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Lecture 1

Chapter One
Introduction to Semiconductors

1- Introduction

Electronic devices such as diodes, transistors, and integrated circuits are made of a
semiconductive material. To understand how these devices work, you should have a basic
knowledge of the structure of atoms and the interaction of atomic particles. An important
concept introduced in this chapter is that of the pn junction that is formed when two
different types of semiconductive material are joined. The pn junction is fundamental to
the operation of devices such as the solar cell, the diode, and certain types of transistors.

All matter is composed of atoms; all atoms consist of electrons, protons, and neutrons,

according to Bohr model, except normal hydrogen, which does not have a neutron. Each

element in the periodic table has a unique atomic structure, and all atoms for a given
element have the same number of protons. The nucleus consists of positively charged
particles called protons and uncharged particles called neutrons. The basic particles of
negative charge are called electrons, as illustrated in Fig. 1.

Electrons that are in orbits farther from the nucleus have higher energy and are less
tightly bound to the atom than those closer to the nucleus. This is because the force of
attraction between the positively charged nucleus and the negatively charged electron
decreases with increasing distance from the nucleus. Electrons with the highest energy
exist in the outermost shell of an atom and are relatively loosely bound to the atom. This
outermost shell is known as the valence shell, and electrons in this shell are called
valence electrons. These valence electrons contribute to chemical reactions and bonding
within the structure of a material and determine its electrical properties. When a valence
electron gains sufficient energy from an external source, it can break free from its atom.

This is the basis for conduction in materials.
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Fig.1: The Bohr model of an atom showing
electrons in orbits around the nucleus, which
consists of protons and neutrons.

2- Insulators, Conductors, and Semiconductors

In solid materials, interactions between atoms ‘“smear” the valence shell into a
band of energy levels called the valence band. Valence electrons are confined to that
band. When an electron acquires enough additional energy, it can leave the valence shell,
become a free electron, and exist in what is known as the conduction band. The
difference in energy between the valence band and the conduction band is called an
energy gap or band gap.

In terms of the electrical properties, materials can be classified into three groups:
conductors, semiconductors, and insulators. They are differing in their conductivity
depending on the no. of electrons in their outer shell (valance electrons).

Insulators: An insulator is a material that does not conduct electrical current under
normal conditions. Valence electrons are tightly bound to the atoms; therefore, there are
very few free electrons in an insulator (8 electrons in outer shell). It has full valence
band, empty conduction band and large energy gap. Examples of insulators are rubber,

plastics, glass, mica, and quartz.



Conductors: A conductor is a material that easily conducts electrical current.
Most metals are good conductors, such as copper (Cu), silver (Ag), and gold (Au), which
are characterized by atoms with only one valence electron very loosely bound to the
atom (1 electron in outer shell). There is an overlap between the two bands, no physical
distance between the two (no energy gap). Hence there are large numbers of conduction

electrons.
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Fig. 2: Copper atom

Semiconductors: A semiconductor material is one whose electrical
properties lie in between those of insulators and conductors. Examples are:
germanium (Ge) and silicon (Si). In terms of energy bands, semiconductors can be
defined as those materials which have almost an empty conduction band and
almost filled valence band with a very narrow energy gap (of the order of 1 eV)
separating the two. For pure semiconductor at 0°K, there are no electrons in the
conduction band, and the valence band is filled, i.e. good insulator. As temperature
increases, some electrons are move into the conduction band, leaving behind an

empty space (hole) in the valence band. So the electron-hole pair formation.



T - 3
- Conduction Sand ‘ 2 ' 1
: =
| Conducticn Ba~d
- =
:"‘ Band Gap ‘;: e e ':_ Conducsicon Band
=1 2 x =
| - Barc Goap w B OB BB @c @D -
Valence Band Valence Bara valence Band
i R R e - —— P P P |
insulators Semiconductors Conductors

Fig.2 Diagram of energy band.

Types of Semiconductors:

Semiconductor may be classified as under:

Semiconductors
intrinsic or pure extrinsic or impure
semiconductors semiconductor
M-Type P-Type

a. Intrinsic Semiconductors

An intrinsic semiconductor is one which is made of the semiconductor
material in its extremely pure form. Examples of such semiconductors are: pure
germanium (Ge) and silicon (Si) which have forbidden energy gaps of 0.3 eV and
0.7 eV respectively. The energy gap is so small that even at ordinary room
temperature; there are many electrons which possess sufficient energy to jump

across the small energy gap between the valence and the conduction bands.



Alternatively, an intrinsic semiconductor may be defined as one in which the
number of conduction electrons is equal to the number of holes. Schematic energy
band diagram of an intrinsic semiconductor at room temperature is shown in Fig.

below.
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The outermost orbit of a Si atom is capable to hold up to eight electrons. The
atom which has eight electrons in the outermost orbit is said to be completely filled
and most stable. The outermost orbit of silicon has only four electrons. It needs
four more electrons to fill the outer orbit and so become most stable. So, for Si to
become stable, it will share four electrons (by forming four covalent bonds) with
four neighbouring atoms. The outermost orbit of silicon is, then, completely filled
and electrons are tightly bound to the nucleus (Fig. 4).

In intrinsic semiconductors, at absolute zero temperature, free electrons are

not present (since all electrons are engaged in covalent bonds). Therefore, intrinsic
semiconductor behaves as perfect insulator.

As temperature increases the electrons in the covalent bond (in the valence
band) can gain enough energy to break the bond and become a free electron (in the
conduction band). Its place is left without an electron, which is the hole. Hence the

generation of an electron-hole pair. These free electrons are free to move randomly



within the lattice, till their energy is consumed and they will fall back into a hole.

This is the recombination process.
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(b} Bonding diagram. The red negative signs
represent the shared valence electrons.

(c) Covalent bond of silicon

So, in semiconductors there are two types of charge carriers (electrons and holes),
as voltage is applied across an interisic semiconductor, the holes move towards the
negative end of the battery, while the electrons move towards the positive end of

the battery, see fig.5.
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Fig.5: electrons and holes movement under
applied voltage.

The ability of an electron to move through a metal or semiconductor, in the presence of
applied electric field is called electron maobility. Mobility of electron is larger than hole
mobility.

Note that
e The electron current is in opposite direction to the hole current.
e Holes do not actually move in the semiconductor. An electron within the
valence band may fill the hole, leaving another hole in its place. In this way

a hole appears to move.

Summary
e Siand Ge are examples of semiconductor materials.

e Semiconductors are characterized by their small energy band gap.
e At absolute zero, the semiconductor behaves as an insulator.
e As temperature increases, the electrical conductivity increases.

e The increase of temperature produces electron- hole pairs (the number of electrons

are equal to the number of holes).



¢ In semiconductors, there are two type of charge carriers: electrons and holes.
e On applying a potential difference across a semiconductor, two currents are

generated the electron current and the hole current, which are in opposite directions.

b. Extrinsic Semiconductors

Intrinsic silicon (or germanium) must be modified by increasing the number
of free electrons or holes to increase its conductivity and make it useful in
electronic devices. To increase this, very small amounts of dopants (pentavalent or
trivalent elements) (impurities) are added to the intrinsic semiconductor. This
process is called doping.

+ pentavalent elements: have 5 electrons in their outermost orbit.
¢ Trivalent elements are those that have three electrons in their outermost
orbit.
The semiconductor is said to be heavily doped when a large amount of dopants is
added. In contrast, it is lightly doped when a small amount of dopant is added.
(i) N-type Extrinsic Semiconductor:

If a silicon or germanium atom in its pure form is doped with pentavalent
element such as antimony (Sb), arsenic (As) or phosphorus (P). These elements
having 5 electrons in their outermost shell react such that they form a covalent
bond with the four electrons of silicon, and one electron is left free as a mobile
charge carrier, which improves the conduction ability to some extent. The resultant

material is known as an n-type semiconductor. Fig. 6.
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Fig.6 : n-type extrinsic semiconductor

For one dopant atom there will be one free electron. As the number of
dopant atoms increases the number of free electrons will increase. The dopant atom

is called the donor atom, since it donates a free electron to the semiconductor,

which is the acceptor. In addition, thermally generated electron-hole pairs are also
present in the doped semiconductor. The number of holes (in the valence band) is

less than the number of free electrons (in the conduction band).

The electrons are the negative charge carriers; they are called the majority charge
carriers. Holes are the positive charge carrier, are called the minority charge

carriers.

The majority charge carriers(electrons) are produced by doping, while the minority

charge carriers(holes) are due to the increase of temperature.

(ii) P-type Extrinsic Semiconductor:
If a silicon or germanium atom in its pure form is doped with an element of

group three in a small amount, such as indium (In), gallium (Ga), Aluminum (Al)



or boron (B), these elements having 3 electrons in their outermost shell react such
that they form a covalent bond with the three electrons of silicon, and one hole is
left free as a mobile charge carrier, which improves the conduction ability to some

extent. The resultant material is known as a p-type semiconductor. Fig.7.
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Fig7 : P-type extrinsic semiconductor

For one dopant atom there will be one hole. As the number of dopant atoms
increases the number of holes will increase. The dopant atom is called the donor

atom, since it donates a hole to the semiconductor, which is the acceptor.

In addition, thermally generated electron-hole pairs are also present in the
doped semiconductor. The number of holes is more than the number of free
electrons. The holes are the majority charge carriers. Electrons are the minority
charge carriers. The majority charge carriers (holes) are produced by doping, while

the minority charge carriers (electrons) are due to the increase of temperature.



Lecture 2

Chapter Two
P-N Junction (Diode)

1. Introduction

When a piece of semiconductor is doped as P-type from one side and as an
N-type from the other side, a PN — junction is formed. The PN- junction can be
looked at as if two pieces of semiconductor, one is N-type and the other p-type, are

joined together (Fig.1).

J7n junction
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Fig. (1): the p-n junction



2. Formation of the Depletion Region

Since the N-type region has a high free electron concentration and the P-type
a high hole concentration, electrons diffuse from the N-type side to the P-type side.
Similarly, holes flow by diffusion from the P-type side to the N-type side. As free
electrons move from the N-type side to the P-type side, the number of free
electrons in the N-type side will be reduced so positive ions are formed. Likewise,
as free electrons go into the P-type side the number of electrons increases creating
negative ions. So the movement of electrons and holes across the junction will
create positive ions on the N-type side and negative ions on the P-type side, on

both side of the junction.
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Fig. (2): Formation of the depletion region

This will set up an electric field (which is due to the attraction force between
the positive and the negative ions) that opposes the transition of the majority
charge carriers across the junction. The direction of this electric field is from the
negative to the positive which is opposite to that of the diffusion current for each
type of carrier. As the diffusion increases the number of the ions increases so does
the strength of the electric field due to the formation of the ions. Equilibrium is
reached (the diffusion is stopped) when the electric field is large enough to prevent

further diffusion, i.e., As electrons continue to diffuse across the junction, more



and more positive and negative charges are created near the junction as the
depletion region is formed. A point is reached where the total negative charge
in the depletion region repels any further diffusion of electrons (negatively charged
particles) into the p region (like charges repel) and the diffusion stops. In other
words, the depletion region acts as a barrier to the further movement of electrons
across the junction.

