UNIT I
PN DIODE AND ITS APPLICATIONS

INTRODUCTION

The current-voltage characteristics is of prime concern in the study of semiconductor devices
with light entering as a third variable in optoelectronics devices.The external characteristics of
the device is determined by the interplay of the following internal variables:

1. Electron and hole currents
2. Potential

3. Electron and hole density
4. Doping

5. Temperature

Semiconductor equations
The semiconductor equations relating these variables are given below:

Carrier density:
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where Ern is the electron quasi Fermi level and Erp is the hole quasi Fermi level. These two
equations lead to
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In equilibrium Ern= Erp = Constant

Current:

There are two components of current; electron current density In and hole current density Je
There are several mechanisms of current flow:

(1) Drift

(i1) Diffusion

(ii1) thermionic emission

(iv) tunneling




The last two mechanisms are important often only at the interface of two different materials such
as a metal-semiconductor junction or a semiconductor-semiconductor junction where the two
semiconductors are of different materials. Tunneling is also important in the case of PN junctions
where both sides are heavily doped.

In the bulk of semiconductor , the dominant conduction mechanisms involve drift and diffusion.

The current densities due to these two mechanisms can be written as
dn
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where FN'HP are electron and hole mobilities respectively and De are their diffusion

constants.
Potential:

The potential and electric field within a semiconductor can be defined in the following ways:
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All these definitions are equivalent and one or the other may be chosen on the basis of
convenience.The potential is related to the carrier densities by the Poisson equation: -

S=-dp-neNi-N)  (6)
where the last two terms represent the ionized donor and acceptor density.
Continuity equations

These equations are basically particle conservation equations:
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Where G and R represent carrier generation and recombination rates.Equations (1-8) will form
the basis of most of the device analysis that shall be discussed later on. These equations require
models for mobility and recombination along with models of contacts and boundaries.

Analysis Flow

Like most subjects, the analysis of semiconductor devices is also carried out by starting from
simpler problems and gradually progressing to more complex ones as described below:

(1) Analysis under zero excitation i.e. equilibrium.

(11) Analysis under constant excitation: in other words dc or static characteristics.

(111) Analysis under time varying excitation but with quasi-static approximation dynamic
characteristics.

(1v) Analysis under time varying excitation: non quasi-static dynamic characteristics.

Equilibrium
Analysis
otatic ar
dc Analysis
Full | Quasistatic
Dynamic Analysis Dynarnic Analysis

Even though there is zero external current and voltage in equilibrium, the situation inside the
device is not so trivial. In general, voltages, charges and drift-diffusion current components at
any given point within the semiconductor may not be zero.




Equilibrium in semiconductors implies the following:
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(1) steady state: ot
Where Z is any physical quantity such as charge, voltage electric field etc

(i1) no net electrical current and thermal currents:

Since current can be carried by both electrons and holes, equilibrium implies zero values for both
net electron current and net hole current. The drift and diffusion components of electron and hole
currents need not be zero.

dEr

(111) Constant Fermi energy: -

The only equations that are relevant (others being zero!) for analysis in equilibrium are:
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In equilibrium, there is only one independent variable out of the three variables : "o Fo o
If one of them is known, all the rest can be computed from the equations listed above. We shall
take this independent variable to be potential.

The analysis problem in equilibrium is therefore determination of potential or equivalently,
energy band diagram of the semiconductor device.

This is the reason why we begin discussions of all semiconductor devices with a sketch of its
energy band diagram in equilibrium.




Energy Band Diagram
This diagram in qualitative form is sketched by following the following procedure:

1. The semiconductor device is imagined to be formed by bringing together the various
distinct semiconductor layers, metals or insulators of which it is composed. The starting
point is therefore the energy band diagram of all the constituent layers.

2. The band diagram of the composite device is sketched using the fact that after
equilibrium, the Fermi energy is the same everywhere in the system. The equalization of
the Fermi energy is accompanied with transfer of electrons from regions of higher Fermi
energy to region of lower Fermi energy and viceversa for holes.

