases. This dependency of base-width on collector-to-emitter voltage is known as Early effect
(or) Base-Width modulation.
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| 1

\/E{_ \'/CC

Thus decrease in effective base width has following consequences:

i. Due to Early effect, the base width reduces, there is a less chance of
recombination of holes with electrons in base region and hence base current I
decreases.

ii. As Iy decreases, the collector current I¢ increases.

iii. As base width reduces the emitter current Ig increases for small emitter to base
voltage.
iv. As collector current increases, common base current gain (¥ ) increases.

Punch Through (or) Reach Through:

When reverse bias voltage increases more, the depletion region moves towards emitter
junction and effective base width reduces to zero. This causes breakdown in the transistor. This
condition is called “Punch Through” condition.

Output Characteristics:

To determine the output characteristics, the emitter current It is kept constant at a suitable
value by adjusting the emitter-base voltage Veg. Then Vg is increased in suitable equal steps and
the collector current Ic is noted for each value of Ir.. Now the curves of I¢ versus Vg are plotted for
constant values of Ig and the output characteristics thus obtained is shown in figure below.

Ie(mA)

"—"E:l e T -—..Acuve region ——. ==
T”S lE— SmA

""""" g = 4mA

lg = 3mA

7+ T Ig = 2mA

Collector current
Saturation region

T : = e -
=1 0 5 10 15 20 \ Ves (V)
Collector - base voltage -Cutoff region

Fig. CB Output characteristics

From the characteristics, it is seen that for a constant value of Ig, Ic is independent of Vg
and the curves are parallel to the axis of Vcg. Further, Ic flows even when V¢g is equal to zero. As
the emitter-base junction is forward biased, the majority carriers, i.e., electrons, from the emitter
are injected into the base region. Due to the action of the internal potential barrier at the reverse

G F Harish Reddy,Department of ECE-MRITS
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UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

biased collector-base junction, they flow to the collector region and give rise to I even when Vg is
equal to zero.

Transistor Parameters:

The slope of the CB characteristics will give the following four transistor parameters. Since
these parameters have different dimensions, they are commonly known as common base hybrid
parameters (or) h-parameters.

i) Input Impedance (h;,):

It is defined as the ratio of change in (input) emitter to base voltage to the change
in (input) emitter current with the (output) collector to base voltage kept constant.

Therefore,
AV
h. —__EB , Vcg constant
ib Al E

It is the slope of CB input characteristics curve.
The typical value of h;, ranges from 20Q to 50Q.

i) Output Admittance (hgp):

It is defined as the ratio of change in the (output) collector current to the
corresponding change in the (output) collector-base voltage, keeping the (input) emitter
current Iz constant. Therefore,

Al

h, ELFC
ob AV
CB

It is the slope of CB output characteristics I¢ versus Vcg.
The typical value of this parameter is of the order of 0.1 to 10umhos.

, Iz constant

iii) Forward Current Gain (hg,):

It is defined as a ratio of the change in the (output) collector current to the
corresponding change in the (input) emitter current keeping the (output) collector voltage
Vg constant. Hence,

h =
=——==, Vg constant
b Al B

It is the slope of Ic versus Ig curve. Its typical value varies from 0.9 to 1.0.
iv) Reverse Voltage Gain (h,;):

It is defined as a ratio of the change in the (input) emitter voltage and the
corresponding change in (output) collector voltage with constant (input) emitter current, Ig.

AVEB

h, =—ZEB
b
b AV g

It is the slope of Vgg versus Vg curve. Its typical value is of the order of 107> to 107

Hence, , Ig constant.

Characteristics of Common-Emitter Circuit:

The circuit diagram for determining the static characteristic curves of the an N-P-N
transistor in the common emitter configuration is shown in figure below.

G F Harish Reddy,Department of ECE-MRITS
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UNIT 2(PART 1)-Bipolar Junction Transistor(BJT)

Fig. Circuit to determine CE Static characteristics.

Input Characteristics:

To determine the input characteristics, the collector to emitter voltage is kept constant at
zero volts and base current is increased from zero in equal steps by increasing Vge in the circuit.
The value of Vge is noted for each setting of Iz. This procedure is repeated for higher fixed values
of Vcg, and the curves of Iy versus Vge are drawn.

The input characteristics thus obtained are shown in figure below.

T5(HA)
JL

250 T Vee =0 V>0V

ut | /

/

/

150 1

100 T //

/

50 1 i

0 } ; ' —— Vg (V)
0.2 0.4 0.6 0.8

Fig. CE Input Characteristics.

When V=0 , the emitter-base junction is forward biased and he junction behaves as a
forward biased diode. When Ve is increased, the width of the depletion region at the reverse
biased collector-base junction will increase. Hence he effective width of the base will decrease.
This effect causes a decrease in the base current Iz. Hence, to get the same value of Iy as that for
V=0, Vge should be increased. Therefore, the curve shifts to the right as Ve increases.

Output Characteristics:

To determine the output characteristics, the base current Iy is kept constant at a suitable
value by adjusting base-emitter voltage, Vge. The magnitude of collector-emitter voltage V¢ is
increased in suitable equal steps from zero and the collector current Ic is noted for each setting of
Vce. Now the curves of I versus Ve are plotted for different constant values of Izg. The output
characteristics thus obtained are shown in figure below.

G F Harish Reddy,Department of ECE-MRITS
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Ie(mA)
A «—— Active region ——
g Ig = 80pA
Se:?zauon 80—+ AVeE Ale
egion “—__|
: Ig = 60pA
o Alg = 20mA
Ig = 40pA
O—4EEE v e oo oo et . . =
H Alg = 20pA

Ig = 20pA

Ig = QpA

Collector current

% I vl
0 0.5 0\ 1.5 VeeV)
Cutoff region

Collector - emitter voltage

Fig. CE Output characteristics

The output characteristics of common emitter configuration consist of three regions: Active,
Saturation and Cut-off regions.

Active Region:

Saturation Region:

Cut-Off Region:

The region where the curves are approximately horizontal is the “Active”
region of the CE configuration. In the active region, the collector junction is
reverse biased. As V¢ is increased, reverse bias increase. This causes
depletion region to spread more in base than in collector, reducing the

changes of recombination in the base. This increase the value of adc'

This Early effect causes collector current to rise more sharply with
increasing V¢ in the active region of output characteristics of CE transistor.

If Ve is reduced to a small value such as 0.2V, then collector-base junction
becomes forward biased, since the emitter-base junction is already forward
biased by 0.7V. The input junction in CE configuration is base to emitter
junction, which is always forward biased to operate transistor in active
region. Thus input characteristics of CE configuration are similar to forward
characteristics of p-n junction diode. When both the junctions are forwards
biased, the transistor operates in the saturation region, which is indicated
on the output characteristics. The saturation value of Vg, designated

VCE(Sat) , usually ranges between 0.1V to 0.3V.

When the input base current is made equal to zero, the collector current is
the reverse leakage current Icgo. Accordingly, in order to cut off the
transistor, it is not enough to reduce Iz=0. Instead, it is necessary to
reverse bias the emitter junction slightly. We shall define cut off as the
condition where the collector current is equal to the reverse saturation
current Ico and the emitter current is zero.

Transistor Parameters:

The slope of the CE characteristics will give the following four transistor parameters. Since
these parameters have different dimensions, they are commonly known as Common emitter hybrid
parameters (or) h-parameters.

i) Input Impedance (h;,):

It is defined as the ratio of change in (input) base voltage to the change in (input)
base current with the (output) collector voltage (Vce), kept constant. Therefore,

G F Harish Reddy,Department of ECE-MRITS
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_AVse

h. =
e
Alp

It is the slope of CB input characteristics Iz versus Vge.

, AVce constant

The typical value of h;. ranges from 500Q to 2000%.
i) Output Admittance (hge):
It is defined as the ratio of change in the (output) collector current to the

corresponding change in the (output) collector voltage. With the (input) base current Iy
kept constant. Therefore,

Al

AVer

It is the slope of CE output characteristics Ic versus Vcg.

hpe = , Iz constant

The typical value of this parameter is of the order of 0.1 to 10umhos.
ifi) Forward Current Gain (hg):

It is defined as a ratio of the change in the (output) collector current to the
corresponding change in the (input) base current keeping the (output) collector voltage Ve
constant. Hence,

Al

h =—C,VCE constant
fe Al

It is the slope of I versus Iy curve.

Its typical value varies from 20 to 200.

iv) Reverse Voltage Gain (h,.):

It is defined as a ratio of the change in the (input) base voltage and the
corresponding change in (output) collector voltage with constant (input) base current, Ig.
Hence,

AVB E

Nye =@, I constant.

It is the slope of Vge versus V¢ curve.

Its typical value is of the order of 107 to 107

Characteristics of common collector circuit:

The circuit diagram for determining the static characteristics of an N-P-N transistor in the
common collector configuration is shown in fig. below.

G F Harish Reddy,Department of ECE-MRITS 14
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I_ (mA)
- > — A
e Ve ] el
o Ir’ﬁF B _
__'_-_' - | > 4 {fﬁ'\ =
VEF —- §+‘;q_ *fa\ﬂ*-}/NPN l\}i’j VEJ L..).% s VEE
‘ = T ez + +
+ 7
i_ | __.{&‘..,:— VB(__‘ ""C ,“’ !

Fig. Circuit to determine CC static characteristics.

Input Characteristics:

To determine the input characteristic, Vgc is kept at a suitable fixed value. The base-
collector voltage Vgc is increased in equal steps and the corresponding increase in Iy is noted. This
is repeated for different fixed values of Vgc. Plots of Vg versus Iy for different values of Vgc shown
in figure are the input characteristics.

I5(LA)
A

100 +t—+——+—————-
80 T
60 t
40 +

20 1

V

sc(V)

Fig. CC Input Characteristics.
Output Characteristics:

The output characteristics shown in figure below are the same as those of the common
emitter configuration.

Ie(mp)

6
5 Ig = 100 pA
4 Ig = 80 pA
5 lg = 60 pA
5 Ig = 40 pA

Ig = 20 pA
1

,B = 0 _LIA

~ V(V)

0 1 2 3 - S 6

Fig. CC output characteristics.
Comparison:

Table: A comparison of CB, CE and CC configurations

G F Harish Reddy,Department of ECE-MRITS
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Property

CB

CE

CC

Input Resistance

Low
(About 100Q)

Moderate
(About 750Q)

High
(About 750kQ)

Output Resistance

High
(About 450kQ)

Moderate
(About 45kQ)

Low
(About 25Q)

Current Gain 1 High High
Voltage Gain About 150 About 500 Less than 1
Phase Shift between
input and output 0° (or) 360° 180° 0° (or) 360°
voltages
Applications For hlg_h fr(_aquency For Aud_lo fr_equency For |mpe(_jance
circuits circuits matching
Problem:
1 A Germanium transistor used in a complementary symmetry amplifier has Icgo=10uA at
27°C and h¢=50.
(a) find Ic when Ig=0.25mA and
(b) Assuming h¢ does not increase with temperature; find the value of new collector
current, if the transistor’s temperature rises to 50°C.
Solution:
Given data: Icgo = 10pA and he (=B) = 50
a) Ic = Blg+(1+B)Iceo

= 50x(0.25x1073)+(1+50)x(10x10®)A
=13.01mA

b) I'cgo (B=50) Icgo x 2(T,T, /10

10 X 2(50-27)/10

10 x 223 YA

49.2uA
Ic at 50°C is

Ic= BIg+(1+B)I'ceo
= 50x(0.25x1073)+(1+50)x(49.2x107°)

=15.01 mA.

G F Harish Reddy,Department of ECE-MRITS
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UNIT 2(PART 2)-Transistor biasing and stabilization

TRANSISTOR BIASING

Introduction:

The basic function transistor is to do amplification. The process of raising the strength of a
weak signal without any change in its shape is known as faithful amplification.