Therefore, at equilibrium, a region of no majority charge carriers appears on
both sides of the junction. It is called the depletion region, for it is depleted from

the majority charge carriers.

3. Barrier Potential

The potential difference of the electric field across the depletion region is the
amount of voltage required to move electrons through the electric field. This
potential difference is called the barrier potential and is expressed in volts. Stated
another way, a certain amount of voltage equal (V) to the barrier potential (¢) and
with the proper polarity must be applied across a pn junction before electrons will
begin to flow across the junction. The potential barrier (its value is 0.7V for Si and
0.3V for Ge) which can be represented as a battery across the depletion region,
Fig.2. The barrier potential of a pn junction depends on several factors, including
the type of semiconductive material, the amount of doping, and the temperature

etc.

4. Diode Biasing
Biasing is applying an external voltage source across a PN- junction. This can
be done in two ways:

1-Forward biasing 2-Reverse biasing



A-Forward biasing:

This is done when the P-type side of the diode is connected to the positive
terminal of the battery (the external voltage source) and the N-type side is

connected to the negative terminal of the battery (as shown in Fig.3).

Holes b
- r“ N-type

» VpOSHH?IOn
+| 1 — :——-—-"

Fig.(3): Forward biasing

From the figure, it can be seen that the polarity of the battery is opposite to
the polarity of the potential barrier. The potential barrier is designated by (¢) and
the battery voltage is designated by (V). So the net voltage applied to the diode is
V-¢ start with small value of V, smaller than ¢ , the effect of the potential barrier
still exists and no current passes through the diode. Current starts to flow when V
is greater or equal to ¢. This means that the applied voltage overcomes the
potential barrier, and current starts to flow. The free electrons in the N-region will
be attracted towards the positive terminal of the battery crossing the junction into
the P-region to the battery. At the same time, holes in the P-region are attracted
towards the negative terminal of the battery. On crossing the junction, the holes
and electrons neutralizes the negative ions and the positive ions, respectively. This

cancels the potential barrier also reduces the width of the depletion region.



The current versus voltage can be plotted as shown below:
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Fig. (4): 1V curve of a forward biased diode

b- Reverse Biasing:

In reverse biased p-n junction diode, the positive terminal of the battery is

connected to the n-type semiconductor material and the negative terminal of the

battery is connected to the p-type semiconductor material. (as shown in Fig. 5).



https://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor/extrinsic-semiconductor/n-type-semiconductor.html
https://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor/extrinsic-semiconductor/p-type-semiconductor.html
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Fig. (5): Reverse Bias of PN junction

As it can be seen in the figure, the polarity of the battery is the same as the
polarity of the potential barrier; this means that the voltage of the battery enforces
the potential barrier. The positive voltage applied to the N-type side attracts
electrons towards the positive electrode and away from the junction, while the
holes in the P-type side are also attracted away from the junction towards the
negative electrode. If the reverse biased voltage applied on the p-n junction diode
is further increased, then even more number of free electrons and holes are pulled

away from the p-n junction. This increases the width of depletion region. Hence,

the width of the depletion region increases with increase in voltage. The wide
depletion region of the p-n junction diode completely blocks the majority charge
carriers. Hence, majority charge carriers cannot carry the electric current.
However, a very small reverse leakage current does flow through the junction

which can normally be measured in micro-amperes (LA), see fig. 6.


https://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor-diodes/depletion-region.html
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Fig. (6): IV curve of a reverse biased diode

For voltages less than the knee voltage there is no current (or very small)
across the diode. The application of a forward biasing voltage on the junction
diode results in the depletion layer becoming very thin and narrow which
represents a low impedance path through the junction, thereby allowing high
currents to flow. This is what is called the KNEE point of the curve (Knee voltage
Is the barrier potential). Continue to increase the forward-bias voltage, the current
continues to increase very rapidly.

When V < no current,

V > ¢ current increases as the voltage increases, but voltage cannot be
increased indefinitely.

Remember that the current passing through the diode will heat the diode and
this will break the covalent bonds and generate electron-hole pairs. If this
continues, the crystal structure of the semiconductor will breakdown and this will
destroy the diode. This means that there is a maximum forward voltage that can be

applied across the diode, exceeding this value will destroy the diode.



5. 1-V (Current-Volt) Characteristics
The diode has:

% When forward biased: very low resistance, no depletion region, current
passes through the diode.

s When reverse biased: very high resistance, broad depletion region, no
current.

+ - = +
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Open circuit
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As it can be seen from Figure (7) the relation between current and voltage is
not linear which means that the diode does not obey Ohms law (where the relation
between voltage and current is linear). So the diode is a non-linear element. The

resistance is not constant during the operation of the PN junction.
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Figure( 7 ): IV characteristic curve of a diode.




A diode conducts current in one direction only and that is when it is forward
biased (its resistance is very small), but there is no current when it is reversed
biased (it has very high resistance).

A- ldeal Diode

The ideal diode: we can make this easier by ignoring the voltage drop and
the resistance. So the ideal diode has no voltage drop across it, it has zero
resistance when it is forward biased and oo resistance when it is reversed biased.
Now, we can consider the diode as a switch which is closed when it is forward
biased and so current can pass through it and it is a closed switch when the diode is

reversed biased (its resistance is o).

Current (1)
current A
q\ IF
closed T
— Forward bias
VR — —p \/F
< > \oltage (V)
(_ voltage
B 9 Reverse bias l
Ir
—
A 4
open Fig: V-l characteristics of ideal diode
Ideal diOde Copyright @ Physics and Radio-Electronics, All rights reserved
B- Real Diode

It can be represented by a battery (signifying the potential barrier) and a
resistance. When it is forward biased the voltage drop across it is either 0.7V for Si

or 0.3V for Ge, and the resistance is very small. The resistance is very large when

Current

the diode is reversed biased.

__il_,v‘\‘/\,_.

Voltage

T

Real diode




Example-1: Find the current in the
given circuit if the barrier potential is
0.7Vand the resistance of the diode is 30Q.

Sol.:

First we must check if the diode is forward biased or reverse biased.

Since the anode is connected to the (+) end of the battery, and the cathode to the (-)

end of the battery, hence the diode is forward biased.

V=IR
10-0.7 =1 * (20000 +30)
1=0.464 mA This is the case of a real diode

If we assume that the diode is ideal. Then $=0 and R of the diode = 0.

V=IR
10=I * 20KQ
1=0.5mA

Example-2: Show the biasing on each diode in the given circuits.

2

W
Dy
— 12V

Dz!
42

Fig. 3 (a)



The cathode of D1 is connected to the (+) end of the battery and its anode is
connected to the (-) end of the battery. So the diode D1 is reversed biased (it is an
open switch). The cathode of D2 is connected to the (-) end of the battery and its
anode is connected to the (+) end of the battery. So the diode D2 is forward biased

(it is a closed switch). The circuit becomes as shown.

!
+

L ¥

6- Zener diode

A Zener diode consists of a special, heavily doped PN-junction, that is
designed to conduct in the reverse direction when a certain specified voltage
(Zener breakdown voltage) is reached, without getting damaged.

Zener diode permits current to flow in either a forward or reverse direction.
It operates just like the normal diode when in the forward-bias mode, and has a
turn-on voltage of between 0.3 and 0.7 V. However, when connected in the reverse
mode, which is usual in most of its applications, a small leakage current may flow.
As the reverse voltage increases to the predetermined breakdown voltage (V,), a
current starts flowing through the diode. The current increases to a maximum,
which is determined by the series resistor, after which it stabilizes and remains
constant over a wide range of applied voltage. Additionally, the voltage drop
across the diode remains constant over a wide range of voltages, a feature that
makes Zener diodes suitable for use in voltage regulation. This schematic symbol

for a Zener diode is shown above

Schematic Symbaol | q




The Zener diode conducts in the reverse direction, if the voltage applied is reversed

and larger than the Zener breakdown voltage.

AC and DC voltage

A A

The DC voltage have a constant magnitude and flows in one direction i.e.
have the same polarity either negative or positive. While the AC voltage have
variable magnitude and direction. As seen in the figure above. The dc voltage is
described fully by stating its magnitude and polarity. The AC voltage is described
fully by stating it magnitude (Vp, Vpp, or Vrms) frequency and wave shape (sine,

sawtooth, rectangular, square).

voltage
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Lecture 3

Special Diodes
There are many types of diodes include:

1- Light Emitted Diode (LED).
2- Schottky Diode.

3- The Varactor.

4- The tunnel diode.

5- The photodiode.

6- The thyristor.

1- Applications of Diodes

The important applications of diodes are

1- Clipper Circuit

2- Clamping Circuit.

3- Voltage Multipliers circuit.
4- Logic Gates.

5- Rectifier Circuit.

2-1 Clipper Circuit
Sometimes, in radar, computers, and other applications it needs to CLIP or
to CUT part of a single either positive or negative part. Here the diode act as a

switch in order to clip the ac input voltage, Figure (1).
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Action of the circuit

During the positive half cycle of the input voltage, the diode is forward

biased, considering ideal diode, it will act as a closed switch and so the output

voltage is zero.

During the negative half cycle, the diode is reversed biased and so it will act

as an open switch so the whole input negative half cycles will appear at the output
across. Illustrated in Fig.2 .

-I—p, RL

T Sy S ——,
Qutput waveform

vwsics and Radio-Electronics Fig. 2 positive and negative Clipper

Dual (Combination) clipper

2-2 Clamper Circuit

A clamper is an electronic circuit that changes the DC level of a signal to the
desired level without changing the shape of the applied signal. In other words, the
clamper circuit moves the whole signal up or down to set either the positive peak
or negative peak of the signal at the desired level.



A positive clamper circuit (Fig.3a) adds positive dc component to the input signal

to push it to the positive side. When the signal is pushed upwards, the negative

peak of the signal meets the zero level.