3. The redistribution of charges results in electric field and creation of potential barriers in
the system. These effects however are confined only close to the interface between the
layers. The regions which are far from the interface remain as they were before the
equilibrium

Analysis in equilibrium: Solution of Poisson‘s Equation with appropriate boundary conditions -
Non-equilibrium analysis:

e The electron and hole densities are no longer related together by the inverse relationship
of Eq. (5) but through complex relationships involving all three variables Y , , p

e The three variables are in general independent of each other in the sense that a knowledge
of two of them does not lead automatically to a knowledge of the third.

e The concept of Fermi energy is no longer valid but new quantities called the quasi-Fermi
levels are used and these are not in general constant.

o For static or dc analysis, the continuity equation becomes time independent so that only
ordinary differential equations need to be solved.

e For dynamic analysis however, the partial differential equations have to be solved
increasing the complexity of the analysis.

Analysis of Semiconductor Devices
There are two complementary ways of studying semiconductor devices:

(1) Through numerical simulation of the semiconductor equations.
(i) Through analytical solution of semiconductor equations.

e There are a variety of techniques used for device simulation with some of them starting
from the drift diffusion formalism outlined earlier, while others take a more fundamental
approach starting from the Boltzmann transport equation instead.

e In general, the numerical approach gives highly accurate results but requires heavy
computational effort also.




e The output of device simulation in the form of numerical values for all internal variables
requires relatively larger effort to understand and extract important relationships among
the device characteristics.

The electrons in the valence band are not capable of gaining energy from external electric field
and hence do not contribute to the current. This band is never empty but may be partially or
completely with electrons. On the contrary in the conduction band, electrons are rarely present.
But it is possible for electrons to gain energy from external field and so the electrons in these
bands contribute to the electric current. The forbidden energy gap is devoid of any electrons and
this much energy is required by electrons to jump from valence band to the conduction band.

In other words, in the case of conductors and semiconductors, as the temperature increases, the
valence electrons in the valence energy move from the valence band to conductance band. As the
electron (negatively charged) jumps from valence band to conductance band, in the valence band
there is a left out deficiency of electron that is called Hole (positively charged).

Depending on the value of Eg,p, 1.€., energy gap solids can be classified as metals (conductors),
insulators and semi conductors.

Semiconductors

e Conductivity in between those of metals and insulators.

e Conductivity can be varied over orders of magnitude by changes in temperature, optical
excitation, and impurity content (doping).

e Generally found in column I'V and neighboring columns of the periodic table.

¢ Elemental semiconductors: Si, Ge.

e Compound semiconductors:

Binary :

GaAs, AlAs, GaP,
etc. (II1-V).

ZnS, ZnTe, CdSe (II-
VI).

SiC, SiGe (IV
compounds).

o Ternary : GaAsP.
Quaternary : InGaAsP.
o Siwidely used for rectifiers, transistors, and ICs.
e III-V compounds widely used in optoelectronic and high-speed applications.




Y Applications

e Integrated circuits (ICs) SSI, MSI, LSI, and VLSI.

e Fluorescent materials used in TV screens II-VI (ZnS).
e Light detectors InSb, CdSe, PbTe, HgCdTe.

e Infrared and nuclear radiation detectors Si and Ge.

e Gunn diode (microwave device) GaAs, InP.

e Semiconductor LEDs GaAs, GaP.

¢ Semiconductor LASERs GaAs, AlGaAs.

“*Energy Gap

o Distinguishing feature among metals, insulators, and semiconductors.
e Determines the absorption/emission spectra, the leakage current, and the intrinsic

conductivity.
e Unique value for each semiconductor (e.g. 1.12 eV for Si, 1.42 eV for GaAs) function of
temperature.
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**Impurities

e (Can be added in precisely controlled amounts.

e (Can change the electronic and optical properties.

e Used to vary conductivity over wide ranges.

e C(Can even change conduction process from conduction by negative charge carriers to
positive charge carriers and vice versa.

e Controlled addition of impurities doping.