For faithful amplification, the following three conditions must be satisfied:

i) The emitter-base junction should be forward biased,
i) The collector-base junction should be reverse biased.
iii) Three should be proper zero signal collector current.

The proper flow of zero signal collector current (proper operating point of a transistor) and
the maintenance of proper collector-emitter voltage during the passage of signal is known as
‘transistor biasing’.

When a transistor is not properly biased, it work inefficiently and produces distortion in the
output signal. Hence a transistor is to be biased correctly. A transistor is biased either with the
help of battery (or) associating a circuit with the transistor. The latter method is generally
employed. The circuit used with the transistor is known as biasing circuit.

In order to produce distortion-free output in amplifier circuits, the supply voltages and
resistances in the circuit must be suitably chose. These voltages and resistances establish a set of
d.c. voltage Vceq and current I to operate the transistor in the active region. These voltages and
currents are called quiescent values which determine the operating point (or) Q-Point for the
transistor.

The process of giving proper supply voltages and resistances for obtaining the desired Q-
Point is called biasing.

DC Load Line:

Consider common emitter configuration circuit shown in figure below:

|
|
|
|

In transistor circuit analysis generally it is required to determine the value of I for any
desired value of Vce. From the load line method, we can determine the value of I for any desired
value of Vce.  The output characteristics of CE configuration is shown in figure below:
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1 i

1~ = V\;) B :-4— Active region —.—-:

= Ry 1 . 1

1 DC load line I

[} I
L d ‘F:i =4mA

Saturation
region Ig = 3mA
lg = 2mA
lg = 1mA
s lg = OmA
o > B/
3 S LS T

0
Vee = Vee
Cut-off region £k GE

By applying KVL to the collector circuit

—VC +ICRC +VCE =0

—> VCC = ICRC +VCE

T ey
If the bias voltage Vgg is such that the transistor is not conducting then Ic=0 and V= Vcc.
Therefore, when Ic=0, Vce= V¢ this point is plotted on the output characteristics as point A.

If Vce=0 then

0= VCC = ICRC
\%
=7 :l
C R
C
o
Therefore, V=0, IC :R—this point is plotted on the output characteristics as point B.

G

The line drawn through these points is straight line ‘d.c load line’.

The d.c. load line is plot of Ic versus Ve for a given value of Rc and a given level of Vcc.
Hence from the load line we can determine the I¢ for any desired value of V.

Operating Point (or) Quiescent Point:

In designing a circuit, a point on the load line is selected as the dc bias point (or) quiescent
point. The Q-Point specifies the collector current I._and collector to emitter voltage Ve that exists
when no input signal is applied.

The dc bias point (or) quiescent point is the point on the load line which represents the
current in a transistor and the voltage across it when no signal is applied. The zero signal values of
Ic ad Ve are known as the operating point.

Biasing:

The process of giving proper supply voltages and resistances for obtaining the desired Q-
point is called ‘biasing’.
How to choose the operating point on DC load line:

The transistor acts as an amplifier when it is operated in active region. After the d.c.
conditions are established in the circuit, when an a.c. signal is applied to the input, the base
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current varies according to te amplitude of the signal and causes I¢ to vary consequently producing
an output voltage variation. This can be seen from output characterizes.

Clipping ! 2n}
'ml
Fig. Operating point near saturation region gives clipping at the positive peak.
Consider point A which is very near to the saturation point, even though the base current is
varying sinusoidally the output current and output voltage is seen to be clipped at the positive
peaks. This results in distortion of the signal.

Consider point B which is very near to the cut-off region. The output signal is now clipped
at the negative peak. Hence this two is not a suitable operating point.

Yo

Fig. Operating point near cut-off region given clipping at the negative peak.

Consider point C which is the mid point of the DC load line then the output signal will not
be distorted.

*mt

Fig. Operating point at the centre of active region is most suitable.
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A good amplifier amplifies signals without introducing distortion. Thus always the operating
point is chosen as the mid point of the DC load line.
Stabilization:
The maintenance of operating point stable is known as ‘Stabilization’.

There are two factors which are responsible for shifting the operating point. They are:

i) The transistor parameters are temperature dependent.
i) When a transistor is replaced by another of same type, there is a wide spread in
the values of transistor parameters.

So, stabilization of the operating point is necessary due to the following reasons:

i) Temperature dependence of Ic.
i) Individual variations and
iii) Thermal runaway.

Temperature dependence of I.:

The instability of Ic is principally caused by the following three sources:

i) The Ico doubles for every 10°C rise in temperature.
i) Increase of B with increase of temperature.
iii) The Vge decreases about 2.5mV per °C increase in temperature.

Individual variations:

When a transistor is replaced by another transistor of the same type, the values of B and
Vge are not exactly the same. Hence the operating point is changed. So it is necessary to stabilize
the operating point irrespective of individual variations in transistors parameters.

Thermal Runaway:

Depending upon the construction of a transistor, the collector junction can withstand
maximum temperature. The range of temperature lies between 60°C to 100°C for ‘Ge’ transistor
and 150°C to 225°C for ‘Si’ transistor. If the temperature increases beyond this range then the
transistor burns out. The increase in the collector junction temperature is due to thermal runaway.

When a collector current flows in a transistor, it is heated i.e., its temperature increases. If
no stabilization is done, the collector leakage current also increases. This further increases the
transistor temperature. Consequently, there is a further increase in collector leakage current. The
action becomes cumulative and the transistor may ultimately burn out. The self-destruction of an
unstabilized transistor is known as thermal runaway.

The following two techniques are used for stabilization.
1) Stabilization techniques:

The technique consists in the use of a resistive biasing circuit which permits such a
variation of base current Iz as to maintain Ic almost constant in spite of Ico, B and Vge.

2) Compensation techniques:

In this technique, temperature sensitive devices such as diodes, thermistors and
sensistors etc., are used. Such devices produce compensating voltages and current in such
a way that the operating points maintained stable.

Stability factors:

Since there are three variables which are temperature dependent, we can define three
stability factors as below:

i) S: The stability factor 'S’ is defined as the ration of change of collector current Ic with
respect to the reverse saturation current Iy, keeping B and Vge constant
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ol ol

. __C _ 7C
i.e., S = Y = i Vge, B constant

co co

i) S The stability factor S’ is defined as the rate of change of Ic with respect to Vgg,
keeping Io and B constant i.e.,

ol c ol c

S = v = v Ico, B constant
BE BE

ifi) S The stability factor S” is defined as the rate of change of I- with respect to B,
keeping Ico and Vge constant i.e.,

B h

Ideally, stability factor should be perfectly zero to keep operating point stable.
Practically, stability factor should have the value as minimum as possible.

Ico, Vae constant

Derivation of Stability Factor (S):

For a common emitter configuration collector current is given as,
Io=Blp+tlcpg
:>IC=ﬁIB+(1+ﬁ)ICO .............. (1)

Differentiating equation (1) w.r.t. Ic keeping B constant, we get

ol ol
1=ﬂ—a—5-+(1+ﬁ) aCO
ki Ic

C C
e aIC = 1+aﬁ
aICO l_ﬂajB
a
=95= 1+£I9BI ............ (2)
1-p-B
aIC

To obtain S’ and S’’:

In standard equation of Ic, replace Iy in terms of Vge to get S'.
Differentiating equation of Ic w.r.t. B after replacing Iz in terms of Vge to get S”.

Methods of Biasing:

Some of the methods used for providing bias for a transistor are as follows:

1) Fixed bias (or) base resistor method.
2) Collector to base bias (or) biasing with feedback resistor.
3) Voltage divider bias.
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1). Fixed bias (or) base resistor method:

A CE amplifier used fixed bias circuit is shown in figure below:

Fig. Fixed bias circuit.
In this method, a high resistance Rg is connected between positive terminal of supply Vcc

and base of the transistor. Here the required zero signal base current flows through Rg and is
provided by Vcc.

In figure, the base-emitter junction is forward biased because the base is positive w.r.t.

emitter. By a proper selection of Rg, the required zero signal base current (and hence I=BIg) can
be made to flow.

Circuit Analysis:

Base Circuit:

Consider the base-emitter circuit loop of the above figure.
Writing KVL to the loop, we obtain

_VCC +IBRB +VBE =0

:VCC :IBRB +VBE

_YecVaE
Rp

= IB
But IC =ﬁIB +ICE0
As Icgo is very small, IC = ,BIB
.1.=p| cc”VBE
~ e R
B
= B, Vcc, Vee are constant for a transistor .. I depends on Rg.

Choose suitable value of Rz to get constant I¢ in active region.

VAr=V B
RB = ( cc BE) (or) RB = 'BVCC
1

Ic

(“VaE <Vee)
C
Collector Circuit:

Consider the collector-emitter circuit loop of the circuit.

Writing KVL to the collector circuit, we get
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+InRp +V,

“Vee t1pRp +Vep =0

=Vee =Vee ~IcRc
Stability factor S:

1+
The stability factor S is given by, S %
1-p-B
ol
C
V~~=V ol
We have [ - CC 'BE _ constant ~—B g
B R oI
B C
~S=1+p4

If =100 then S=101. This shows that Iz changes 101 times as much as any changes in
Ico. Thus Ic is dependent upon Ico and temperature.

The value of S is high and has very poor stability.
Stability factor S’:
We have IC =,BIB +(1+ﬁ)ICO

V-V
But I,/-tgC FHL
Rp

V-V
Ao =p ~—CCR BL +(1+ﬂ)1c0

B
Differentiating the above equation w.r.t. I,
aV
RB E)IC
y =‘R£
B

Stability factor S”’:

We have IC =,BIB+(1+ﬁ)ICO

Differentiating the above equation w.r.t. B,

aIC
We get a—=IB+ICO
:>S"=IFC (" Ico isverysmaII&IB:%)
Problem:
1) Figure below shows a silicon transistor with =100 and biased by base resistor method.

Determine the operating point.
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Solution:

Given Vcc=10V, Vge=0.7V (Silicon transistor), =100, Rg=930kQ.
\%4

V —
. : CC '"BE
Applying KVL to base-emitter loop, Vi =Vor=IoR, > 1, =——
CC"~BE BB B RB
Vee =V 10-0.7
]C =’BIB :ﬁ rC  BEN =100(—3 =1mA
Rp 930x10

Applying KVL to collector-emitter loop,

Vool FoE — e Hlae Séc Yete

ay -3 34 2
=>Veg _10—(1><10 x4x10 )_6V
.. Operating point is (6V, 1mA)
2. For the following circuit shown in figure below, find the operating point.
? \FCL: 20V
\/l‘ :
Solution:

DC equivalent of above circuit is shown below.

KVL to base-emitter loop is )

\':C.L= 20V
Voo +gRy +Vpp +(Io+15)Rp =0
4-30KJL 2K
IgRp +BlpRp +1gRp =V —VpE L

imé
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;- VecVBE
5=
Rg +(1+B)RE
20-0.7
wlg= 3 =40.1uA
(430+51)x10

I =Pl =2.01mA
KVL to collector-emitter loop is

—VCC +ICRC +VCE +ICRE =0

=Vep =Vee ~1e(Re +Rg)

Ver —20-2.01x1072(2+1)x10°  =20-6.03 = 13.97V

.. Operating point is Q (13.97V, 2.01mA)
Advantages of fixed bias circuit:
1. This is a simple circuit which uses very few components.

2. The operating point can be fixed anywhere in the active region of the characteristics by
simply changing the values of Rz. Thus, it provides maximum flexibility in the design.

Disadvantages of fixed bias circuit:

1. With the rise in temperature the operating point if not stable.

2. When the transistor is replaced by another with different value of B, the operating point
with shift i.e., the stabilization of operating point is very poor in fixed bias circuit.

Because of these disadvantages, fixed bias circuit required some modifications. In the modified
circuit, Rg is connected between collector and base. Hence the circuit is called ‘collector to base’
bias circuit.