Similarly, a negative clamper circuit adds negative dc component to the input

signal to push it to the negative side. When the signal is pushed downwards, the

positive peak of the signal meets the zero level.

Input waveform

AL Mol
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| |

Positive clamper

Fig. 3a positive Clamper

.........

Input waveform

t

---3- DC level l

Qutput waveform
Negative clamper

Fig. 3b positivenegative Clamper

A capacitor is used to provide a dc offset (dc level) from the stored charge.



Action of the circuit: Positive Clamper

The positive clamper is made up of a voltage source V;, capacitor C, diode
D, and load resistor R.. In the below circuit diagram, the diode is connected in
parallel with the output load. So the positive clamper passes the input signal to the

output load when the diode is reverse biased and blocks the input signal when the

diode is forward biased.

During the negative half cycle of the input AC signal, the diode is forward biased

(it acts as a closed switch) the diode allows electric current through it, no current
passes through RL and hence no signal appears at the output (see the adjacent
figure). This current will flow to the capacitor and charges it to the peak value of
input voltage V,,. As input current or voltage decreases after attaining its maximum
value -V, the capacitor holds the charge as long as the diode remains forward
biased.

During the positive half cycle of the input AC signal, the diode is reverse biased

(acts as an open switch) and hence the signal appears at the output. The input
current flows towards the output (Fig.3a).

When the positive half cycle begins, the diode is in the non-conducting state and
the charge stored in the capacitor is discharged (released). Therefore, the voltage
appeared at the output is equal to the sum of the voltage stored in the capacitor
(V) and the input voltage (V) { l.e. Vo = Vot Vi, = 2V, } which have the same

polarity with each other. As a result, the signal shifted upwards.

2- Voltage Multipliers Circuit
It is a special type of diode rectifier circuit which can potentially produce an
output voltage many times greater than of the applied input voltage. Example

voltage doubler, voltage tripeler, quadrupler,....etc.


https://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor-diodes/reversebiaseddiode.html
https://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor-diodes/forwardbiasedpnjunctionsemiconductordiode.html

e.g. Although it is usual in electronic circuits to use a voltage transformer
to increase a voltage, sometimes a suitable step-up transformer or a
specially insulated transformer required for high voltage applications may not
always be available. This circuit is a type of AC-to-DC converter, an AC-to-DC
boost converter. The circuit intakes an AC voltage signal and gives a larger DC
voltage output. By using combinations of diodes and capacitors together we can
effectively multiply this input peak voltage to give a DC output equal to some odd
or even multiple of the peak voltage value of the AC input voltage.

In this section, the voltage doubler circuit will take as an example. A voltage
doubler circuit is a circuit in which the amplitude of the output voltage is double
the amplitude of the input voltage. This circuit can be a half-wave or full-wave

doubler circuit.

v ~ . V.. I
[y 2V
| \ / =V, GD 0: ¥ Vezeiom  v,= v
L\ L W )

nputl wavelform 0

Figure| &4 ): Half-wave voltage doubler.

Action of the circuit:

During the positive half cycle of the AC input voltage, diode(D,) is forward biased
so IT acts as a closed switch while diode(D,) is reversed biased and so it is an

open switch. The circuit can be redrawn as in the figures below.
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So the capacitor C; will be charged to the peak value of the input voltage,
V... During the negative half cycle, (D;) will be reverse biased (open switch),

While D,is forward biased (closed switch). See the figures below.
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The capacitor C; will not be charged. A charge of (V,,) is stored in this capacitor.
Now, C, is in parallel with C, (with a stored charge stored of V,,) and the input
supply voltage of peak value of V.. The capacitor C, charges to a value 2V,
because the input voltage V., and capacitor C, voltage V,,is added to the capacitor
C,. Hence, during the negative half cycle, the capacitor C, is charged by both input
supply voltage V., and capacitor C; voltage V., Therefore, the capacitor C, is
charged to 2V,.. If a load is connected to the circuit at the output side, the charge

(2Vy,) stored in the capacitor C,is discharged and flows to the output.



The shape of the output voltage can be seen in fig. (4). It is DC rectified voltage

not AC, since it is of one direction but its value is variable.

3- Logic Circuit
Diodes can perform logic operations such as AND, OR, etc. (these are what are
called logic gates). In such gates the diode again acts a switch, open or closed

according to the biasing applied to it. We will take the OR logic gate as an example
Fig. (5).

D1
Input 1 ' I Fig.5 OR gate
Input 2 —-H—_n— output

Input 1 and 2 can either be high voltage or low voltage and according to this,
the biasing on each diode is determined. The cathode of both diodes is connected
to earth via the resistance e.g. it is at O volt. if input 1 and input 2 are at low
voltages, both diodes are reversed biased and so act as open switches and the
output remains at 0 volt. If input 1 is at high voltage and input 2 at low voltage,
then D; is forward biased and acts as a closed switch, while D, is reversed biased
and act as an open switch. So the voltage at input 1 will appear at the output. These

two cases are represented in the figures below.

O e #5V/ s
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4- Rectifier Circuits

Now we come to the most popular application of the diode: rectification.
Simply defined, rectification is the conversion of alternating current (AC) into
direct current (DC). This involves a device that only allows one-way flow of
electric charge. As we have seen, this is exactly what a semiconductor diode does:
it allows current to flow in only one direction only. Therefore, if an alternating
waveform is applied to a diode, then it will only allow conduction over half the
waveform. The remaining half is blocked.

The simplest kind of rectifier circuit is the half-wave rectifier. It only allows
one half of an AC waveform to pass through to the load. The other kind is the full-
wave rectifier circuit, where both halves of the input voltage will have the same

direction at the output (Fig. 6).

) Half-wave Full-Wave
N /| rectifier 7N\ a Rectifier
|" Y 7 - “t | circuit | Yo Circuit

Figure( 6 ): rectifier circuits

Half-wave rectifier circuit:

This circuit is shown in Fig. (7). the diode is considered as ideal diode (as

explained before).

>t S
' i S 1‘|.||r|r-| T T e S —
\ Vout
C\/ RL
. o
L
Figure( —,'I. ): half-wave rectifier. Vin = input voltage
Vout = output voltage




During the positive half cycle of the input voltage, the diode is forward biased, acts
as a closed switch (Rp=0,Vp=0). So this half of the input voltage appears across

the load resistance (R.), as shown in the figure below.

O

@ %RL Vout
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O

During the negative half cycle, the diode is reversed biased, it is an open switch.

So no current passes through RL and so the output voltage is zero.

/ M\
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J \ .l \.
I ‘\ Ir ‘1 I’
\ J J
Therefore, the output voltage from this \ "/ \ "/
A \V
circuit has only the positive halves of the
- - - /\I
input voltage. The full wave rectifier will “i\\ £\
N : f /T
be explained in the next section. " A . A
Rechhied Oulput Wavelormn
No Negative Half-cycle




Power supply

A power supply unit converts the alternating voltage current (AC) into direct
current (DC). Alternating voltage periodically changes its value and polarity.
While the direct voltage has the same polarity and the same value. So to change
AC to DC, its direction must be the same and we must cancel the variation in its

value. This is done through many stages as seen in Figure (8).
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Figure ( (k ): Block Diagram of a Power Supply Unit

Parts of the power supply:
1. Transformer. An input step-down transformer.

2. Rectifier. to convert the AC components, present in the signal to DC
components.

3. Filter. to smooth the variations, present in the rectified output.

4. Regulator. to control the voltage to a desired output level.

5. Load. The load which uses the pure dc output from the regulated output.



Transformer

A step-down transformer is used to reduce the voltage from 220V of the AC
line mains to a value suitable for the diodes used. when a transformer is connected
In a circuit, the input supply is given to the primary coil, the secondary coil is
connected to the rectifier circuit. Depending upon the number of turns in the
secondary winding, a transformer can be classified either as a Step-up or a Step-
down transformer. Clearly a step-down transformer is used here.

The output voltage from the secondary coil is the input voltage to the next
circuit which will referred to as V,. Usually this voltage is expressed in its rms
value (V2rms).

Rectifier circuits
There are two types of rectification, half-wave and full-wave.
The circuits are:

e Half-wave rectifier.

e Full-wave rectifier.

Two circuits are used here

1- Full-wave rectifiers using a centre tapped transformer.

2- Full-wave rectifiers using bridge circuit.

The output voltage from the rectification circuit is a wave of one direction (same
polarity), either positive or negative, but its value is not constant. So it is AC in the
sense that its value is variable but it is DC since it has the same polarity. It can be
looked at as DC with AC components. For this reason, this voltage is called the

pulsating DC voltage or rectified AC voltage.



Half-wave rectifier

We have already explained the action of this circuit and we saw that the
output voltage is only half waves of the input voltage, either the negatives or the

positives.

=l — o
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Rectfied Oulput Waveforn

No Negative Half-cycle

The dc output voltage: The AC output voltage (Vac out) has the same peak voltage
as the input voltage, which is the output voltage of the transformer from the
secondary coil(V,P).
Vp = \2 Vrms
Vacout = V2P
Vi out = Vacout/ T
=Vyp/n
Ve out = V2 Vorms / T



We should also know the relation between the frequency of the output voltage and
that of the input voltage. As seen from the figure below, t, which the period of the
wave, is the same for both voltages so the frequency which is 1/t is the same. So

fout = fin

t | - ]
Vap . oz VEP

The DC current that passes through the diode is the same as the current
passing though the load resistance (RL).

lac = Ipiode

lac = Vgcout / RL
Peak inverse voltage (PIV): during the negative half cycle of the input voltage, the
diode is reversed biased so it does not conduct. The voltage across it in this case is
called the peak inverse voltage.
As seen in the figure below, which illustrates the state of the circuit during the
negative half cycle of the AC input voltage. It is clear that the diode is reversed
biased, so no current passes through the circuit, (through RL ) hence there is no

voltage drop across RL. therefore, all the output of the secondary coil appears

across the diode.

PIV = Vs ; —p 0
| %
Al .
=

-




Example: For a half wave rectifier, the ac output voltage from the secondary

coil of the transformer is 40V. Calculate:

1. The dc voltage across the load resistor. H
40V
RL=20Q

2. The peak inverse voltage across the diode. ‘
Q

3. The dc current through the diode. L

1- Usually the voltage stated for the output of the transformer is the rms value,
unless otherwise stated.
Vicout = Vacout / T
=Vxyp/n
Ve out = V2 Vs / T
=\2*40/m
Ve out =18V

2- PIV = Vo = V2 Vs
=2 * 40
PIV = 56.6V

3 Idc IDlode
Idc = Vdcout/ RL

= 18/20 = 0.9A which the DC current passing through the diode.
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Peak to peak value: it is the sum of the positive peak and negative peak values
usually written as pp value.