Energy Bands and Charge Carriers in Semiconductors
Bonding Forces and Energy Bands in Solids

o Electrons are restricted to sets of discrete energy levels within atoms, with large gaps
among them where no energy state is available for the electron to occupy.

e Electrons in solids also are restricted to certain energies and are not allowed at other
energies.

o Difference — in the solid, the electron has a range (or band) of available energies.

e The discrete energy levels of the isolated atom spread into bands of energies in the solid
because
1) in the solid, the wave functions of electrons in neighboring atoms overlap, thus, it
affects the potential energy term and the boundary conditions in the Schr& dinger
equation, and different energies are obtained in the solution, and
i1) an electron is not necessarily localized at a particular atom.

e The influence of neighboring atoms on the energy levels of a particular atom can be
treated as a small perturbation, giving rise to shifting and splitting of energy states into
energy bands.




Bonding Forces in Solids
“*Ionic Bonding

o Example: NaCl.

e Na (Z = 11) gives up its outermost shell electron to CI (Z=17) atom, thus the crystal is
made up of ions with the electronic structures of the inert atoms Ne and Ar.

e Note: the ions have net electric charges after the electron exchange —+ Ma*ion has a net
positive charge, having lost an electron, and Cl-ion has a net negative charge, having
acquired an electron.

o Thus, an electrostatic attractive force is established, and the balance is reached when this
equals the net repulsive force.

e Note: all the electrons are tightly bound to the atom.

o Since there are no loosely bound electrons to participate in current flow — NaCl is a good
insulator.

**Metallic Bonding

e In metals, the outer shell is filled by no more than three electrons (loosely bound and
given up easily) ==great chemical activity and high electrical conductivity.

e Outer electron(s) contributed to the crystal as a whole => solid made up of ions with
closed shells immersed in a sea of free electrons, which are free to move about the crystal
under the influence of an electric field.

e Coulomb attraction force between the ions and the electrons hold the lattice together.

**Covalent Bonding

o Exhibited by the diamond lattice semiconductors.

e Each atom surrounded by four nearest neighbors, each having four electrons in the
outermost orbit.

o Each atom shares its valence electrons with its four nearest neighbors.

e Bonding forces arise from a quantum mechanical interaction between the shared
electrons.

e Both electrons belong to each bond, are indistinguishable, and have opposite spins.

e No free electrons available at 0 K, however, by thermal or optical excitation, electrons
can be excited out of a covalent bond and can participate in current conduction ==
important feature of semiconductors.

**Mixed Bonding
e Shown by III-V compounds bonding partly ionic and partly covalent.

e lonic character of bonding becomes more prominent as the constituent atoms move
further away in the periodic table, e.g., II-VI compounds.




‘:‘Energy Bands

Frecrgy

As isolated atoms are brought together to form a solid, the electron wave functions begin
to overlap.

Various interactions occur, and, at the proper interatomic spacing for the crystal, the
forces of attraction and repulsion find a balance.

Due to Pauli exclusion principle, the discrete energy levels of individual atoms split into
bands belonging to the pair instead of to individual atoms.

In a solid, due to large number of atoms, the split energy levels for essentially continuous
bands of energy.
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Fig.2.1 Splitting of individual energy levels to energy bands as atoms are brought closer
together.

Imaginary formation of a diamond crystal from isolated carbon atoms (15°25°2p%}

Each atom has two 1s states, two 2s states, six 2p states, and higher states.

For N atoms, the numbers of states are 2N, 2N, and 6N of type 1s, 2s, and 2p
respectively.

With a reduction in the interatomic spacing, these energy levels split into bands, and the
2s and 2p bands merge into a single band having 8N available states.

As the interatomic spacing approaches the equilibrium spacing of diamond crystal, this
band splits into two bands separated by an energy gap Ea, where no allowed energy
states for electrons exist == forbidden gap.

The upper band (called the conduction band) and the lower band (called the valence
band) contain 4N states each.

The lower 1s band is filled with 2N electrons, however, the 4N electrons residing in the
original n = 2 state will now occupy states either in the valence band or in the conduction
band.

At 0 K, the electrons will occupy the lowest energy states available to them => thus, the
4N states in the valence band will be completely filled, and the 4N states in the
conduction band will be completely empty.