2). Collector to Base bias (or) Biasing with feedback resistor:

A CE amplifier using collector to base bias circuit is shown in the figure. In this method, the
biasing resistor is connected between the collector and the base of the transistor.

*Véc

Fig. Collector-to-Base bias circuit.

Circuit Analysis:

Base Circuit:

G F Harish Reddy,Department of ECE-MRITS



UNIT 2(PART 2)-Transistor biasing and stabilization

Consider the base-emitter circuit, applying the KVL to the circuit we get,

Voe =1 +1¢c)Re~15Rg Vi =

= Ve =1p (RC +RB)+ICRC +Vgp

0

Vor =V — IR
>p,=-CC _BE_CC .. (1)
Ro+Rpy
But IC = BIB
_'B(VCC_ICRC_VBE)
alp= . CC B )
Re+Rpy

Collector circuit:

Consider the collector-emitter circuit, applying the KVL to the circuit we get
Ve +(Ig+10)Ro+Vop =0

:VCE:VCC—(IC+IB)RC ................ (3)

Stability factor S:

The stability factor S is given by,

o 5
BIB
Ny
C
Var =V —1-R
We have IB= cC BE C C = constant
RB+RC

Differentiating the above equation w.r.t. Ic we get

E)IB _ R~
aIC R-+Rp
1+
G s (4)
e
1+
RC+RB

The stability factor S is smaller than the value obtained by fixed bias circuit. Also 'S’ can be

made smaller by making Rg small (or) Rc¢ large.

Stability factor S’:

G F Harish Reddy,Department of ECE-MRITS
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UNIT 2(PART 2)-Transistor biasing and stabilization

BVee ~Vae —1cRe)

We have IC =
RC +RB
Differentiating the above equation w.r.t. I,
A% R
We get 1=- P BE _ ¢
Rp+R- aIC Rp+R-
g fe B 9V
Rp+R- Rp+R- aIC
RC+RB+,BRC _ B aVBE
RC+RB RC+RB alc
=95 =- e O/, G (5)
Rp+(1+B)R~

Stability factor S”':

BlVee ~Vae—1cRc)
Rp+ Ry

Differentiating the above equation w.r.t. B,

We have IC =

ol V~-V R ol
We get C __SEEer s C [1C+'B_C}
of  R-+Rp R-+Rp ap
ol | R Vo —Vip — 1R
= C 1+ 8 (&) ,_CC—=BE~( €
of i R-+Rp R-+Rp
BIC B
jﬁ_RB(H'B)RC]:VCC =Vpp=lele
il S" A VCC _VBE —ICRC
Rp +(1+B) R
o Ic(Re+Rp)
=>5 =——=— (6)
Rp+(1+ )R~
Problems:
3. An N-P-N transistor with B=50 is used in a CE circuit with Vcc=10V, Rc=2kQ. The bias is
obtained by connecting a 100kQ resistance from collector to base. Assume Vge=0.7V. Find
i) the quiescent point and
i) Stability factor 'S’
¢ Voc = lov
Solution: .
i) Applying KVL to the base circuit, ~etie
% RC: 2KJ‘)_
100K
—ANW—
| l Re | +

G F Harish Reddy,Department of ECE-MRITS
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Ve = (IB +IC)RC +1gRy +Vpp
= Vo =IB(RC+R )+ICRC+V
o _Yee VBT IcRe ., B(Vee Vs ~1cRe)
.. B - .. C -
R +Rp R +Rp
50(10—0.7—2><1o‘31C)
.-.IC: 3 :>IC=2.3mA
102x10
Applying KVL to the collector circuit,
Vee =15 +IC)RC tVee  “Vee=Vec ™ (’B ”c) C
:10—(46><10_6 +2.3><10‘3)><2><103

= VCE =5.308V .. The quiescent point is (5.308V, 2.3mA)

i) Stability factor, S:

N 1+ 4
R

g 51 =

3
1450 20x10 5
102x10

4. A transistor with =45 is used with collector to base resistor Rz biasing with quiescent value of
5V for Veg. If V=24V, Rc=10kQ, Re=2704, find the value of Rg.

Solution:
Applying KVL to collector and emitter loop, we have i“‘”\"
Vee ~IcRe ~Veg ~1gRg =0 2 loka
y T
=Vee —Vep =1cRe+(1p+15) Ry - 1
< B
T e V' 2=
=>Vee ~Veg = [,BR +(1+B)R ] A y CE = BV
Vee
4 24-5 g
Vee ~VBE - <
=1 = 2730 1.
B~ BR-+(1+B)Rg  45%10+50x0.27 ?{ ’
=0.041 mA =
Further, VCC C C IBRB VBE IERE 0
= Voo —Vpg =RoBlg +1pRp +(1+ )Ry,
= 24-0.7=1 [45><10+ Ry +50><0.27] =233= 0.041[450+ Ry +12.42]

G F Harish Reddy,Department of ECE-MRITS

12



UNIT 2(PART 2)-Transistor biasing and stabilization

- Ry =105.87KQ

3). Voltage Divider Bias (Or) Self-Bias (Or) Emitter Bias:
The voltage divider bias circuit is shown in figure.

Fig. Voltage divider bias circuit.
In this method, the biasing is provided by three resistors R;, R, and Rg. The resistors R
and R, acts as a potential divider giving a fixed voltage to the base.

If collector current increases due to change in temperature (or) change in B, the emitter
current Ig also increases and the voltage drop across Rg increases, reducing the voltage difference
between base and emitter (Vgg).

Due to reduction in Vgg, base current Iz and hence collector current Ic is also reduces.
Therefore, we can say that negative feedback exists in the emitter bias circuit. This reduction in
collector current Ic components for the original change in Ic.

Circuit Analysis:

Let current flows through R;. As the base current Iy is very small, the current flowing
through R, can also be taken as I.

The calculation of collector current I is as follows:

\%
The current ‘I’ flowing through R, (or) R, is given by [ _ SO/, ... (1)
R +R
1 2
Vee
The voltage V, developed across R, is given by, V2 = ——— R2 .................... (2)
R, +R
1 2
Base Circuit:
Applying KVL to the base circuit, we have
Vy=Vpp +Vp =Vgp+1Rp =V, =Vpp +1 R (c1g=1)
v,-V
dp= 2R BE o (3)
E

Hence Ic is almost independent of transistor parameters and hence good stabilization is
ensured.

Collector Circuit:

Applying KVL to the collector circuit, we have

G F Harish Reddy,Department of ECE-MRITS

13



UNIT 2(PART 2)-Transistor biasing and stabilization

Voo =1cRe+Vep +1pRg = Ve =IcRo+Vep + 1R ( Ip= IC)
=Vep =Vee 1o (Ro+Rp) e (4)

Circuit analysis using Thevenin’s Theorem:

The Thevenin equivalent circuit of voltage-divider bias is as shown below:

Fig. Simplified equivalent circuit.

From above figure we have,

R,
Vo 2V, o | e e ————————— 5
2=V =| % g |VCC )
1+ Ry
R R
R[h:RlDRZZ# ..................... (6)
R, +R,

Applying KVL to the base-emitter circuit, we have

V.

=1

BRTh+VBE+(IB+IC)RE .................... 7)

Applying KVL to the collector-emitter circuit, we have

Vep =Vee ~lc (Re+Rg) (w10 >>1p)

G F Harish Reddy,Department of ECE-MRITS
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UNIT 2(PART 2)-Transistor biasing and stabilization

..................... (8)
From equation (8), we have
= Yee Ve
RC+RE
Substituting this value of I¢ in equation (7), we have
V=V
CC "CE
Voo =1pRy +Vpr-+R| [, +———=
Th  "B"Th "BE E|'B RC+RE
R,V R,V
E'CC E'CE
(or) Voo =1pR +Vypro + R, + -
Th BTh ~ "BE E'B R.+R

ctRg Rc+Rg

From equation (9) we can calculate the value of collector voltage Ve for each value of Ig.
Stability factor (S):

For determining stability factor 'S’ for voltage divider bias, consider the Thevenin’s
equivalent circuit.
Hence, Thevenin’s equivalent voltage Vq, is given by

e
Vrn = R+ R, ol

and the R; and R, are replaced by Rg which is the parallel combination of R; and R..

r o g
"B R 4R
1 2
Applying KVL to the base circuit, we get VTh = IBRB +VBE +(IB +IC)RE

Differentiating w.r.t. Ic and considering Vge to be independent of Ic we get,

ol ol
0=—Bxr, +-B (R )+R
ol B 5 \VEJTE
C C
ol ol =
.-.—aIB (R +Ry)=-Ry aIB - +€e
c ol el

We have already seen the generalized expression for stability factor 'S’ given by

1+
s—_1*tB
g
1-p—L£
ol
C
E)IB
Substituting value of —= in the above equation, we get
!/
C

G F Harish Reddy,Department of ECE-MRITS
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UNIT 2(PART 2)-Transistor biasing and stabilization

1+
~S = p
R
1+/{E ]
RE +RB
e (1+ﬂ)(RE +RB) _ (1+ﬂ)(RE +RB)
Rg+Rp+ PR, Ry+(1+B)Rg
R
1+R73
S=(1+p) —i
1+,B+—B
Rg
Rp
The ratio —= controls value of stability factor 'S’.
Rg
RB 1
If —2 << 1 then above equation reduces to S =(1+ )| — |=1
Rp 1+ 8
Rp Rp
PracticaIIyR—;tO But to have better stability factor 'S’, we have to keep ration R—as
E E

small as possible.

Stability factor 'S’ for voltage divider bias (or) self bias is less as compared to other biasing
circuits studied. So, this circuit is most commonly used.
Stability factor (S'):

ol
Stability factor S’ is given by S' 2 Ico, B constant

aVBE
It is the variation of Ic with Vge when Ico and B are considered constant.

We know that, I zﬂIB+(1+,B)ICO

- ~(1+8) 10
b p

and  Vp =IpRp+Vpe +(IB +IC)RE

Ve =V, —(Rg +Rg) 15— Rgle

By substituting Iy in the above equation, we get

1--(1+8)1
VBEZVTh_(REJrRB)(C i CO]_REIC

v _(RE+RB)IC +(RE+RB)(1+'B)ICO Ryl

Th B B

G F Harish Reddy,Department of ECE-MRITS 16



UNIT 2(PART 2)-Transistor biasing and stabilization

(1+ B)Ry + Ry |1 Rp+Rp (1+,B)
:VBE:VTh_[ 12 B] C+( )ﬁ

Differentiating the above equation w.r.t Vg with Ico and B constant, we get

Ry, +(1+8)R ol
1oo-| Bt AR | dle
. BIC _ -B
Vg Rp+(1+B)Rg
o B
+(1+ )Ry,
Stability Factor S’’:
8IC
Stability factor S” is given by S" :ﬁ Ico, Vee constant

[RB+(1+ﬂ)RE]IC (Rg+Rp)(1+B)

We have, VBE :VTh = 7 + 5
= [Rg +(1+8)Rg J1c o
B 7ilp B i
(R +R )(1+,B)
) 19 A3 3
Where V'= : - (Rg +RB)ICO
Therefore, we write the above equation in terms of I, we get
,B[VTh SEA VBE]

fe= Rp + Ry (1+ )

Differentiating above equation w.r.t. taking V' independent of B, we get,

o, Rp+R 5 (14 8) (Vi +V '~V )= ,é’[VTh+V Vg |Rg

o [R +R (1+,B)}

Multiplying numerator and denominator by (1+p) we get,

. (1+8)(Rg+R 2 ) (Ve +V =V )
b)Y (1+,B)[R +R (1+ﬁ)][R +R (1+,B)}

S (Viy +V '~ Vi) g (1+5)(Rp +Rg)
(1+ﬁ)[R +Rp (14 5) ] " [Rg+RE(1+5)]