Peak value and maximum value: it is the highest value reached by the current in
one cycle.

Root Mean Square (RMS) value: also called the effective value. It is the value of
the current of 6=45° which equals to 0.707 1.

Peak Inverse Voltage (PI1V): the maximum reverse voltage across the diode
during the cycle.




2- Full-Wave Rectifier using centre-tapped (CT) transformer

What is centre-trapped transformer?

Secondary coil of the transformer is divided, at the “centre tap”, into two
halves of the same number of windings, this means that the voltage from each half
is equal to the voltage from the second half, but is 180° out of phase with each
other. At the centre tap the voltage is 0. This allows the transformer to provide two
separate output voltages which are equal in magnitude, but opposite in polarity to
each other. In this case both half-cycles of the input are utilized with the help of

two diodes working alternatively. Figure below.

Positive Half Cycle

Input AC Signal Output DC Signal

Figure shows the full wave rectifier



Operation

At the positive half cycle of the secondary voltage, D; (upper diode) is
forward-biased and the lower diode is reversed biased. Therefore, D; is conducts
and current flows through the load resistor.

During the negative half cycle, currents flow through the load resistor, D, is
conducts. So we find that current keeps on flowing through R_ in the same
direction in both half- cycles of the AC inputs.

v |
AJZ b1 :TFQ" . e |Se
3lE: YE- E:
‘_—’!ﬁ_‘ Lf_
Equations =
Vap =Vims/1.414
V, —t ——
V=0. 636V0ut(rm5):2/ nvout(rms) :
' / ‘ t
Vour= Vapl2 |
I:out=2 I:in
PIV=V,

| diode=ac/2 Vo r e _t/g




Example: For a full wave rectifier using a CT transformer, the ac output voltage

from the secondary coil of the transformer is 40V. Calculate:

1. The dc voltage across the load resistor.

_ L gl
2. The peak inverse voltage across the diode. QJ . D1 %RL
3. The dc current through the diode. :?” -
1_ Vdcout= Vacout/ = VZP/ n ‘
Vdc out= '\/-2 VZrms/ T[ - T |
=v2X40/m -
Vdcout=18V

2- PIV = V,,= V2 Varms
=/2 X 40
PIV = 56.6V

3- lee= Vaeon/RL
=18 /20=0.9A
|dc=2 ldiode
Idiode=|dc/2
lgose=0.9 /2
=0.45A

3- The Bridge Rectifier

Bridge rectifier is the most widely

used of all rectifier circuits. Al D /K D,

Four diodes are connected in a bridge 2= Vap { >_
configuration. In contrast to the previous Sle D, o,
rectifier where two diodes were used. | Y N




Operation

During the positive half cycle of secondary voltage, diodes D, and D, are
forward biased (ON) as shown in figure below, while diodes D; and D, are
reversed biased (OFF). Because of this electrons flow up through D, to the right

the load resistance, and up through D; (conventional flow in the opposite way).

During the positive half-cycle of the
input AC voltage

During the negative half cycle, diodes D3 and D, are conducting, while
diodes D; and D, are (OFF), this time electrons flow down through D3 to the right

through the load resistance, and down through D,.

E N 21 a0l 3E
[__j’|r ] [

During the negative half-cycle of the
input AC voltage

During either half cycle, the electron flow is to the right through the load
resistor, because of this the pulse minus polarity of load voltage is the same. This is

why the load voltage is the full-wave signal.



Equations

Vicout = 2Vac out/ nvout: VZP/2
VdC:2 Vzp/ TT

Vicout = 2\/2 Vaorms/ Tt
l:out=2 I:in

PIV=Vy

lgiode=lac/2

Example: For a full wave rectifier using a bridge circuit, the ac output voltage
from the secondary coil of the transformer is 40V of 50Hz frequency. Calculate:

1. The dc voltage across the load resistor.

2. The peak inverse voltage across each diode.

3. The dc current through each diode.

4. The frequency of the output voltage>

1- V2p =56.6V
Vout(peak): V,p =56.6V
Vi=2 Vop! T=36V

2- PIV= Vzp =56.6V

3- 1&c=V4/RL =36VV/20Q0=1.8A
Idiode: 1.8/ 2 =0.9A

4- 1:out: 21:in
fout= 2 X50 = 100Hz



Comparing the three circuits trough the results of the three examples

Vdc out Idc Idiode PIV 1Eout
Half-wave rectifier = V,p=18V 0.9A | 0.9A 56.6V =f,
Full-wave rectifier =V,p =18V 045A | 0.45A | 56.6V | =2f;,
using CT
transformer
Full-wave rectifier =2V,p=36V 0.9A | 0.9A 56.6V | = 2f;,
using bridge circuit

From the above table it can be seen that:
1. Using the same transformer in the three circuits, the peak
inverse voltages are the same for the three circuits.
2. The full-wave rectifier using bridge circuit produces the largest
dc voltage. The only disadvantage of this circuit is its use of a
bridge circuit (the use of four diodes).
It can Dbe concluded that the best rectifier is the full-wave using

bridge circuit. In fact, this circuit is the most widely used circuit for rectification.

Filter

The main function of a filter circuit is to minimize the ripple content voltage
(AC component) in the rectifier output. It is a circuit that converts a pulsing output
from a rectifier into a very steady DC level. So it helps to remove the ripple. Many

filter types are excited but we will focus on the capacitor filter.
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Ripple

(b) Full-wave




The figures above show the action of smoothing the output voltage for (a)
half wave rectified voltage and (b) full wave rectified output voltage.

As the voltage increases, the capacitor charges, as the voltage decreases, the
capacitor discharges, it continues discharging until the voltage increases again, the
capacitor starts to charge again. From the above figure, it is clear that the ripple

voltage (Vrp) is less for full wave rectification.

LARGEC
long time constant
slow discharge SMALLC
short time constant
\ fast dicharge

The rate of discharge depends on the time constant RC. Long time constant
(large value of C) means slow discharge; Vppis less i.e. the ripple voltage is less.
Small C will give low time constant which means fast discharge, Vpp is high. This
means that a high value of C (high RC time constant) leads to lower ripple of the
output voltage. This means that the change in the value of the DC output voltage
has decreased (the ripple voltage has decreased). The output voltage is almost a

DC voltage equal to the peak value of the input voltage.



Edcout = Edc + VPP/2

Ripple factor(r): This is a measurement of ripple. It gives an indication

of how efficient the filter is in removing the AC components present in the output
voltage. Ripple Factor is defined as the ratio of the rms value of ac component
present in the rectified output to the average value of the rectified output. Its value

should be less than one.

) RMS value of AC component present in Rectifier Output
Ripple Factor (r) =

Average Value of Rectifier Output

A high ripple factor means that there is high ripple in the output voltage
(undesirable case). The output voltage should be of constant value that is the ac

components (ripple voltage) should very small; this requires a small ripple factor.

Ripple factor of a capacitor filter:
r=1/2\3.C R, f

for small values of r, the time constant must be high and this is done either by a

large C or a large R, .



Voltage Requlator

The change in voltage from no load to full-load condition is called voltage
regulation. The aim of the voltage regulation circuit is to reduce these variations to

zero, or at least, to the minimum possible value.

One way to stabilize or regulate the DC load voltage is by using Zener diode

across the load resistor as shown in figure below.
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Amplification and Voltage Amplifiers

1- Introduction

An amplifier is an electronic device or circuit which is used to increase the
magnitude of a signal (voltage, current or power) applied to its input. In this
chapter we will concentrate on the amplification of voltage (voltage amplifier).
The components that can be used for amplifications are the transistor and the field
effect transistor.

So the output voltage of a voltage amplifier is so many times (amount of
amplification) the input voltage. Nothing else of the signal characteristics
(frequency and shape) should be changed. The output voltage should be exactly a
multiple of the input voltage i.e. if the amplification is 10 times, then the output
voltage should be ten times the input voltage. The amount of amplification is
called the gain of the amplifier (in our case we mean the voltage gain). It is defined

as the ratio of the output voltage to the input voltage.

_ Voutput
AV a Vinput
[Small Input Amplification Stage Larger Quiput
Signal I, T Signal
- R e]
O —=—
ﬂ\_f T v |BEEe . "
Input T
O —
'."_J

Fig.1 diagram of ideal amplifier




Characteristic of an ideal amplifier
1. Voltage gain =00

2. Input resistance =oo

3. Output resistance=0

4. No noise with the output voltage
5. No distortion of the output voltage
6. No change of frequency

7. Infinite bandwidth.

Amplifier of gain Ae

.Vs /\/ Hi Vin 669 RL Vout

Fig.2 an equivalent circuit of an amplifier

1,2,3- Rj and R, represents the input resistance and the output resistance.
Vs: A source of AC voltage.
Rs : resistance of voltage source, it connected to the input of the amplifier i.e. the
output voltage from this source is to be amplified.
The output amplified voltage appears across a load whose resistance is R,.
As seen from the figure, R; is connected in parallel with the input voltage source
and Ry, 1S connected in series with R,.
For a certain value of R;, it draws current from the voltage source, this

means that there is a voltage drop across R; which is subtracted from Vs and so



decreasing it. (Vs — Vi) is Vin, the input voltage to the amplifier to be amplified.
So R; must be very large (=oo in the case of an ideal amplifier) so that it will not
draw any current from the voltage source and all Vs will be amplified.

Rout, Which is connected in series with R, should be very small (=0 in case
of ideal amplifier) so that the voltage drop across it is very small (=0 in case of
ideal amplifier), so a very small voltage is lost from the amplified voltage that will
pass through to the load.

2-No noise: Noise here means any undesirable voltage. In the case of voltage
amplifiers, the output voltage must be the gain of the amplifier times the
input voltage, but the output voltage may be larger than this. This is due to
any voltages inside the amplifier (called noise) that are not the input voltage
which will be amplified and thus are added to the output voltage.

3- No distortion: Distortion is the change of the wave shape. For a voltage

amplifier, if the input voltage is a sine wave, the output should be a sine
wave as well, a replica of the input voltage.
4- No change of frequency: the frequency should stay the same as the

frequency of the input voltage.

5- Infinite bandwidth this means that the gain of the amplifier must the same
for all the input frequencies i.e. the amplifier amplifies all the voltages
irrespective of the frequency, the gain is constant for all the input

frequencies.