Multiplying numerator and denominator by 3, we get

G F Harish Reddy,Department of ECE-MRITS
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UNIT 2(PART 2)-Transistor biasing and stabilization

o By +v'-vgg)s 1S

of  B(1+B)| Ry + Ry (1+5)] B0+ 8)

- _'B(VTh+V ~Vgr) Cen e IS _ 1+
e = AN = = where S = .
[Rp+R(14)] B p(1+5) Ry
I+ —=—
RE +RB
Problems:
5. For the circuit shown in figure, determine the value of I and Vce. Assume Vge=0.7V and
B=100
R 5%10°
Solution: Vg=—>1—V, .= 2 7x10=3.33V
R, +R, 10x10” +5x%10 e -
_ o A — 3 -+ \ OV
We know that VE —VB VBE =3.33-0.7=2.63V
[l <5
\% 263V K < lOK4L Re=
and I, =—E =22 =526mA r
R 500 s
<
1LY 2 630000 s
E
We know that I, = = =52.08uA E
B 145 101 L? Ska é
Re Son ),
and Ic=BIlg=100x52.08x10° = 5.208mA
Applying KVL to the collector circuit we get o

Vee ~1cBe ~Vep ~1ERg =0

L > - — 43 3_ -3
:>VCE —VCC ICRC IERE =10-5.208x107°x1x10°- 5.26x107°x500
:>VCE =216

6. In the circuit shown, if Ic=2mA and V=3V, Calculate R; and Rs.
H5V
| PRt
g = T+Tg < Ra
__# I3 = 100
Vae = a6V
& W T !
2
o kaL
7 = Ry=5230dL
Solution:

From collector circuit,
15 = IcR3 + VCE + IER4

= 2x10 3XR3+3+(1+B)Igx500

G F Harish Reddy,Department of ECE-MRITS 18



UNIT 2(PART 2)-Transistor biasing and stabilization

x10

—12=2x10"3 xR, 1101 210 7 500
100

= R3 =5.495kQ

R
L 2
From Base circuit, Voy=—"V
2 R +R, CC

1 2
-3
10x10
= V2 :—_3X15
Rl +10x10

But, \%

=V tVp =06+1R =06+ (1+B)IgR

4

3
2x1
v =064101x 210 " 500 =1.61v
2 100

=5
- 1.61 =Lx15

R1+10><10_3

=R, +10x107> =93.17x10°

= R1 =83.17kQ

7. For the circuit shown below, calculate Vg, Ig, Ic and Ve Assume Vge=0.7V.

Solution:

From Base circuit, 5
T
Rc‘- YK < e

4=Vpp+Vp=07+Vg

=Vp =33V YV al e S
IpRE =33 . 1—_
:IE:LSzlmA 4N ‘J’IE ‘
3.3x10 .-
But Ig=Iz+Ic = (1+B)Ig E ? 22K ‘
Assume B=100, |
=1Ip _1mA _ ) 0099ma
101

Ic=BIs = 100x0.0099mA = 0.99mA

From Collector circuit,

V.=10—1,~R~ =100—0.99mAx4.7KQ =5.347V

C cc

Bias Compensation Techniques:

The biasing circuits provide stability of operating point in case variations in the transistor
parameters such as Ico, Vge and B.
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UNIT 2(PART 2)-Transistor biasing and stabilization

The stabilization techniques refer to the use of resistive biasing circuits which permit I to
vary so as to keep I relatively constant.

On the other hand, compensation techniques refer to the use of temperature sensitive
devices such as diodes, transistors, thermistors, sensistors etc., to compensate for the variation in
currents. Sometimes for excellent bias and thermal stabilization, both stabilization as well as
compensation techniques are used.

The following are some compensation techniques:

1) Diode compensation for instability due to Vg variation.
2) Diode compensation for instability due to I variation.
3) Thermistor compensation.
4) Sensistor compensation.

1) Diode compensation for instability due to Ve variation:

For germanium transistor, changes in I with temperature contribute more serious
problem than for silicon transistor.

On the other hand, in a silicon transistor, the changes of Ve with temperature possesses
significantly to the changes in Ic.

A diode may be used as compensation element for variation in Vg (or) Ico.

The figure below shows the circuit of self bias stabilization technique with a diode
compensation for Vge. The Thevenin’s equivalent circuit is shown in figure.

T +Ves 1 +‘._.-'C "
Y £
J
; Ql‘ +| F;J.I, R}_ J» 1(
5Th -5 ===
A
sy & N MM—
A I E : g T ® 8
| 5 ) o T Veg ﬁ
. =5 =Rs l = \)'_H\ : é R
I‘V\ Puk’ r_-:_; Rz_ = 'OU-J:pu.k' - 3
4 - & | 7~ e
‘L é = J Ve 2» Rp
L Crives Ji | o 3 =N
Fig. Self bias with stabilization and compensation Fig. Thevenin’s equivalent circuit

The diode D used here is of the same material and type as the transistor. Hence the
voltage Vp across the diode has same temperature coefficient (-2.5mV/°C) as Vge of the transistor.
The diode D is forward biased by the source Vpp and resistor Rp.

Applying KVL to the base circuit, we get
_VTh +IBRTh +VBE +IERE —VD =0

=Vrn ~VBE

But  Io=Blp+(1+8)Iny (2)

+VD:IBRTh+RE(IE+IC) ...................... (1)

From equation (1), we get

G F Harish Reddy,Department of ECE-MRITS
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UNIT 2(PART 2)-Transistor biasing and stabilization

V.

n—Vag +Vp =Rpl +(R +R )IB

BE " 'D E°C Th " FE

Substituting the value of Iz from equation (2), we get
1--(1+8)1
_ C Cco
Vi =VBe VD _REIC+(RTh+RE)( F;
= B(Vpy, ~Vae +Vp) = BRglc +(Rpy + R ) ic = (14 B) I (Rpy, + R )
= B(Vpy, Vo +Vp)=(1+8)Ico (Ry, + R )= 1 (Rpy, + (14 A) R

BV Ve +Vp ) =1+ B) ¢ (Rp, + R )
=], =t Bz D) 2 " TCO VI R (3)

¢~ Ry, +(1+ B) Ry

Since variation in Vge with temperature is the same as the variation in Vp with temperature,
hence the quantity (Vge-Vp) remains constant in equation (3). So the current Ic remains constant
in spite of the variation in Vgg.

2) Diode compensation for instability due to I, variation:

Consider the transistor amplifier circuit with diode D used for compensation of variation in
Ico. The diode D and the transistor are of the same type and same material.

In this circuit diode is kept in reverse biased condition.

The reverse saturation current I, of the diode will increase with temperature at the same as
the transistor collector saturation current I.

V~-V \%
From figure I = cc BE _ CC = constant.

R

The diode D is reverse biased by Vge. So the current through D is the reverse saturation
current Io. Now base current Iz=I-Ip

But [ =plp +(1+,8)1CO

G F Harish Reddy,Department of ECE-MRITS 21
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=1 :,3(1—10)+(1+/3)1CO

1fB>>1, I = BI =Bl + Bl

In the above expression, I is almost constant and if I of diode D and I, of transistor track
each other over the operating temperature range, then I- remains constant.

3) Thermistor Compensation:

This method of transistor compensation uses temperature sensitive resistive elements,
thermistor rather than diodes (or) transistors:

It has a negative temperature coefficient, its resistance decreases exponentially with
increasing temperature as shown in the figure.

E)RT
Slope of this curve = ——

} "

is the temperature coefficient for thermistor, and

the slope is negative. So we can say that thermistor
has negative temperature coefficient of resistance.

Temp_:b-

Figure below shows thermistor compensation technique.

As shown in figure, R, is replaced by thermistor Ry in self bias circuit.

Fig. Thermistor compensation technique.

With increase in temperature, Ry decreases. Hence voltage drop across it also decreases.
This voltage drop is nothing but the voltage at the base with respect to ground. Hence, Vg
decreases which reduces Iz. This behavior will tend to offset the increase in collector current with
temperature.

We know, I~ :ﬁIB +(1+,B)ICO

G F Harish Reddy,Department of ECE-MRITS
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In this equation, there is increase in Icgp and decreases in Iz which keeps I- almost
constant.

Consider another thermistor compensation technique shown in figure. Here, thermistor is
connected between emitter and V¢ to minimize the increase in collector current due to change in
Ico, Vee (or) B with temperature.

Fig. Thermistor compensation technique.

Ic increase with temperature and R; decreases with increase in temperature. Therefore,
current flowing through Rg increases, which increases the voltage drop across it. Emitter to Base
junction is forward biased. But due to increase in voltage drop across Rg, emitter is made more
positive, which reduces the forward bias voltage Vge. Hence, base current reduces.

Ic is given by, I~ = ﬁIB +(1+,B)ICO
As Icgo increases with temperature, Iz decreases and hence I remain fairly constant.

4) Sensistor Compensation:

This method of transistor compensation uses sensistor, which is temperature sensitive
resistive element.

Sensistor has a positive temperature coefficient, i.e., its resistance increases exponentially
with increasing temperature.

aRT
Slope of this curve = ——
| oT
1 oR
R —— is the temperature coefficient for sensistor, and the
M

slope is positive.

So we can say that sensistor has positive temperature

ARy coefficient of resistance.

Temperature:—"' As shown in figure R; is replaced by sensistor Ry in self bias
circuit.

As temperature increases, Ry increases which decreases the current flowing through it. Hence
current through R, decreases which reduces the voltage drop across it.

G F Harish Reddy,Department of ECE-MRITS
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Fig. Sensistor compensation technique.

As voltage drop across R, decreases, Iz decreases. It means, when Icgo increases with
increase in temperature, Iz reduces due to variation in Vgg, maintaining I¢ fairly constant.

Thermal Runaway:

The collector current for the CE circuit is given by
I =Bly +(1+,B)1CO

The three variables in the equation, B, Iz and Ico increase with rise in temperature. In
particular, the reverse saturation current (or) leakage current I, changes greatly with
temperature. Specifically, it doubles for every 10°C rise in temperature.

The collector current I causes the collector-base junction temperature to rise which, in
turn, increase Ico, as a result I¢ increase still further, which will further rise the temperature at the
collector-base junction. This process is cumulative and it is referred to as self heating.

The excess heat produced at the collector-base junction may even burn and destroy the
transistor. This situation is called “"Thermal Runaway” of the transistor.
Thermal Resistance:

Transistor is a temperature dependent device.

In order to keep the temperature within the limits, the heat generated must be dissipated
to the surroundings.

Most of the heat within the transistor is produced at the collector junction.
If the temperature exceeds the permissible limit, the junction is destroyed.
For Silicon transistor, the temperature is in the range 150°C to 225°C.

For Germanium, it is between 60°C to 100°C.

Let TA°C be the ambient temperature i.e., the temperature of surroundings air around
transistor and T;°C, the temperature of collector-base junction of the transistor.

Let Pp be the power in watt dissipated at the collector junction.
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The steady state temperature rise at the collector junction is proportional to the power
dissipated at the junction. It is given by

oT = Tj —TA = BPD Where 8 = constant of proportionality
The 6, which is constant of proportionality, is referred to as thermal resistance.
T.-T
A
9 — ']—
Pp

The unit of 8, the thermal resistance, is °C/watt.

The typical values of 8 for various transistors vary from 0.2°C/watt for a high power
transistor to 1000 °C/watt for a low power transistor.

Heat Sink:
As power transistors handle large currents, they always heat up during operation.

The metal sheet that helps to dissipate the additional heat from the transistor is known as
heat sink. The heat sink avoids the undesirable thermal effect such as thermal runaway.

The ability of heat sink depends on the material used, volume, area, shape, constant
between case and sink and movement of air around the sink.

The condition for Thermal Stability:

As we know, the thermal runaway may even burn and destroy the transistor, it is necessary
to avoid thermal runaway.