1- Transistors
The transistor is a semiconductor crystal with three doped regions like the

NPN transistor fig.1. The bipolar transistor structure consists of three alternating



layers of n- and p- type semiconductor material. These layers are referred to as the
emitter (E), base (B), and collector (C) of the transistor.

The emitter is heavily doped,; its job is to emit or inject electrons into the base.

The base is lightly doped and very thin, so as to decrease recombination to a
minimum, it passes most of the emitter-injected electrons on the collector.

The collector is largest of the three regions because it must dissipate more
heat than the emitter or base, the doping level of the collector lies between that of

the emitter and the base.

Emitter o————— N P N o Collector

Base

e

L

n

Fig.3 NPN transistor structure

The transistor in the two figures has two junctions, one between the emitter
and the base, and another between the base and the collector. Because of this, a
transistor is similar to two diodes connected back to back. We call the diode on the
left the emitter-base diode, or simply emitter diode. The diode on the right is the

collector-base diode or the collector diode. Fig. 4.
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n-type ptype n-type

Ermither Emitter Base Collector Collector
(E} region regicn regicn (eh
)
i Rase
Emitter-Base (B Collector-Base
Junction ’ Junction

(EB) [CE

Fig. 4 NPN transistor
2- Schematic Symbol

An arrow head points in the easy direction of conventional flow. The electrons

flow against the arrow head. Remember that the arrow head points to where the
electrons are coming from. Fig.5

If the arrow is going out of the base, the transistor is an NPN.

If the arrow is pointing to the base, the transistor is a PNP transistor.

E rmitler

- + s -
(B » PPl A~ ||

Emittzr
Collector Coallechor
Bl Baraar

PMP Collector MPN , Collector

Base Base

Emitter Emitter

Fig. 5 Transistor Symbol

3- Biasing of Transistor

In order to let the current pass through the transistor, | will need two biasing.
The forward bias is applied to the emitter diode; free electrons in the emitter have

not yet entered to the base region. If the applied voltage exceeds approximately



0.7V, many free electrons will enter the base. The free electrons in the base can
now flow in either of two directions, down the thin base into the external base lead
or across the collector junction into the collector region.

The thin and lightly doped base gives almost all of these free electrons enough
time to diffuse in to the collector before they can recombine with holes in the base.
The free electrons then flow out of the collector in to the positive terminal of the
collector supply.

Remember

1- For normal operation, forward-bias the emitter diode. Vee>Vge. So EB has

low resistance.

2- Reversed-bias the collector diode, in order to pass Ig. That will let I¢ to

flow through the circuit. The potential barrier of this junction is Vcg. So
CB has high resistance.
3- Collector current is almost equal to emitter current I¢ =Ig.

4- Base current is very small.

IB: IE - IC

4- Transistors Circuits

A-Common Emitter (CE) Circuit Characteristics

1- High voltage gain.
2- High current gain.
3
4
5

Phase reversal of the input voltage.

Low input resistance.

High output resistance.




B- Common Collector (CC) Circuit Characteristics

1- Voltage gain =1. C
2- High current gain. B t

3- High input resistance. E
- Mln = /

4- Low output resistance. in = v R
aul load
5- No reversal of the input voltage. \%

C- Common Base (CB) Circuit Characteristics

1- High voltage gain.

2- Current gain =1.

H load

3- Very low input resistance.

lI"'II-:'..‘IJ1

4- Very high output resistance.




Ve should be at least 1V or more to reverse-bias the collector diode of most Si
transistors, since there may be an additional few tenths of a volt dropped across the

bulk resistance of the collector-base region.
VCE = VCB +VBE (07 or 03V)

Vgg= is the base supply voltage.

Rg= is the current limiting resistance in the base circuit.

Vge= denotes the voltage between the base and emitter.

Vs> Ve by changing Vgg and Rg we can control the base current, which Ig

controls Ic.

Vcc= is the voltage between collector and emitter.

Rc= is the current limiting resistance in the collector circuit.
6- DC Beta

The collector current is large and the base current is small. The dc beta of a

transistor, also called the dc current gain for the CE connection.

Relation between oy and Bgc

The emitter current equals the sum of the collector current and the base

current;
le=lc+ g eeennnnnn. 4))
Dividing both sides by I. given
le/ le =1+ 1g/ lceuunnnnnn.. ()
But Olgc— IC/ Iz and Bdc: Is/ lc ceeinnnn. A3)
then by substituting 3 in 2
1/<>de:1+1/Bdc=ﬁ‘;‘;‘1+1 ............... 4) Or
Oge = 2% (5)
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7- Hybrid Parameters
(also known as h parameters) are known as ‘hybrid’ parameters is used to

represent the relationship between voltage and current in a_two port network. H

parameters are useful in describing the input-output characteristics of circuits.

The four h parameters of the CE connections are:

h;, = (aVBE) = input impedance (output short circuit) ().
o15 )y,

hse = (ﬂ) = forward current amplification factor.
alB 1%

R, = (6VBE)I = reverse voltage amplification factor.

h,. =1/output resistance

hae F Iz

A — o, R 2

3 I C' 2 T

'.ﬂI bk Vo sz ,»} {_\ ‘,f}}.l'- T ;“ LMo o
E E

Vge = fl (IB VCE) Jeaall 3 500 dalea

av, . v,
dVee = ( a'BE) dig + (avBE) Ve

Vpe = hie ip+ hre Vee

iC: s (lB VCE) C})ﬂ\ 5 yila Adalea


about:blank

o= (22) dip + (L) av,

iy g EZip

le = hfelB + hoe Vee

A= —% = voltage gain

L

e
Ai:hfe
Rin = hle

8- Output Characteristics

Fig. below shows the circuit needed to study the characteristic curves of a
transistor connected in the common emitter. These characteristics depicts the

relation between collector current Ic and collector —to —emitter voltage (V¢g) for

different values of base current Ig.

Vgg supplies the forward bias voltage for the base-emitter junction.

Vcc supplies the reverse bias voltage for the collector—emitter junction.




Fig: s Common emitter Output
characteristics

Ic Saturation Mode
mA

Active Mode —_—

Ig = 80 A

80
Iz = 60 pA

60
Iz = 40 pA

a0
Is = 20 pA

20 Is = 0 uA Cutoff Mode

| Vce

In general the output characteristic curves show the relation between the two
variables (Vcg,lc) of the output circuit (CE junction), in relation to the changes of
I in the input circuit (BE junction).So, we need to draw I¢ versus Ve for different
values of |5 .

How we began ?

e When Vg is zero, Ic is zero because the collector diode is not reverse-
biased. When Ve initially increases, I¢ increase rapidly. In this region both
junctions are forward biased, because Ve is less than 0.7V. (Curve 1 of
fig.6).

e The first step is to increase Vg S0 that Ve is more than the knee voltage
and notice the value of Ig. For this value, increase the value of V¢ and for
each value record the values of Ve and Ic. Fig.6

e As lgisincreased, the curves go up i.e. IC increases.

By this way, a set of curves (Figure (3.9)) is obtained of the relation between

VCE and IC (in the output circuit) for different values of IB (in the output circuit).
This shows the effect of the input circuit on the output circuit.

1- The saturation region



Also called the ohmic or the linear region, the relation between VCE and IC is
linear and obeys Ohm’s law. It is for small values of VCE. The almost vertical part

of the curves near the origin is called the saturation region.

2- The active region
Ic is constant irrespective of the increase of Ve values. It’s the region which
the curves are almost horizontal. Only if Ve beyond 0.7V the collector diode
becomes reversed-biased. When this happens, the collector current level off and
become almost constant. The emitter junction is forward biased. When a transistor

Is used as an amplifier, it must operate in this region only. The base current is:

lg=le-Ic
IEZIC'IB

In this region, changes in V¢ have little effect on Ic. To change Ic, you have to

change Ig.

3- Breakdown region
When the collector voltage is too large, the collector diode breakdown,
indicated by a rapid increase of collector current, here the excessive power

dissipation may destroy the transistor.

9- DC load Line
\') T, A i
— /
y -1 ’er
VCE )
" ? \ | T
0 L r-.-|||||.a-_|--u\l:I




Remember

1- The input circuit (between the base and the emitter) whose equation is
Ves=IgRe*+Vae
2- The output circuit (between the collector and the emitter) whose equation is
Vec=IlcRL+Vee

The load line will be drawn on the output characteristics curves of the transistor, so
the output circuit equation is relevant here. The voltage equation of the collector-

emitter circuit is

Vee=IcRi+Vee

Vee- Vee =IcRL
I = Vee _ Vee
¢ Ry, Ry,
I =— = Vep + Yee This is a straight equation
Ry Ry
y= - mx+b

by comparing the two equations

Icis on the Y-axis Vce s on the X-axis

Ic= ‘- RLJVCE + s
m b

You can notice the slope is negative (m). The b is the intersection point of the load
line on the y-axis.
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e A is the point of intersection at the upper end of the dc load line, it called

saturation point. At this point, the collector current is = %. where V¢g=0 S0
C

all Vcc is converted to current and it is the maximum current (saturation

current) that can pass through this circuit.
. B is the cutoff point, where Vce=Vcc, Where Ic =0 there is no current

through the transistor, it is not conducting, the transistor is cut-off.

e the quiescent point (Q-point), which is the intersection of the load line

with any of the characteristics curves.

Consider the following particular cases:

1- When 1c=0, Vcc=Vce CUTTOFF POINT



2- When V=0, Ic =ree SATURATION POINT

R¢
Q-point (Quiescent )
It is a point on the dc load line which represents values of I and Vg that
exist in a transistor circuit when no input signal is applied. It is also known as the

dc operating point or working point.

You can notice there are many Q- points that intersection the load line with

curve Iz =0. So how can we choose?

The best position of the Q-point should be at the middle of the curves at the
active region and in the middle of the active region (a position corresponding to the

middle of the load line). The Q-point is also known as the DC operating point.

15 saturation region
\ I;=04mA
Pr
10 Iz=03 mA
< active region
E | 2 lsa=0.2mA
-~ P e
2
S 1,=0.1mA
—
lca cutoff region :
Ig=0mA
1 ' \
5 10 15 20
Veea  Vee (V) {npn}

Fig.7
According to this the Q-point is chosen as seen in fig.7 which is the
interception of the load line with the curve of 13=0.2mA, So the position of the Q-

point in this example is at 1g=0.2mA, 1c=7mA, V=10V



The position of the Q-point is defined by three quantities: Isq, Icq, Vcea.