The required condition to avoid thermal runaway is that the rate at which heat is released
at the collector junction must not exceed the rate at which the heat can be dissipated. It is given

oP, JoP
by w(CPRE. ||| iR (1)

But we know, from thermal resistance
Tj —TA = 6PD ................. (2)

Differentiating equation (2) w.r.t. T; we get
oP.
1=
J
oP 1
N —— (3)
or. 6
J
Substituting equation (3) in equation (1), we get
oP 1
=L @)
aTj %

This condition must be satisfied to prevent thermal runaway.

By proper design of biasing circuit it is possible to ensure that the transistor cannot
runaway below a specified ambient temperature (or) even under any condition.

Let us consider voltage divider bias circuit for the analysis.
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Fig. Voltage divider bias circuit.

From fig., Pc = heat generated at the collector junction.
= DC power input to the circuit - the power lost as I°R
in Rc and Reg.

If we consider IC = IE we get

A 2
P =Veel, —IC(RC +RE) .................... (6)
Differentiating equation (6) w.r.t I we get
oP,
C _ da
%_VCC 2 MR RO )
From equation (4)
oP~ dl 1
—C.—C <N\ _NL  _¥._ N ... (8)
E)IC E)Tj 6
E)IC
In the above equation —=can be written as
J
ol ol oV 9
aTC:S a§0+S' BITBE+S"aTﬁ ................... (9)
J J J J

Since junction temperature affects collector current by affecting Ico, Vge, and B. But as we
are doing analysis for thermal runaway the affect of Ico dominates. Thus we can write

ol ol
a_C - 5% .......................... (10)

As the reverse saturation current for both Silicon and Germanium increases about 7
percent per °C, we can write
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ol
Cco _

aT—OO7ICO ......................... (11)

J
Substituting equation (11) in equation (10), we get

aIC

E:SXO'071CO ......................... (12)
J

Substituting equations (7) and (12) in equation (8), we get

[VCC —2IC(RC +RE)](S)(0.O7ICO)<% ....................... (13)

As S, Ico and 6 are positive; we see that the inequality in equation (13) is always satisfied
provided that the quantity in the square bracket is negative.

Ve <20 (Rp+ R )
V
cc
BN <1 (Rp + Rp ) A LTy (14)
Applying KVL to the collector circuit of voltage divider bias circuit we get,
Ver =Vee ~ e (Re + Ry (v1c=1g)
s de(Re +Rg ) =Vee ~Vep

Substituting the value of IC (RC + RE ) in equation (14), we get

Vv
3£=V 7

) cc CE
\%
CcC
= VCC < VCE ——2
\%
cC
= VCE < T
\%

Thus if VCE < > & the stability is ensured.
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UNIT 3-Junction Field Effect Transistor(FET)

3. FIELD EFFECT TRANSISTOR
Introduction:

The filed effect transistor (abbreviated as FET) is a three terminal uni-polar semiconductor
device in which current is controlled by an electric field. As current conduction is only by majority
carriers, FET is said to be a uni-polar device.

Based on the construction, the FET can be classified into two types as:

a) Junction Field Effect Transistor (JFET)
b) Metal Oxide Semiconductor Field Effect Transistor (MOSFET) or
Insulated Gate Field Effect Transistor (IGFET)

Depending upon the majority carriers, JFET has been classified into two types, namely,
(1) N-Channel JFET with electrons as the majority carriers, and

(2) P-Channel JFET with holes as the majority carriers.

Construction of N-Channel JFET:

It consists of a N-type bar which is made of Silicon. Ohmic contacts (terminals), made at
the two ends of the bar, are called Source and Drain.

Source (S) : This terminal is connected to the negative pole of the battery. Electronics which
are the majority carriers in the N-type bar enter the bar through this terminal.

Drain (D) : This terminal is connected to the positive pole of the battery. The majority carriers
leave the bar through this terminal.

Gate (G) : Heavily doped P-type silicon is diffused on both sides of the N-type silicon bar by
which PN junctions are formed. These layers are joined together are called Gate

(G).

Channel : The region BC of the N-type bar between the depletion regions is called the
Channel. Majority carriers move from the source to drain when a potential
difference Vps is applied between the source and drain.

Depletion region

\ [a,7

g
S B D
N

FIG. JFET construction

Structure and symbol of n-channel JFET:

The structure and symbol of n-channel JFET are shown in figure below.

©Drain (D)
Ohmic contacts Drain (D)

/
_.I n Gate (G)
i — n-channel Source (S)
Symbol for
—0

Gate (G)

Source (S) n -channel JFET
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UNIT 3-Junction Field Effect Transistor(FET)

The electrons enter the channel through the terminal called ‘source’ and leave through the
terminal called ‘drain’. The terminals taken out from heavily doped electrodes of p-type material
are called ‘gates’. Usually, these electrodes are connected together and only one terminal is taken
out, which is called ‘gate.

Structure and Symbol of P-Channel JFET:

oDrain (D)

Drain (D)
Ohmic contacts
Gate (G)
Gate (G) o014
p-channel Source (S)
oSource (S) Symbol for
p-channel JFET

The structure and symbol of P-Channel JFET is shown in the figure. The device could be made of P-
type bar with two N-type gates as shown in the figure. Then this will be P-Channel JFET is similar;
the only difference being that in N-Channel JFET the current is carried by the electrons while in P-
Channel JFET, it is carried by holes.

Operation of N-Channel JFET:

The operation of N-Channel JFET can be understood with the help of figure below.

GG

== Ul | | i_“f
DD
Fig. Operation of FET.

Before considering the operation, let us consider that how the depletion layers are formed.
Let us first suppose that the gate has been reverse-biased by gate battery Vgs and the drain
battery Vpp is not connected.

When Ves=0 and Vps=0:

When no voltage is applied between drain and source, and gate and source, the thickness
of the depletion regions round the P-N junction is uniform as shown in figure below.

Depletion region

6 P
g

c

NesTm|mm
P
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UNIT 3-Junction Field Effect Transistor(FET)

When Vps=0 and Vgs is decreased from zero:

In this case, the P-N junctions are reverse-biased and hence the thickness of the depletion
region increases. As Vgs is decreased from zero, the reverse bias voltage across the P-N junction is
increased and hence, the thickness of the depletion region in the channel increases until the two
depletion regions make contact with each other. In this condition, the channel is said to be cut-off.
The value of Vgs which is required to cut-off the channel is called the cut-off voltage Vc.

When Vgs=0 and Vs is increased from zero:

Drain is positive with respect to the source. Now the majority carriers (electrons) flow
through the N-Channel from source to drain. Therefore the conventional current I, flows from
drain to source. The magnitude of the current will depend upon the following factors:

1. The conductivity of the channel.
2. The length of the channel.
3. The cross sectional area ‘A’ of the channel.
4. The magnitude of the applied voltage Vps.
L
Thus the channel acts as a resistor of resistance 'R’ is given by, R = %
V= VDS s AVDS
P R

Where ‘p’ is the resistivity of the channel. As Vpsincreases, the reverse voltage across the
P-N junction increase and hence the thickness of the depletion region also increases. Therefore,
the channel is wedge shaped as shown in fig. below.

GG

- Umh
oD

As Vpg is increase, at a certain value Vp of Vpg, the cross sectional area of the channel

becomes minimum. At this voltage, the channel is said to be pinched off and the drain voltage Vp
is called the pinch-off voltage.

As a result of the decreasing cross-section of the channel with the increase of Vpg, the
following results are obtained.

Break down

Ip (MA) T Ohmic Pinch-off voltage
region region
" e iy
c
Vo =0
i B
\
=—-1V ] |
|
=2V |
I
=V :
I
I
| Vpe (V)
'BVDGO

Fig. Drain characteristics.

G F Harish Reddy-Department of ECE,MRITS



UNIT 3-Junction Field Effect Transistor(FET)

i) As Vpg is increased from zero, Ip increases linearly along OP, this region from Vps=0 to
Vps=Vp is called the ohmic region. In this region, the FET acts as a voltage variable resistor
(VVR) or voltage dependent resistor (VDR).

i) When Vps=Vp, Ip becomes maximum. When Vps is increased beyond Vp, the length of the
pinch-off (or) saturation region increases. Hence, there is no further increase of Ip.

iii) At a certain voltage corresponding to the point B, Ip suddenly increases. This effect is due
to the Avalanche multiplication of electrons caused by breaking of covalent bonds of silicon
atoms in the depletion region between the gate and the drain. The drain voltage at which
the breakdown occurs is denoted by BVpgo.

When Vgs is negative and Vs is increased:

When the gate is maintained at a negative voltage less than the negative cut-off voltage,
the reverse voltage across the junction is further increased. Hence for a negative value of Vgs, the
curve of Iy versus Vps is similar to that for Vgs=0, but the values of V, and BVpgo are lower.

The drain current Iy is controlled by the electric field that extends into the channel due to
reverse biased voltage applied to the gate, hence, this device has been given the name Field Effect
Transistor.

Characteristics Parameters of the JFET:
In a JFET, the drain current I, depends upon the drain voltage Vps and the gate voltage
Vgs. Any one of these variables may be fixed and the relation between the other two is

determined. These relations are determined by the three parameters which defined below.

1) Mutual Conductance (or) transconductance, g,,:

It is the slope of the transfer characteristic curves, and is defined by,

ol Al
g&m = aV—D = AVD , Vbs held constant
DS Vs GS
2) Drain resistance, rq :

It is the reciprocal of the slope of the drain characteristics and is defined as,

oV AV
ry= a—DS = Al S , Vgs held constant
'p Ves D

The reciprocal of ry is called the drain conductance. It is denoted g4 (or) gm.

3) Amplification Factor, y:

It is defined by,

A% AV
H=— BJ = ——DS, Ip held constant.
Vs,  “Ves

Relationship among FET parameters:
As Ip on Vps and Vgs, the functional equation can be expressed as
ol ol
Ip = f (Vbs, Vas) Al = —D AVDS 4| D

\% )%
DS Vcs GS VDS

AVGS
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Al ol D AVD s ol D
AV.. |V AV, oV
GS DS Vg GS GS Vi
If I is constant, then D__p
VGs
ol AV ol
Therefore, we have 0= aV—D AVDS aVD

|
=0=| — |- +gm
r
d
Hence, ,u=rd><gm

= HU=8mT
Expression for Saturation Drain Current:
v 2
I...=1 ] =G
DS DSS \%
B
Ips = saturation Drain Current.
Ipss = the value of Ips when Vgs=0.
Vp = the pinch-off voltage.

Comparison of JEFT and BJT

FET operation depends only on the flow of majority carriers — holes for p-channel FET’s and
electrons for N-channel FET's. Therefore, they are called Uni-Polar devices. Bipolar
transistor (BJT) operation depends on both minority and majority current devices.

As FET has no junctions and the conduction is through an N-type (or) P-type semiconductor
material, FET is less noisy than BJT.

As the input circuit of FET is reverse biased, FET exhibits a much higher input impedance
(in the order of 100MQ) and lower output impedance and there will be a high degree of
isolation between input and output. So, FET can acts as an excellent buffer amplifier but
the BJT has low input impedance because its input circuit is forwards biased.

FET is a voltage controlled device, i.e., voltage at the input terminal controls the output
current, whereas BJT is a current controlled device, i.e., the input current controls the
output current.

FET’s are much easier to fabricate and are particularly suitable for IC’s because they occupy
less space than BJT's.

The performance of BJT is degraded by neutron radiation because of the reduction in
minority-carrier life time, whereas FET can tolerate a much higher level of radiation since
they do not rely on minority carriers for their operation.

The performance of FET is relatively unaffected by ambient temperature changes. As it has
a negative temperature co-efficient at high current levels, it prevents the FET from thermal
breakdown. The BJT has a positive temperature co-efficient at high current levels which
leads to thermal breakdown.
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10.