For the given circuit, the transistor
used is NPN-Si with  =100. Find the
position of the Q-point. Knowing that
Ie=20uA, R =4KQ, Vc=12V.

lc
B — TE‘
100=I¢ /20u lc=2mA
Vee=IlcRi+Vee
12=2m X4kQ + Vg V=4V

So the position of the Q-point is at: Vce=4V and Ic= 2mA

Example 2:
For the given circuit, the transistor is NPN-Ge transistor with p=150.The position

of the Q-point is at Vce=10V. Find the value of Rg. Knowing that Vgg=10V,
V=25V, R =3kQ

Vee=IcRi+Vee

25=lc X3kQ2 + 10 Ic=5mA

150=5m/lg Ig=33uA

Vge=IlgRg+Vge 10=33pu X Rg + 0.3 Rg=293KQ



After choosing the Q-point and knowing the dc values of voltage and currents at
the Q-point which are lgq, lcq and Vceq, an ac voltage to be amplified is introduced

to the circuit between the emitter and base (the input circuit), this will cause the Ig

to change according to the change of the input ac voltage, accordingly Ve and I

will change(in the output circuit) i.e. the Q-point, which is now called the

operating point, will change its position along the load line.

Ie=

R

when Ve = 0 (saturation)
Vac

>
&
: OCload %
Ic(mA) Line I, = 100uA
Z
A g —R S~ Ta=S90uA
s \&
e Is = S0uA
T, v s
\ \ \ Iy = 70uA
” > \ \ \A.-Suw«
y \\1.-5&»\
—
QP
\B
0’ ~ V'.l
I 2 53 ¢ 58 78 09,1008 1
Veia= 5.8V whenI.= 0
Ve =V

According to Fig. (7), the position of the Q-point is at
IBQZSOIJ,A, ICQ=4.8mA, VCEQ=5-8V-



An ac input signal is introduced such that it causes Ig to rise up to 80pA (peak
value in the positive direction) and go down to20uA(peak value in the negative
direction ) i.e. Iz=60uA, the Q-point has moved along the load line. As the Q-point
goes up to Ig=80uA, Ic changes from its dc quiescent value at 4.8mA to the peak
value at the positive direction = 8mA and down to the peak value in the negative
direction =2pA. But, as the Ig values increases from 50uA to 80uA, Ve will
decrease will change between 2V and 9.2V, (from 5.8V to 2V (the negative half)
and up to 9.2V in the positive half as Ig decreases to 20pA in the negative half).
This shows that when there a positive half cycle of the voltage at the input, there
will be a negative half of the voltage at the output, and vice versa. This explains
the minus sign of the gain, which is the 180° phase difference between the input
and the output voltage.

The 180° phase difference between the input and the output voltage.

I, = 130 pA

—
’

HO A




The input voltage should be of value such that the change of Ig is between points 5
and 6, which is the capacity of the amplification of the amplifier; otherwise

distortion will result (as will be explained later).

So far, the amplification process has been explained but still the circuit is not
suitable to be used as an amplifier for it lacks the correct biasing, which is
important for a fixed position of the Q-point and so to eliminate the effects of the
increase of temperature.

The position of the Q-point must not change (fixed values of Ig, lc, Vcg)
during the process of amplification. This is done by correct and suitable biasing of
the amplifier circuit (this will be discussed in the biasing section). Good biasing
and good position of the Q-point will ensure that the output voltage is the exact
replica of the input voltage (the output voltage waveform is the same as the input
voltage, only bigger, amplified).

Reasons for distortion of the output voltage

1- Incorrect position of the Q-point: this will cause clipping either on the negative
cycle (when the Q-point is in the lower half of the load line) or on the positive
cycle (when the Q-point is in the upper half of the load line).

2- Large input signal, higher than what the amplifier can amplify. In this case
saturation will occur. Clipping in both the positive and negative halves of the input

voltage occurs and the output wave is not a sine wave as the input. This can happen

even with correct biasing of the circuit.

,/N\ _ | \
Transistor / Y
Amplifier \ /

Transistor goes into
saturation




Lecture 7

Transistors

Stabilization

It is the process of making Q-point independent of temperature changes or
variation in transistor parameters. i.e. the aim of stabilization is to make the
position of the Q-point is independent of:

» Temperature changes.
> Individual variations (hybrid parameters).
» Thermal runaway

Temperature dependence of Ic & Thermal runaway

As mentioned before, the position of Q-point should be stable, hence no
change in its position, so the values of Ig, Ic, Vce should not change and stay fixed
at the value chosen, which should be change only when the AC voltage to be
amplified is introduced.

But in reality, this is not what happened, because the changes of temperature
will arise the minority carriers. The collector current is organized from the emitter

depending on the relation:

Ic = Blp

To this, is added a small current that is due to the minority carriers (leakage
current) which are produced because of the rise of temperature of the transistor. So

emitter current becomes:

lc =Bla+(1+P)lco



where ICO is the leakage current.

This leakage current causes many problems one of which is the instability of

the position of the Q-point. Therefore, a solution must be found to overcome this.

Thermal Runaway

>

>

As current passes through the transistor, its temperature increases, so
leakage current (Ico) will be produced

lco Is strong function of temperature. The flow of Ic produces heat
within the transistor and raises the transistor temperature further and
therefore, further increases in l¢o.

It doubles for every 10°C rise in temperature in case of Si. An increase
of Ico is magnified by (1+p). So even a very small Ico Will cause a
large increase of Ic.

This effect is cumulative and in few seconds, the Ic may become
larger enough to cause the destruction of the crystal structure of the
transistor burn out the transistor.

The self-destruction of an unstablized transistor is known as thermal
runaway.

Obviously, this process has to be stopped and this is done by the
thermal stabilization of the transistor circuit.

Stability Factor

The rate of change collector current I with respect to the collector leakage
current Icgo is called stability factor, denoted by S.

S=1+2

REg



Biasing

1. To eliminate one of the batteries, Vgg is eliminated.
2. Forward biasing on the BE junction must be maintain and so for the
reverse biasing of the BC junction.
Biasing a transistor means applying external voltages to produce a
desired collector current, because of the collector resistance R, the value of

Ve is less than the supply voltage Vcc.

There are many circuits to satisfy the aims of biasing and the thermal stabilization

(mentioned above) but the best is “the voltage divider self-biased circuit”

Voltage-Divider Self-Biased Common Emitter Circuit

The single stage common emitter amplifier circuit shown below uses what is
commonly called “Voltage Divider Biasing”. This type of biasing arrangement
uses two resistors as a potential divider network across the supply with their center
point supplying the required Base bias voltage to the transistor. Voltage divider

biasing is commonly used in the design of bipolar transistor amplifier circuits.

This method of biasing the transistor greatly reduces the effects of varying
Beta, (3 ) by holding the Base bias at a constant steady voltage level allowing for
best stability. The quiescent Base voltage (Vg) is determined by the potential
divider network formed by the two resistors, R, R, and the power supply

voltage V¢ as shown with the current flowing through both resistors.



O +Vce

O Vout

From this figure:
» Vg Was eliminated.

» Rpg1 & Rg, were added. They are connected to V¢ what is known as voltage
divider circuit.
» The voltage level generated at the junction of resistors Rg; and Rg, hold the

Base voltage (V) constant at a value below the supply voltage.

When the circuit is properly designed, the voltage across Rg, forward-biases the
emitter diodes and produces a collector current that is almost independent of .

This is the main reason for the great popularity of voltage-divider bias.

+Ver

Q-point




Equations

This bias reference voltage can be easily calculated using the simple voltage

divider formula below:
The voltage across Rg; is approximately, V¢ = voltage divider circuit

Vo Rep e, (1)

B2
RBZ_RBZ+RB1VCC

In this equation, the V¢ voltage connected to the circuit is supplies the
voltage to the input circuit hence Vg it is a part of Vcc with a certain partial
which is equal to the amount of the resistance Rg, to the summation of the self-bias

resistance (=R, + Rp,) because the resistance connected parallel.

The voltage across the emitter resistor equals:
Ve=Vrg, -Vee
VRg, =IcRg+Vgg oo (2) Input circuit (Ic~lg)

Therefore, the dc emitter current is

Iy = or Iy = S

Vee- Vee =IcRL

Vee=lc (R + Re )+Vee output circuit
R, — RB1RB2

B =
Rp1+Rp>

The benefit of Rg is to control the thermal stabilization.



EX1: what is the dc voltage from the collector to the ground?Rg;=10KQ,
R31=20KQ, RC=4KQ, RE=5KQ, VCC=30V

Vi
V12:V1-V2: IR

Rgl
Vce= Ve-Ve v
Vee-Ve=IcRL

VRBZ = ICRE + VBE

Rp;
Ver =I-Rr. +V,
Rpy+Rp1 cC C\FE BE

10KQ

10V-0.7V= I, (5KQ)
I, = 1.86mA

Vee=IcRe+Ve

Vee- Ve =IcRe
30V- Vc=(1.86mA)(4 KQ)
Vc=22.6V

EX: Design a voltage divider self biased common emitter circuit using Si NPN
transistor. The circuit is supplied with V=15V, and it biased at 1co=10mA
and Vceo=7V. Knowing that Re=330€2, and Rg=8.3KQ.

Vee= leg(RL+REe)+Veeq
15V=10mA(R, +Re)+7V
R|_+RE:800Q

R = 800Q2- Re=80002-33002=470Q2




VRBZ = ICRE + VBE

Vr,,=(10MA*470Q)+0.7V

Vsz =5.4V
Rp>
Vo =—>=—V
Re2 ™ Rp,+Rp, CC

5.4V= —2B2_ %15y

Rp>+Rp1

_Re2  _3p

Rp>+Rp1

Rp;
Ry = R
B B1
Rp1+Rp>

8.3K0=0.36R,
Rp;=23.1 KQ

Rg, =12.95 KQ

Important equations
V= IgRg+Vge (input)

Active region, Ic =Bqclp
This collector current produces a voltage drop of I.Rc a cross the collector
resistance. Therefore, the collector-emitter voltage is

Vee=Vee-IcRL

Vce=IcR +Vce (output)
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Transistor as a Switch

Transistor switches can be used to switch a low voltage DC device (e.g.
LED’s) ON or OFF by using a transistor in its saturated or cut-off state. When used
as an AC signal amplifier, the transistor is always operates within its “active”
region, that is the linear part of the output characteristics curves .Any point along

the load line can be used as the Q-point..

However, both the NPN & PNP type bipolar transistors can be made to
operate as “ON/OFF” type solid state switch by suitable biasing, so that only two
points are employed, the cut-off point (open switch) or the saturation point (closed

switch) the transistors Base terminal differently to that for a signal amplifier.

Solid state switches are one of the main applications for the use of transistor
to switch a DC output “ON” or “OFF”. Some output devices, such as LED’s only
require a few milliamps at logic level DC voltages and can therefore be driven
directly by the output of a logic gate. However, high power devices such as motors,
solenoids or lamps, often require more power than that supplied by an ordinary

logic gate so transistor switches are used.

The areas of operation for a transistor switch are known as the Saturation
Region and the Cut-off Region. This means then that we can ignore the operating
Q-point biasing and voltage divider circuitry required for amplification, and use
the transistor as a switch by driving it back and forth between its “fully-OFF” (cut-

off) and “fully-ON” (saturation) regions as shown below.



e . )
Saturation Regian
iten U{m‘ﬁ‘} (transistor “fully-OH7)
WRMEN Meg =
_ Mes R
o= 7/ 74
G0 j
50 ' _
d-point
- (active region)
30 ! Cut-cffiRegion
| '\ (transistar “fully-OFF )
20 {4 /
¥
[ B
10 — X 1. = 0
" A Ve (V
U 2 3 4 5 8 =4
Vezea Wihanlg = 0
Ves =V

1. Cut-off Region

Here the operating conditions of the transistor are zero input base current
(Ig), zero output collector current (Ic) and maximum collector voltage ( Vce)
which results in a large depletion layer and no current flowing through the device.

Therefore the transistor is switched “Fully-OFF”.

Cut-off Characteristics

p * Theinput and Base are grounded ( Ov)
L L » - Base-Emitter voltage Vg < 0.7v
= = p * Base-Emitter junction is reverse biased
Vo, = o p * Base-Collector junction is reverse biased
m Rip B Switn::rj » -« Transistor is “fully-OFF” ( Cut-off region )
E “open » * No Collector current flows (lc = 0)
—1_& L“” p +Vour = Vee = Vee = 71"
» -« Transistor operates as an “open switch”




Then we can define the “cut-off region” or “OFF mode” when using a
bipolar transistor as a switch as being, both junctions reverse
biased, Ve <0.7v and Ic =0.

2. Saturation Region

Here the transistor will be biased so that the maximum amount of base
current is applied, resulting in maximum collector current resulting in the
minimum collector emitter voltage drop which results in the depletion layer being
as small as possible and maximum current flowing through the transistor.

Therefore the transistor is switched “Fully-ON”.

Saturation Characteristics

Ve Voo » * The input and Base are connected to V¢
» * Base-Emitter voltage Vge > 0.7v
R, % = » * Base-Emitter junction is forward biased

» + Base-Collector junction is forward biased

. - Vog = +0Vau] } - Transistor is “fully-ON” ( saturation region )
e > B awitechl ¢ Max Collector current flows ( Ic = Vcc/R,)
E ‘closed] b« Ve = 0 (ideal saturation )
|V 1 W ] Gw]p °Vour=Vce=70"

» * Transistor operates as a “closed switch”

Then we can define the “saturation region” or “ON mode” when using a
bipolar transistor as a switch as being, both junctions forward
biased, Vge > 0.7v and Ic = Maximum. With a zero signal applied to the Base of
the transistor it turns “OFF” acting like an open switch and zero collector current
flows. With a positive signal applied to the Base of the transistor it turns “ON”

acting like a closed switch and maximum circuit current flows through the device.



The simplest way to switch moderate to high amounts of power is to use the
transistor with an open-collector output and the transistors Emitter terminal
connected directly to ground. When used in this way, the transistors open collector
output can thus “sink™ an externally supplied voltage to ground thereby controlling

any connected load.

Basic NPN Transistor Switching Circuit
The difference in this circuit is that to operate the transistor as a switch the

transistor needs to be turned either fully “OFF” (cut-off) or fully “ON” (saturated).
An ideal transistor switch would have infinite circuit resistance between the
Collector and Emitter when turned “fully-OFF” resulting in zero current flowing
through it and zero resistance between the Collector and Emitter when turned

“fully-ON”, resulting in maximum current flow.

In practice when the transistor is turned “OFF”, small leakage currents flow
through the transistor and when fully “ON” the device has a low resistance value
causing a small saturation voltage ( Vce ) across it. Even though the transistor is
not a perfect switch, in both the cut-off and saturation regions the power dissipated

by the transistor is at its minimum.

In order for the Base current to flow, the Base input terminal must be made
more positive than the Emitter by increasing it above the 0.7 volts needed for a
silicon device. By varying this Base-Emitter voltage Vgg, the Base current is also
altered and which in turn controls the amount of Collector current flowing through

the transistor as previously discussed.

When maximum Collector current flows the transistor is said to be Saturated. The
value of the Base resistor determines how much input voltage is required and

corresponding Base current to switch the transistor fully “ON”.
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Transistor as a Switch Example Nol

Using the transistor values of: = 200, Ic = 4mA and 1z—=20¢A, find the value of
the Base resistor (Rg) required to switch the load fully “ON” when the input

terminal voltage exceeds 2.5v.

RB — vm - VBE — 2.5‘?‘-0._2‘?‘ — QOkQ
I 20X10

Transistor as a Switch Example No2

Again using the same values, find the minimum Base current required to turn the
transistor “fully-ON” (saturated) for a load that requires 200mA of current when

the input voltage is increased to 5.0V. Also calculate the new value of Rg.

Transistor Base current:



Transistor Base resistance:

RB= Vm - VBE — 5.0'\!"'0_.37‘?‘ — 43I(Q
Ig 1x10

Transistor switches are used for a wide variety of applications such as interfacing
large current or high voltage devices like motors, relays or lamps to low voltage
digital IC’s or logic gates like AND gates or OR gates. Here, the output from a
digital logic gate is only +5v but the device to be controlled may require a 12 or
even 24 volts supply. Or the load such as a DC Motor may need to have its speed
controlled using a series of pulses (Pulse Width Modulation). Transistor switches
will allow us to do this faster and more easily than with conventional mechanical
switches.
Ce is called bypass capacitance, it connected in parallel with Rg to prevent

the A.C. current to inter this resistance. it has large capacity and very small
Impedance.

Ve
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Field Effect Transistor

Field Effect Transistor (FET) is a unipolar device and its operation depends
on only one type of charge carriers either holes or free electrons, thus FET has
majority carriers not minority carriers. While BJT has two types of charge carriers,

I.e. holes and free electrons and thus we call it a bipolar device.

The Field Effect Transistor, FET, is a three terminal active device that uses
an electric field to control the current flow and it has high input impedance which
Is useful in many circuits. It is a key electronic component using within many areas

of the electronics industry.

A FET is a voltage-controlled semiconductor device. Its advantages over

bipolar junction transistors are:

1- FET is a unipolar device. Transistor is bipolar.

2- FET is a voltage controlled device. Transistor is a current controlled device.

3- FET has very high input resistance. Transistor has low input resistance.

4- FET has small voltage gain. Transistor has higher voltage gain than the FET.

5- The gate in the FET is reverse biased. The base in the transistor is forward
biased.

There are two types of FET: Junction FET (JFET) and metal oxide semiconductors
(MOSFET)or insulated gate FET.



1- Junction Field Effect Transistor (JFET)

a) Structure

A JFET has a base semiconductor known as channel; it can be N or P-type. A
voltage supply across the ends of the channel causes the flow of current. The two
ends of the channel are known as source and drain. If the channel is N-type the
current is due to the electrons, while if the channel is P-type the current is due to
holes. The majority carriers enter the channel from source (S) and source current is
denoted as Is. The current entering the drain is denoted by Ip. The drain is positive
with respect to the source (drain to source voltage Vpg). If the channel is N-type
materials, two heavily doped p-type regions are founds on opposite sides of the
channel. Each of these p-regions is called a gate; they are connected together and
appear with only one terminal. There is no current in the gate because of the
reverse biasing on the gate —source junction. There is a junction between the gate
and the channel so there exists a depletion layer on both sides of the junction in the
channel and in the gate. The depletion layer on the gate side is of no importance
but the depletion layer in the channel side is of importance in the operation of the
JFET. Since the gate is on both sides of the channel the depletion layers on both
sides of the channel will reduce the width of the channel thus reducing the current

from the source to the drain.

DCirain

G512 e 2 e ves
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Geometry of JFET



https://www.circuitstoday.com/wp-content/uploads/2009/08/Geometry-of-JFET.jpg
https://www.circuitstoday.com/wp-content/uploads/2009/08/Geometry-of-JFET.jpg

Operation

¢ Figure below shows the normal polarities for biasing an N-channel JFET.

The idea is to apply a negative voltage between the gate and the source.

Since the gate is reversed-biased, only a very small reverse current flows

in the gate 14=0.

Gate (G)

A

4
Vs

+» The name field effect is related to the depletion layers around each PN

junction. Free electrons moving between the source and the drain must

flow through the narrow channel between depletion layers. The size of

these depletion layers determines the width of the conductive channel.

The more negative the gate voltage the narrow the conductive channel

becomes, i.e. the conductivity is reduced, because the depletion layers

get closer to each other. Therefore, the gate voltage controls the current

that flows between the source and drain. The more negative the gate

voltage, the smaller the current.
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b) Symbol and circuit configuration

JFET Channel
Construction

Source Source

N-channel JFET P-channel JFET

Fig. above shows the symbol and circuit for n- and p-channel JFET. For n-channel
JFET, Ip and Vps are positive and Vg IS negative.

¢) JFET Characteristics

The curves plotted between the current value at the drain and the voltage
applied in between drain and the source for different values of the gate-source
voltage are the output characteristic curve that are also referred to as the drain

characteristics.
The regions of the drain characteristics of the JFET are

1. Ohmic Region: When small values of Vgsthe depletion layer of the
channel is very small and the JFET acts like a voltage controlled resistor. It

Is also known as the linear region.



2. Saturation or Active Region — The JFET becomes a good conductor and
Is controlled by the Gate-Source voltage, (Vgs) while the Drain-Source

voltage, (Vps) has little or no effect.