Since FET does not suffer from minority carrier storage effects, it has higher switching
speeds and cut-off frequencies. BJT suffers from minority carrier storage effects and
therefore has lower switching speed and cut-off frequencies.

FET amplifiers have low gain bandwidth product due to the junction capacitive effects and
produce more signal distortion except for small signal operation.

BJT's are cheaper to produce than FET's.

Comparison of N-channel with P-Channel FET's

In an N-channel JFET the current carriers are electrons, whereas the current carriers are
holes in a P-channel JFET.

Mobility of electrons is large in N-channel JFET, mobility of holes is poor in P-channel JFET.
The input noise is less in N-channel JFET than that of P-channel JFET.
The transconductance is larger in N-channel JFET than that of P-channel JFET.

Applications of JFET

FET is used as a buffer in measuring instruments, receivers since it has high input
impedance and low output impedance.

FET's are used in Radio Frequency amplifiers in FM (Frequency Mode) tuners and
communication equipment for the low noise level.

Since the input capacitance is low, FET’s are used in cascade amplifiers in measuring and
test equipments.

Since the device is voltage controlled, it is used as voltage variable resistor in operational
amplifiers and tone controls

FET’s are used in mixer circuits in FM and TV receivers, and communication equipments
because inter modulation distortion is low.

It is used in oscillator circuits because frequency drift is low.

As the coupling capacitor is small, FET's are used in low frequency amplifiers in hearing aids
and inductive transducers.

FET’s are used in digital circuits in computers, LSD and a memory circuit because of it is
small size.
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Biasing of FET:

» The Parameters of FET is temperature dependent .When temperature increases drain
resistance also increases, thus reducing the drain current.

» Unlike BJTs, thermal runaway does not occur with FETs

» However, the wide differences in maximum and minimum transfer characteristics
make Ip levels unpredictable with simple fixed-gate bias voltage.

Different biasing circuits of FET are
A. Fixed bias circuits
B. Self bias circuits

C. \Voltage bias circuits

A. Fixed bias circuits

DC bias of a FET device needs setting of gate-source voltage Vgsto give desired
drain current Ip . For a JFET drain current is limited by the saturation current Ips. Since the
FET has such a high input impedance that no gate current flows and the dc voltage of the
gate set by a voltage divider or a fixed battery voltage is not affected or loaded by the FET.

Fixed Biasing Circuit For JFET

Fixed dc bias is obtained using a battery Vqe. This battery ensures that the gate is always
negative with respect to source and no current flows through resistor Rg and gate
terminal that is Ig =0. The battery provides a voltage Vgs to bias the N-channel JFET, but no
resulting current is drawn from the battery Vgs. Resistor Rgis included to allow any ac
signal applied through capacitor C to develop across Re. While any ac signal will develop
across Rg, the dc voltage drop across Rg is equal to Ig Rei.e. 0 volt.

Calculate Vs
For DC analysis I =0., applying KVL to the input circuits
Ves+ Vee=0
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Vas= - Vaa

As Vs is a fixed dc supply, hence the name fixed bias circuit

Calculate Ipq

Ipq=IDss(1- Vas/Vap)?

Calculate Vps

This current Ipq then causes a voltage drop across the drain resistor Rp and is given as
Vbsa = Voo — Ip Rop

Disadvantage

The fixed bias circuit of FET requires two power supplies.

B. Self-Bias circuits

Self-Bias circuits is the most common method for biasing a JFET. Self-bias circuit for N-
channel JFET is shown in figure

Self-Bias Circuit For N-Channel JFET

The gate source junction of JFET must be always in reverse biased condition .No gate
current flows through the reverse-biased gate-source, the gate current I = 0 and,

therefore, ve =ic Re =0

1)The gate-source voltage is then

With a drain current Ip the voltage atthe Sis Vs=IpRs
Ves=Vs-Vs=0—IpRs=—1IpRs
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So voltage drop across resistance Rs provides the biasing voltage Vsgand no external
source is required for biasing and this is the reason that it is called self-biasing.

2)Calculate Ipaq

Ip=lpss(1- Vas/ Vp)?
Substituting the value of VGS
Ip- Ipss (1+IoRs / Vp)?

3)The operating point (that is zero signal Ipand Vps) can easily be determined from
equation given below :

Vbs = Vop — In(Ro + Rs)

Self biasing of a JFET stabilizes its quiescent operating point against any change in its
parameters like transconductance. Any increase in voltage drop across Rs, therefore, gate-
source voltage, Ves becomes more negative and thus increase in drain current is reduced.

C.Voltage -Divider Bias circuits

Is * Voo
Ra1 Ro
Couy
o o=
- ra
SIGNAL B o l
Ve ' '
o
VGS
i — S -
Va Raaz Rs Vg

. e

Potential-Divider Bias Circuit

For N-Channel JFET The

resistors Rei and Rs2 form a potential divider across drain supply Vpo. The voltage V; across
Re2 provides the necessary bias. The additional gate resistor Rg from gate to supply
voltage facilitates in larger adjustment of the dc bias point and permits use of larger
valued Rs.

The coupling capacitors are assumed to be open circuit for DC analysis
1) The gate is reverse biased so that I = 0 and gate voltage

V6 =V2 = (Vop/R 61+ R 2 ) *Ra2

2) Applying KVL to the input circuit we get

Ves=Ve—Vs=Vs-IpRs

3) Ina= lpss(1- Vas/ Vp)?
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4) Vps = Vpp—Ip (Rp + Rs)

The operating point of a JFET amplifier using the Voltage -Divider Bias is determined by
Ipa= lpss(1- Vas/ Ve)?

Vpsa = Voo — Io (Ro + Rs)

Vesa=Ve—IpRs

FET as a Voltage Variable Resistor

Region
befare .
?oummcr‘)_._ R/
volage :

In this characteristics we can see that in the region before pinch off voltage, drain
characteristics are linear, i.e. FET operation is linear. In this region the FET is useful as a voltage
controlled resistor,i.e. the drain to source resistance is controlled by the bias voltage VGS.( In this
region only FET behaves like an ordinary resistor This resistances can be varied by VGS ) .The operation
of FET in the region is useful in most linear applications of FET.In such an application the FET is also
referred to as a voltage variable resistor (VVR) or voltage dependent resistor (VDR).

The drain to source conductance (rd )

gd%j, for small values of VDS which may also be expressed as
8Bl 1-())

Where gao is the value of drain conductance

When the variation of the rd with VGS can be closely approximated by the expression

0

>
rd=(——
1=KVgs

) Where ro = drain resistance at zero gate bias.K = a constant, dependent upon FET

type.
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SPECIAL PURPOSE DEVICES

Zener Diode:

Zener Diode is a reverse-biased heavily-doped PN junction diode which operates in the
breakdown region. The reverse breakdown of a PN- junction may occur either due to Zener
effect or avalanche effect. Zener effect dominates at reverse voltages less than 5 volt whereas
avalanche effect dominates above 5 V. Hence, first one should be called Zener diode. But for
simplicity, both types are called Zener Diodes. The breakdown voltage of a Zener diode can be
set by controlling the doping level. For Zener diodes, silicon is preferred to Ge because of its
high temperature and current capability. This post includes explanation of operation of Zener

diode and V-1 Characteristics of Zener Diode.

Operation of Zener Diode:

Zener Diodes are normally used only in the reverse bias direction.

It means that the anode must be connected to the negative side of the voltage source and
the cathode must be connected to the positive side.

A main difference between Zener diodes and regular silicon diodes is the way they are used
in the circuits.

It is primarily used to regulate the circuit voltage as it has constant Vz.

A large change in IR will cause only a small change in Vz. It means that a zener diode can be
used as an alternate current path. The constant Vz developed across the diode can then be
applied to a load.

Thus the load voltage remains at constant by altering the current flow through the Zener

diode.
The V-I Characteristics of a Zener Diode can be divided into two parts

(i) Forward Characteristics

(ii) Reverse Characteristics

G F Harish Reddy-Department of ECE,MRITS
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Forward Characteristics

The forward characteristics of a Zener diode is shown in figure. It is almost identical to the

forward characteristics of a P-N junction diode.

+I:
Forward
Current
Forward
Bias
Region
Breakdown Voltage

Vz
» | g )
“WR 0 - _\"'iF

Reverse Bias

Forward Characteristics

blog.oureducation.in

Reverse Characteristics

As we increase the reverse voltage, initially a small reverse saturation current lo. Which is
in A, will follow. This current flows due to the thermally generated minority carriers. At a
certain value of reverse voltage, the reverse current will increase suddenly and sharply . This is
an indication that the breakdown has occurred. This breakdown voltage is called as Zener

breakdown voltage or Zener voltage and it is denoted by V..

Rawerse Bias

I ' 1 Forward Biaz
Enee point = Wy
03 -0

Cut in voltage

*Zener” Bragkdown
Region

Rmvarsa
Constant Cuirem
Zenar Vol 13; e .
blos.oure ducation.in Reverse Characteristics

Reverse Characteristics of Zener Diode
The value of V; can be precisely controlled by controlling the doping levels of P and N regions
at the time of manufacturing a Zener diode. After breakdown has occurred. The voltage across
Zener diode remains constant equal to V.. Any increase in the source voltage will result in the

increase in reverse Zener current. The Zener current after the reverse breakdown must be

G F Harish Reddy-Department of ECE,MRITS
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controlled by connecting a resistor R as shown in figure. This is essential to avoid any damage to
the device due to excessive heating.

Zener Region and its importance

Reverse breakdown of the zener diode operates in a region called zener region, as shown in
figure. In this region the voltage across zener diode remains constant but current changes
depending on the supply voltage. zener diode is operated in this region when it is being used as

a voltage regulator. The complete v-i characteristics of zener diode is as shown in figure

ST d
By Forward 4
e O Current
Cathoda Angoa
(K3 o Al Forward
v Bias
F L) Rl:hgﬁ:!n

h— _-I-..
Foraard Bias

Cut in voltage

~Zarar Braakdoan
R igion

Hpeise
Lomsianl . i urrant
Zaned Viallage “in

V-l Characteristics of Zener Diode

BREAKDOWN MECHANISMS IN DIODES:

The avalanche breakdown occurs because of the ionisation of electrons(reverse saturation
current) and hole pairs whereas the Zener breakdown occurs because of heavy doping. These
are explained below in details.

G F Harish Reddy-Department of ECE,MRITS
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Avalanche Breakdown:

The mechanism of avalanche breakdown occurs because of the reverse saturation current. The
P-type and N-type material together forms the PN-junction. The depletion region develops at
the junction where the P and N-type material contact.

The P and N-type materials of the PN junction are not perfect, and they have some impurities in
it, i.e., the p-type material has some electrons, and the N-type material has some hole in it. The
width of the depletion region varies. Their width depends on the bias applied to the terminal of
the P and N region.

The reverse bias increases the electrical field across the depletion region. When the high
electric field exists across the depletion, the velocity of minority charge carrier crossing the
depletion region increases . These carriers collide with the atoms of the crystal. Because of the
violent collision, the charge carrier takes out the electrons from the atom.

The collision increases the electron-hole pair. As the electron-hole induces in the high electric
field, they are quickly separated and collide with the other atoms of the crystals. The process is
continuous, and the electric field becomes so much higher then the reverse current starts
flowing in the PN junction. The process is known as the Avalanche breakdown. After the
breakdown, the junction cannot regain its original position because the diode is completely
burnt off.

Zener Breakdown:

The PN junction is formed by the combination of the p-type and the n-type semiconductor
material. The combination of the P-type and N-type regions creates the depletion region.

The width of the depletion region depends on the doping of the P and N-type semiconductor
material. If the material is heavily doped, the width of the depletion region becomes very thin.

The phenomenon of the Zener breakdown occurs in the very thin depletion region. The thin
depletion region has more numbers of free electrons. The reverse bias applies across the PN
junction develops the electric field intensity across the depletion region. The strength of the
electric field intensity becomes very high.