3. Breakdown Region — The voltage between the Drain and the Source,
(Vps) is high enough to causes the JFET’s resistive channel to break down
and pass uncontrolled maximum current. But if the drain to source voltage
Is increased further then the device reaches the breakdown region in which

the drain current increases indefinitely.
NOTES

% Cut-off Region: This is also known as the pinch-off region were the Gate

L)

voltage, Vgs is sufficiently negative so as to cause the channel to close
making the drain current equal to zero. As the drain voltage is increased
the channel tends to become narrower and narrower and current at the
drain terminal gets smaller. At a particular drain to source voltage called
the pinch-off voltage the drain current reaches the saturation level. [Cut
off region is due to Vgs but the pinch off voltage is due to Vps).

% Pinch —off voltage V,: is the drain voltage above which the drain current
become almost constant for shorted gate condition. When the drain voltage
equals V,, the conducting channel becomes extremely narrow and the
depletion layers almost touch, further increase in drain voltage produce
only the slightest increase in drain current.

s Now if a negative voltage is applied to the gate terminal then, in that case,

the channel present at the gate reverse biases and the saturation current
starts decreasing further. At a particular gate voltage the device stops

conduction this is called the cut-off-voltage.



+ Shorted-gate condition- if the gate voltage is reduced to zero, the gate is
effectively shorted to the source. This is called the short-gate condition.

s lpss- it is the maximum drain current at shorted gate.

When Vgs= Ves(orn the depletion layers touch, cutting off the drain current.

Since V, is the drain voltage that pinches off current for the shorted-gate
condition. Vp:- VGS(Off)

In (mA)

L+4

|
54
|

4

|

|

}
10 15

Tranconductance

Iy = Ipgs [1 —‘:,—(f]z

Vesorn| = Ve




Drain-Source Channel Resistance

_ AVps 1
D 9m
Om = - 2Ipss [1_ Vas ]
m=
VGs(oFF) VGS(OFF)

Where: gn is the “transconductance gain” since the JFET is a voltage controlled
device and which represents the rate of change of the Drain current with respect to

the change in Gate-Source voltage.

d) JFET Biasing
1- Self-Bias

The idea is to use the voltage across the source resistor Rs to produce the gate-

V DD

source reverse voltage.
From the above fig., since Vgs is reverse voltage negligible I4 Ro
flows through Rg. Therefore, the gate voltage with respect to
ground is zero:
Ve =0 » »

The source voltage

V=I4R;

Ves=Ve-Vs=-14R; Vs =0

Rs make a reverse bias between the gate and the source and maintain the

value of 14 constant.



2- Voltage divider bias

VGS=VG_VS

for V. to be negative V>V,

O + Voo
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2-Metal Oxide Semiconductor FET (MOSFET)

The MOS (metal-oxide- semiconductor) transistor (or MOSFET) is the basic
building block of most computer chips, as well as of chips that include analog and
digital circuits. The MOSFET is a voltage controlled field effect transistor that
differs from a JFET in that it has a gate is insulated (by a metal oxide layer) from
the channel which is electrically insulated from the main semiconductor n-channel

or p-channel by a very thin layer of insulating material usually silicon dioxide.

Enhancement
Type

Depletion
Type

1- Depletion Type MOSFEET

Because the gate is insulated from the channel, one can apply negative or

positive voltages to the gate,



a/ IGFET region

To begin with, there is an N-region with a source and drain as in fig.a, T

as (+ve) voltage applied to the drain-source terminals forces free electrons n

to flow from the source to the drain. |
The MOSFET has a region called the substrate. This P-region

spurce

reduces the channel between the source and the drain so that only a small

passage remains at the left side in fig.b. Free electrons flowing from the

substrate

source to the drain must pass through thin narrow channel (lightly doped).
somrce
A thin layer of silicon dioxide (SiO,) ,an insulator, is deposited
over the left side, fig.c, of the channel.
) ) ) . ) 5102 substrate
Finally, a metallic gate is deposited on the insulator;
Fig. d. because of the gate is insulated from the channel dsain
a MOSFET is also known as IGFET.
Gate
substrate
Si02

Source () Gate (G) Drain (D)
0

soumrce




The depletion type MOSEFET can be operated in two modes:

The depletion mode and the enhancement mode.
1- Depletion Mode:

This happens when negative voltage is applied on the gate .the operation

here is similar to that of the JFET.

When Vgs IS negative voltage, it depletes the N-channel of its electrons by
Iinducting (+Ve) charge in it as shown in fig. a. The greater the negative voltage
on the gate, the greater is the reduction in the number of electrons in the
channel, and, consequently, the smaller it’s the conductivity of the channel. So
the more (-Ve) gate voltage is, the smaller the current through the channel.
Enough negative voltage on the gate (Vgs(r) cuts off the current between the
source and the drain. Therefore, with (-Ve) gate voltage the action of a
MOSFET is similar to that of a JFET.

2) Enhancement mode

In this mode the gate is made positive with respect to the source. The input
gate capacitor is able to create free electrons in the channel which increasing lg.
this positive voltage will attracts the electrons into the channel opposite to the gate

thus increasing the conductivity of the channel. A increasing the positive voltage



on the gate, increases the conductivity of the channel thus increasing the drain
current

MOSFET Characteristics
This fig. shows typical drain curves for an N-channel D-MOSFET. For

Vs less than zero, we get depletion-mode operation, on the other hand, Vgs

greater than zero given enhancement-mode of operation.

Vs <0 depletion Vs > 0 enhancement

Fig.a Output characteristics

The transconductance curve, fig.b, Ipps is no longer is the maximum possible
current. As you can see, the transconductance curve extends to the right, so that I4
Is greater than Ipps in the enhancement mode. MOSFETSs with a transconductance
curve just like this fig. are easy to use since it does not require bias voltage. Q-
value can be indicate by the vertical intercept where 1y =lpps+Vgs=0. This means

we do not have to provide any gate voltage at all, which simplifies biasing circuit.



Schematic Symbol

Drain(D) Drain(D)
Substrate Substrate
Gate(G) /i Gate(G) &
Source(S) Source(S)
N-Channel P-Channel
Biasing
D-MOSFET

1. The zero bias circuit.
VGS=O

Being able to use zero Vgs is an advantage when it comes to

biasing. It permits the unique biasing circuit in fig. b.

this simple circuit has no applied gate or source voltage.

Therefore, Vgs =0, 1¢=Ipps the drain voltage:

Vpp- Vs =lpssRp
The zero bias of fig.a is unique with D-type MOSFET.

2. The voltage divider bias circuit



This circuit can be operated in the enhancement mode or the depletion

mode according to the relation between the gate and the source

voltage.
VGS=VG_VS
V.>V. enhancement mode

V.>V, depletion mode.

Enhancement mode
VGS = + VG

2- Enhancement Type MOSFET (normally OFF mode)

E-MOSFET is a four-terminal device: source(S), gate (G), drain (D) and substrate
(Sub.) terminals. The substrate of the MOSFET is in connection with the source

terminal thus forming a three-terminal device.

Here, for N channel E-MOSFET V¢ must be positive.

as Must be >>V gsany for current flow.
Tranconductance equation is :

Io =k (Ves -V esm)’

A/ Construction
Fig. a shows the construction of E-MOSFET. It shows the normal biasing

polarities. As seen the substrate extends all the way to the insulating layer, there is
no N-channel, no connection between the drain and the source. When gate voltage

IS zero, the Vpp supply tries to force free electrons to flow from the source to drain,



but the P substrate has only a few thermally produced free electrons. As a result,

the drain current is almost zero. The E- MOSFET is a normally OFF.

Voo
! ? o
Enhancement MOSFET '
S' e e—
1 N channel constructon q P + s ::)
3 O<| : . O__l - | bbb fiess
s N - P NQ NQ
! ! P ; o
v ’ Fig' a s ’ Induced N-channel
0 0
o . P ~ TYPE SUBSTRATE
N-channel MOSFET P-channd MOSFET [ Op=ration o N-Channel £ ~MOSEET

B/ Operation

When Vgs is positive (Vgs>0), the gate attracts
free electrons into the P-substrate region. These

free electrons recombine with the holes in Ly,

the p-substrate near the silicon dioxide layer.

CHANMEL

When Vs is large enough, all these holes near

the silicon dioxide layer are with electrons and

Working of MOSFET in Enhancement mode

the free electrons then acts as a channel between

the drain and the source electrons start flowing from source and drain. This layer
will become N-type because of the induced free electrons. The effect is as though
an N-type layer between the source and drain has been created (a channel has been
induced). This N-type layer is known as n-type inversion layer or induced channel.
This E-MOSFET is called the N induced channel E-MOSFET. When this layer is

formed, the terminal is turned on and free electrons can easily flow from the source



to drain. The minimum value of gate to source voltage Vgs which can create
inversion layer is known as gate threshold gate voltage Vgsin).

Thus, the transistor is off when Vs < Vgsiny and is on, when Vgs > Vgsm). Thus
the conducting capability of enhancement type MOSFET depends on the action of
N-type inversion layer.

The same can be said about the E-MOSFET where the drain and the source are of
P-type semiconductor, the substrate will be of N-type semiconductor but of course

the channel will a P-induced layer. What must the polarity of the voltage on the

gate be?
n-channel eMOSFET | »:
- I Vecs+40V
s g
Lp z < 8
—— (%) ; Vgs=+20V
Symbal & £ .0 y
e I." % 4 \‘GS “e2 \
. "
i |—h| i | Vege+1V
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Drain Characteristics
C/Symbol
SFET Body
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D/ Characteristics

For Vgs < Vgsan Ip =0 .

The characteristic curves start for Vgs > Vgsany. As V GS increases the drain
current increases. For a certain value of Vgs, three regions are noticed: the ohmic
region, the saturation region and the breakdown region (not drawn in the figure,
which happens when the values of Vps and Vgs exceeds the values that the
MOSFET can stand. These voltages values will result in the destruction of the
insulating layer).

From these curves, the transconductance curve can be drawn, which shows the
relation between Iy and Vgs. The equation of this curve is:

lg = K (Vos -Vesun)® Where K is a constant

A, (mA) A, (mA)

10 — Vos=+8V

Vas=+1V

= R - -]

bW
I

10 15 20 25\ 7,

Fig.3-34: the characteristic curves and the
transconductance curve of the common drain E-
MOSFET




E/ Biasing

1) Drain feedback bias, Fig. a, a type of bias that you can use only with
enhancement type MOSFETs. When the MOSFET is conducting, it has a drain

current lqen and a drain voltage of Vpsen). Since the gate current is approximately

ZEro.
VG :VD
Vb -Vp=Ip Rp

Vb -Ve =lp Rp

2- Voltage divider bias circuit
Fig,b

Ve=Vrg;

E-MOSFET 8|asmg Arrangements.

—

*
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je-divider bias (b) Drain-feedb