The electric field intensity increases the kinetic energy of the free charge carriers. Thereby the
carriers start jumping from one region to another. These energetic charge carriers collide with

the atoms of the p-type and n-type material and produce the electron-hole pairs.

The reverse current starts flowing in the junction because of which depletion region entirely
vanishes. This process is known as the Zener breakdown.

G F Harish Reddy-Department of ECE,MRITS
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Applications of zener Diode are as follows:

Zener diodes have a large number of application. few of them are

(i) Zener diode is used as a voltage regulator.

(ii) Zener diode is used as a peak clipper in wave shaping circuits.

(iii) Zener diode is used as a fixed reference voltage in transistor biasing circuits.

(iv) Zener diode is used for meter protection against damage from accidental application of

excessive voltages

Zener Diode as Voltage Regulators:

The function of a regulator is to provide a constant output voltage to a load connected in
parallel with it in spite of the ripples in the supply voltage or the variation in the load current
and the zener diode will continue to regulate the voltage until the diodes current falls below
the minimum Izmin) value in the reverse breakdown region. It permits current to flow in the
forward direction as normal, but will also allow it to flow in the reverse direction when the
voltage is above a certain value - the breakdown voltage known as the Zener voltage. The Zener
diode specially made to have a reverse voltage breakdown at a specific voltage. Its
characteristics are otherwise very similar to common diodes. In breakdown the voltage across
the Zener diode is close to constant over a wide range of currents thus making it useful as a
shunt voltage regulator.

Rs
—/\/\/\/\/\/;( ma - ' I

fe——Vs ——f

I+

Vin

Fig 3: Zener diode shunt regulator

The purpose of a voltage regulator is to maintain a constant voltage across a load regardless of
variations in the applied input voltage and variations in the load current. A typical Zener diode
shunt regulator is shown in Figure 3. The resistor is selected so that when the input voltage is at
Vinimin) and the load current is at Iymax) that the current through the Zener diode is at least lzmin).
Then for all other combinations of input voltage and load current the Zener diode conducts the
excess current thus maintaining a constant voltage across the load. The Zener conducts the

G F Harish Reddy-Department of ECE,MRITS
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least current when the load current is the highest and it conducts the most current when the
load current is the lowest.

If there is no load resistance, shunt regulators can be used to dissipate total power through the
series resistance and the Zener diode. Shunt regulators have an inherent current limiting

advantage under load fault conditions because the series resistor limits excess current.

A zener diode of break down voltage V.is reverse connected to an input voltage source
Viacross a load resistance Ry and a series resistor Rs. The voltage across the zener will remain
steady at its break down voltage Vz for all the values of zener current Iz as long as the current
remains in the break down region. Hence a regulated DC output voltage Vo= Vzis obtained

across RL, whenever the input voltage remains within a minimum and maximum voltage.

Basically there are two type of regulations such as:
a) Line Regulation

In this type of regulation, series resistance and load resistance are fixed, only input voltage is
changing. Output voltage remains the same as long as the input voltage is maintained above a
Vo
AV

*100

minimum value.Percentage of line regulation can be calculated by =
where Vg is the output voltage and Vinis the input voltage and AVyis the change in output
voltage for a particular change in input voltage AVn.

b) Load Regulation

In this type of regulation, input voltage is fixed and the load resistance is varying. Output volt
remains same, as long as the load resistance is maintained above a minimum value.

Vo — Ve,
NLT VL “100
Vi
Percentage of load regulation =
Vi
NL . . . .
where is the null load resistor voltage (ie. remove the load resistance and measure the

Ve,
. FL . .
voltage across the Zener Diode) and is the full load resistor voltage

G F Harish Reddy-Department of ECE,MRITS
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UNIT 3-Junction Field Effect Transistor(FET)

UNIJUNCTION TRANSISTOR:

Uni Junction Transistor (UJT) is a three terminal semi conductor switching device. As it has
only one PN junction and three leads, it is commonly called as Uni Junction Transistor.

The three terminals are: Emitter (E), Basel (B1) and Base2 (B2).

Construction and Symbol:

The basic structure and symbol of UJT is shown in figure below.

It consists of a lightly doped n-type silicon bar with a heavily doped p-type material alloyed
to its one side closer to B2 for producing single PN junction.

I Base2(B,) B,

Emitter (E) W//]o

T :
(a) Base1(B,) (b)

Fig. UJT (a) Basic structure (b) Circuit symbol

Here the emitter leg is drawn at an angle to the vertical and the arrow indicates the
direction of the conventional current.

Operation of UJT:

The inter base resistance between B2 and B1 of the silicon bar is, Rgg=Rgi+ Rg>.

With emitter terminal open, if voltage Vgg is applied between the two bases, a voltage
gradient is established along the n-type bar.

The voltage drop across Rg; is given byV1 =7]VBB, where the intrinsic stand-off ratio

R
n :Ll. The typical value of 77ranges from 0.56 to 0.75.

Rp1+tRpy

This voltage V; reverse biases the PN-junction and emitter current is cut-off. But a small
leakage current flows from B2 to emitter due to minority carriers. The equivalent circuit of UJT is
shown in figure below.

B,
_ﬂ+
v Rgg = Rg1 * Ra2
BB / whenlg=0
By

Fig. UJT equivalent circuit.

G F Harish Reddy-Department of ECE,MRITS 17



UNIT 3-Junction Field Effect Transistor(FET)

If a negative voltage is applied to the emitter, PN-junction remains reverse biased and the
emitter current is cut-of. The device is now in the ‘OFF’ state.

If a positive voltage Vg is applied to the emitter, the PN-junction will remain reverse biased
so long as Vg is less than V;. If Vg exceeds V; by the cut-in voltage vy, the diode becomes forward
biased. Under this condition, holes are injected into n-type bar. These holes are repelled by the
terminal B2 and are attracted by the terminal B1. Accumulations of holes in E to B1 region reduce
the resistance in this section and hence emitter current Ig is increased and is limited by Ve. The
device is now in the ‘ON’ state.

Characteristics of UJT:

Figure below shows the input characteristics of UJT.

1 VE Negative .
——__. Cutoff resistance —s}e— Satur_allon ______
region region region
Ve
Peak
point
VBE =10V
Valley point
v;(sa{l) =
Vy —_/:- o
- S
eh IE(mA)
1
=t v

EQ  (pA)
Here, up to the peak point P, the diode is reverse biased and hence, the region to the left
of the peak point is called cut-off region.
At P, the peak voltage VP =77VBB +V7,, the diode starts conducting and holes are

injected into n-layer. Hence, resistance decreases thereby decreasing Vg for the increase in Ie. SO
there is a negative resistance region from peak point P to valley point V.

After the valley point, the device is driven into saturation and behaves like a conventional
forward biased PN-junction diode. The region to the right of the valley point is called saturation
region. In the valley point, the resistance is changes from negative to positive. The resistance
remains positive in the saturation region.

Due to the negative resistance property, a UJT can be employed in a variety of applications,
viz., a saw-tooth wave generator, pulse generator, switching, timing and phase control circuits.
UJT Relaxation Oscillator:

The Relaxation oscillator using UJT which is meant for generating saw-tooth waveform is
shown in figure below:
I +Vgg

Vo
Output

V,

B1

-

Fig: UJT Relaxation Oscillator.

G F Harish Reddy-Department of ECE,MRITS
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UNIT 3-Junction Field Effect Transistor(FET)

It consists of a UJT and a capacitor Cg which is charged through Rg as the supply voltage Vgg is
switched ON.

; | | |
o | \ | Time
T, Tl 7.7
Vee
VBZ | | |
} " ] 1 ¥l
. ] L1 L - i
T1 T5 TS T—1 TS Tb
o) [ 154 I —» Time
T, T, 3T, TsTs

The voltage across the capacitor increases exponentially and when the capacitor voltage
reach the peak point voltage Vp, the UJT starts conducting and the capacitor voltage is discharged
rapidly through EB1 and R1.

After the peak point voltage of UJT is reached, it provides negative resistance to the
discharge path which is useful in the working of the relaxation oscillator. As the capacitor voltage
reaches zero, the device then cuts off and capacitor Cg starts to charge again. This cycle is
repeated continuously generating a saw-tooth waveform across Ce.

The inclusion of external resistors R2 and R1 in series with B2 and Bl provides spike
waveforms. When the UJT fires, the sudden surge of current through Bl causes drop across R1,
which provides positive going spikes.

Also, at the time of firing, fall of Vgg; causes I, to increase rapidly which generates negative
going spikes across R,. By changing the values of capacitance Cg (or) resistance Rg, frequency of
the output waveform can be changed as desired, since these values control the time constant ReCe
of the capacitor changing circuit.

Frequency of oscillations:

The time period and hence the frequency of the saw-tooth wave can be calculated as
follows. Assuming that the capacitor is initially uncharged, the voltage V. across the capacitor prior
to breakdown is given by

—t/R,.C

1% E°F

c=Vpp|l-e

Where ReCe = charging time constant of resistor-capacitor circuit, and t= time from the
commencement of the waveform. The discharge of the capacitor occurs when V¢ is equal to the
peak-point voltage Vyp, i.e,

G F Harish Reddy-Department of ECE,MRITS
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1

If the discharge time of the capacitor is neglected, then t=T, the period of the wave.
Therefore, frequency of oscillations of saw-tooth wave,

1 1
feg=

1
2.3RECE log10 (1—77}

SCR (SILICON CONTROLLED RECTIFIER)
The basic structure and circuit symbol of SCR is shown in figure below.

It is a four layer three terminal device in which the end p-layer acts as anode, the end n-
layer acts as anode, the end n-layer acts as cathode and p-layer nearer to cathode acts as gate.

As leakage current in silicon is very small compared to germanium, SCR’s are made of

silicon and not germanium.
I Anode (A)

g K
Cathode (K) G

(a) Basic Structure (b) Circuit symbol

Fig, Basic structure and circuit symbol of SCR.

G F Harish Reddy-Department of ECE,MRITS 20
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Operation of SCR:

The operation of SCR is divided into two categories,
i) When gate is open:

Consider that the anode is positive with respect to cathode and gate is open.

The junctions J; and J; are forward biased and junctions J, is reverse biased. There is
depletion region around J, and only leakage current flows which is negligibly small. Practically the

SCR is said to be ‘OFF’. This is called forward blocking state of SCR and voltage applied to anode
and cathode with anode positive is called forward voltage. This is shown in figure (a) below.

Depletion
/ region

+
—— Forward
T voltage
Cathode C
(a) J;, )3 Forward biased.
1, Reverse biased.

With gate open, if cathode is made positive with respect to anode, the junctions J{, 13
become reverse biased and J, forward biased. Still the current flowing is leakage current, which
can be neglected as it is very small. The voltage applied to make cathode positive is called reverse
voltage and SCR is said to be in reverse blocking state. This is shown in the figure (b) below.

Depletion

regions
J4
B Reverse
Js —
— voltage
G +
b_._—
open J,

c
(a) Ji, )3 Reverse biased.
1, Forward biased.

Fig. Operation of SCR when gate is open (a), (b).

G F Harish Reddy-Department of ECE,MRITS
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UNIT 3-Junction Field Effect Transistor(FET)

2. When gate is closed:

Consider that the voltage is applied between gate and cathode when the SCR is in forward
blocking state. The gate is made positive with respect to the cathode. The electrons from n-type
cathode, which are majority in number, cross the junction J3 to reach to positive of battery.

While holes from p-type move towards the negative of battery. This constitutes the gate
current. This current increases the anode current as some of the electrons cross junction J,. As
anode current increases, more electrons cross the junction J, and the anode current further
increases. Due to regenerative action, within short time, the junction ], breaks and SCR conducts
heavily.

The connections are shown in the figure. The resistance R is required to limit the current.
Once the SCR conducts, the gate loses its control.

AT——_
p +
of =l
1 .
n TR
g
o p
—-
J R
| Rl n
i Current
i limiting
l resistor
€

Fig. Operation of SCR when gate is closed.
Characteristics of SCR:

The characteristics are divided into two sections:

i) Forward characteristics
i) Reverse characteristics
i) Forward characteristics:

It shows a forward blocking region, when Ig=0. It also shows that when forward voltage
increases up to Vg, the SCR turns ON and high current results.

It also shows that, if gate bias is used then as gate current increases, less voltage is
required to turn ON the SCR.

If the forward current falls below the level of the holding current I, then depletion region
begins to develop around J, and device goes into the forward blocking region.

When SCR is turned on from OFF state, the resulting forward current is called /atching
current I.. The latching current is slightly higher than the holding current

if) Reverse characteristics:

If the anode to cathode voltage is reversed, then the device enters into the reverse
blocking region. The current is negligibly small and practically neglected.

If the reverse voltage is increases, similar to the diode, at a particular value avalanche
breakdown occurs and a large current flows through the device. This is called reverse breakdown
and the voltage at which this happens is called reverse breakdown voltage

G F Harish Reddy-Department of ECE,MRITS
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Forward —" |

ON state

Forward
characteristics

With

[G;\\gate closed
Ig

.‘z‘:::}_:.:‘;-: / - Ic=0

Ver | eEEEERTRITL .
- . ) VF
? Vi Vais
Reverse Eorward
gl blocking region
region
."{
Reverse

characteristics

Fig. Characteristics of SCR.

Two Transistor Analogy:

The easiest way to understand how SCR works it ot visualize it separately into two halves,
as shown in the figure. The left half is a p-n-p transistor and right half is n-p-n transistor. This is

also called two transistor model of SCR.

The collector current of T; becomes base current of T, and collector current of T, becomes

base current of T;.

u|Z]1 O —0°
b-2

Oo0— Z| 7] 2

Fig, Two transistor model of SCR.

Mathematical Analysis:

Let Ic; and I, are collector currents, Ig; and Ig; are emitter currents while Ig; and I, are

base currents of transistors T; and T,.

G F Harish Reddy-Department of ECE,MRITS
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Let both the transistors are operating in active region.
From transistor analysis we can write,

I, =alE +IC01 and IC2=0{IE2+ICO2

Cl 1
Where Ico = Reverse current (or) leakage current.
And O = i
1+ 4

Now, Igy = Ics + In
Anode current = Iy

IA =
Ix = Cathode current = Ig,
I = Gate current

NOW, IK = IA + IG
.'.IE2=IA+IG=IC2+IB2

But IBZ = IC1 + IG
A e DYoo Hielh G
Substituting I¢; and I,

IA =0{11E1+Ic01+a’2]E2+Ic02

M :“2(1A+IG)+“1IA+IC01”(?02
ol = Ic+1co1+ 00p

.°.IA—a21A—

_ O+ 1o g,
A I-(q+a,)

In blocking state ¢, and &, are small. Thus I, is small.

o

As «, +«, approaches unit, the SCR is ready to enter into conduction.

positive gate current, the regenerative action takes place and SCR conducts.

Thus due to

G F Harish Reddy-Department of ECE,MRITS
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Varactor Diode:

>

>

EA
We know that the transition capacitance c(t) is given by c(t)=—
[0

In both alloy junction diode and grown junction diode as the magnitude of the reverse bias
increases, the width ‘w’ of the transition region increases, and the junction capacitance c(t)
reduces.

The voltage- variable nature of transition capacitance of reverse-biased pn- junction may
be utilized in several applications such as

1) In voltage tuning of an LC resonant.

2) Self balancing bridge circuits.

3) In parametric amplifiers etc.

4) FM radio and TV receivers, AFC circuits.
5) Used in adjustable band pass filters.

» This special diode is made especially for the above applications which are biased on the
voltage- variable capacitance are called “Varactor diode” or “Varicap” or “Voltacap”.

{

b B

R
N Al

S
#

» Varactor diode symbol and circuit models are shown below.

Gy V)

o W o Re

Ry .
o AR A +
0120 =ML

Rs: Body series resistance.

C(t): Barrier capacitance.

R, : Reverse diode resistance.

> Typically, at a reverse bias of 4v,

>

>

C(t)= 20pF, R(s)=8.5 ohms, R(r)>1M (usually neglected).

Tunnel diode:

A normal pn-junction has an impurity concentration of about 1 part in 1078. With this
amount of doping, the width of depletion layer, which constitutes the potential barrier of
the junction, is of the order of 5 microns (5x10™* cm).

If the concentration of impurity atoms is greatly increased, say 1 part in 10° the device
characteristics are completely changed. The new diode was announced in 1958 by Leo
Esaki. This diode is called ‘Tunnel diode’ or ‘Esaki diode’.

The barrier potential VB is related with the width of the depletion region with the following
equation.

G F Harish Reddy-Department of ECE,MRITS
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2V, €
Vg = — 2w —@? = —B—
2e qNA

» From the above equation the width of the barrier varies inversely as the square root of
impurity concentration.

> As the depletion width decreases there is a large probability that an electron will penetrate
through the barrier. This quantum mechanical behavior is referred to as tunneling and
hence these high impurity density pn-junction devices are called Tunnel diodes. This
phenomenon is called as ‘tunneling’.

Energy band structure of heavily doped pn-junction diode under open circuited
conditions:

In the energy band structure for the lightly doped pn-diode, the Fermi level E; lies inside
the forbidden energy gap. In the heavily doped pn-diode E; lies out side the forbidden band.

We know that, Ef = Ec — KT In(Nc/ND)
. : Ne | "
For a lightly doped semiconductor, Np<Nc, So that In| —= |is a positive number. Hence E;
Np
< Ec, and the Fermi level lies inside the forbidden band.
For a heavily doped semiconductor donor concentrations are more so that, Np> Nc and is

N
In| —< | a negative number. Hence E; > Ec, and the Fermi level lies outside the forbidden band.

Np
e Ny
Similarly, Ef = E R =2
50
For heavily doped p-region, Na> Ny, and the Fermi-level lies in the Fermi-level lies in the
valance band.

The energy band structure in a heavily doped pn-diode under open circuited condition is
shown in the figure.

NN
p SV
We have EG—KTln G-
n-
i
NN
D 'A
Eo =KT In n—2

1

Comparing above two equations for heavily doped pn-diode we find that Eq>Eg. Therefore,
the contact difference of potential energy Eqy exceeds the forbidden energy gap voltage Eg.

G F Harish Reddy-Department of ECE,MRITS
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—— [ Side e

Conduction
Barnd

Empty states
[(hzies)

Valenos
band

Fig. energy band in a heavily doped pn-diode under open circuited condition.

The Fermi level E; in the p-side is at the same energy as the Fermi level Ef in the n-side.
Note that there are no filled states on one side of the junction which are at the same energy as
empty allowed states on the other side. Hence there can be no flow of charge in either direction
across the junction, and the current is zero for an open circuited diode.

The volt-ampere characteristic:

If a reverse bias voltage is applied to the tunnel diode, the height of the barrier is increased
above the open-circuit value EO. Hence the n-side levels must shift downward with respect to the
p-side levels as shown in the figure below.

Caonduction
band

pside | n:side

Conduction
band
Barrier E_
Barrier height
thickness

Tunneling Appled
reverse bias

“Malence
 band

Fig. Under applied reverse bias
We now observe that there are some energy states in the valance band of the p-side which
lie at the same level as allowed empty states in the conduction band of the n-side. Hence these
electrons will tunnel from the p to the n-side, giving rise to a reverse diode current. As the
magnitude of the reverse bias increase, causing the reverse current to increase.

Consider if a forward bias is applied to the diode so that the potential barrier is decreased
below Eo. Hence the n-side levels must shift upward with respect to those on the p-side.

The energy band diagrams for a heavily doped under forward bias conditions are shown in
figure below.
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| 1 fo

S P e

[
Comduction
band Risrcier
helght |
E;

E,

TFanmeling

— Applied
i forwnrd
hias

L
“~Hales

YWalenice
o

(&)

[}

{c)
Fig. As the bias is increased, the band structure changes progressively from (a) to (d).

From fig (a) we can observe that the electrons will tunnel from the n to the p material giving rise to
the forward current. As the forward bias is increased further, the maximum number of electrons
can leave from occupied states on the right side of the junction, and tunnel through the barrier to
the empty states on the left side of the junction giving rise to the peak current Ip.

If still more forward bias is applied, fig© is obtained and the tunneling current decreases.
Finally if the forward bias is larger there is no9 empty allowed states on one side of the junction at
the same energy as occupied states on the other side, the tunneling current must drop to zero.

The v-I characteristics of tunnel diode is shown in fig.

I{mA)
Peak point

Negative

_«— resistance

region

Forward
current

Valley
paint

| N~

V(volts)

Forward voltage

SN
St
<

Fig.-I Characteristics of a tunnel diode.
The tunnel diode exhibits a negative resistance characteristics between peak current Ip and
valley current Iv. The tunnel diode is excellent conductor in the reverse bias conditions.

By applying small forward bias voltage to the tunnel diode the current increases and
reaches to the maximum level. The maximum for small forward bias voltage is called as ‘peak
current (Ip)’.The corresponding voltage to the peak current is called ‘peak voltage (Vp)'.

If forward bias voltage is increased beyond the peak voltage the current starts decreasing
and reaches to the maximum level. This minimum value of the current is called as “valley current
(Iv)”. The corresponding voltage to the valley current is called as “valley voltage (Vv)”.
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If forward bias voltage is

increased beyond valley voltage
characteristics as ordinary diode.

it exhibits the same

The tunnel diode symbol and small-signal model are shown in fig. below.

O—AANA—TEEN

R, L
0‘@—@ T — R,

Applications of Tunnel diode:

1. It is used as a very high speed switch, since tunneling takes place at the speed of light.
2. Itis used as a high frequency oscillator.
Photodiode:

The photodiode is a device that operates in reverse diode. The photodiode has a small

transparent window that allows light to strike one surface of the pn-junction, keeping the remaining
sides unilluminated.

Light
Radiation

The symbol of photodiode is shown in figure below.

4

—

A photodiode differs from a rectifier diode in that when its pn-junction is exposed to light,
the reverse current increases with the light intensity. When there is no incident light the reverse
current, I,, is almost negligible and is called the dark current. An increase in the amount of light
intensity, expressed as irradiance (mW/cm?), produces an increase in the reverse current.

I

Reverse
cuvvent, La

R
Tvvadiance, H
Typically, the reverse current is approximately 1.4 pA at a Reverse bias voltage of 10V with
an irradiance of 0.5 mWcm2,
Therefore Rg=VRr/I, = 10v/1.4pa = 7.14MQ

At 20 mW/cm?2, the current is approximately 55 pa at VR=10v.

G F Harish Reddy-Department of ECE,MRITS 29
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Therefore, Rg= Vr/ I, = 10v/55 pa = 182KQ
Hence the photodiode can be used as a variable-resistance device controlled by light
intensity.

The volt-ampere characteristics of photodiode are shown in figure.

Reverse dayk current

voltage Sguupi—¥— A

ol uwf,_“"-—-—-—-—-"""f ot

|'w-u-lft:'-\-\-\:L

\

\{

L& waldf
2‘."\“;((:'-'\-\.1'
g
Lo BTWAMY L,
" Reverse
Cwrren =

L

Fig. V-I characteristics of photo diode.
Advantages of Photo diodes:

1. It can be used as variable-resistance device.
2. Highly sensitive to the light.
3. The speed of operation is very high.

Disadvantages of Photo diodes:
1. The dark current is temperature dependent.

Applications of photodiode:

1)

2)
3)
4)
5)

Photodiodes are commonly used in alarm systems and counting systems.

Used in demodulators.
Used in encoders.
Used in light detectors.

Used in optical communication systems.
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