’:’Metals, Semiconductors, and Insulators

e For electrons to move under an applied electric field, there must be states available to
them.

e A completely filled band cannot contribute to current transport; neither can a completely
empty band.

e Thus, semiconductors at 0 K are perfect insulators.

o With thermal or optical excitation, some of these electrons can be excited from the
valence band to the conduction band, and then they can contribute to the current transport
process.

e At temperatures other than 0 K, the magnitude of the band gap separates an insulator
from a semiconductor, e.g., at 300 K, Ea(diamond) = 5 eV (insulator), and Ba (Silicon) =
1.12 eV (semiconductor).

e Number of electrons available for conduction can be increased greatly in semiconductors
by reasonable amount of thermal or optical energy.

e In metals, the bands are either partially filled or they overlap ==thus, electrons and
empty states coexist == great electrical conductivity.

“*Direct and Indirect Semiconductors

e In a typical quantitative calculation of band structures, the wave function of a single
electron traveling through a perfectly periodic lattice is assumed to be in the form of a
plane wave moving in the x-direction (say) with propagation constant k, also called a
wave vector.

o In quantum mechanics, the electron momentum can be given by I = fik.

e The space dependent wave function for the electron is

Wy (%) = Utle,, x)e™* 2.1)

where the function Y%} modulates the wave function according to the periodicity of the
lattice.

e Allowed values of energy, while plotted as a function of k, gives the E-k diagram.
o Since the periodicity of most lattices is different in various directions, the E-k diagram is
a complex surface, which is to be visualized in three dimensions.
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Fig.2.2 Direct and indirect transition of electrons from the conduction band to the valence band:
(a) direct - with accompanying photon emission, (b) indirect via defect level.

e Direct band gap semiconductor: the minima of the conduction band and the maxima of
the valence band occur at the same value of k ==an electron making the smallest energy
transition from the conduction band to the valence band can do so without a change in k
(and, the momentum).

e Indirect band gap semiconductor: the minima of the conduction band and the maxima of
the valence band occur for different values of k, thus, the smallest energy transition for an
electron requires a change in momentum.

e Electron falling from conduction band to an empty state in valence band ==
recombination.

e Recombination probability for direct band gap semiconductors is much higher than that
for indirect band gap semiconductors.

« Direct band gap semiconductors give up the energy released during this transition (= Ea)
in the form of light ==>used for optoelectronic applications (e.g., LEDs and LASERs).

e Recombination in indirect band gap semiconductors occurs through some defect states
within the band gap, and the energy is released in the form of heat given to the lattice.

**Variation of Energy Bands with Alloy Composition

e The band structures of III-V ternary and quaternary compounds change as their

composition is varied.
e There are three valleys in the conduction band: I" (at k = 0), L, and X.

« In GaAs, theT valley has the minimum energy (direct with Ea= 1.43 eV) with very few
electrons residing in L and X valleys (except for high field excitations).

« In AlAs, the X valley has minimum energy (indirect with Ea=2.16 eV).
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Fig.2.3 The E-k diagram of (a) GaAs and (b) AlAs, showing the three valleys (L, I', and X) in
the conduction band.

L
** Charge Carriers in Semiconductors

¢ In a metal, the atoms are imbedded in a "sea" of free electrons, and these electrons can
move as a group under the influence of an applied electric field.

o In semiconductors at 0 K, all states in the valence band are full, and all states in the
conduction band are empty.

e AtT>0K, electrons get thermally excited from the valence band to the conduction band,
and contribute to the conduction process in the conduction band.

o The empty states left in the valence band can also contribute to current conduction.

e Also, introduction of impurities has an important effect on the availability of the charge
carriers.

o Considerable flexibility in controlling the electrical properties of semiconductors.

LD
**Electrons and Holes

e For T> 0 K, there would be some electrons in the otherwise empty conduction band, and
some empty states in the otherwise filled valence band.

o The empty states in the valence band are referred to as holes.

o If the conduction band electron and the valence band hole are created by thermal
excitation of a valence band electron to the conduction band, then they are called
electron-hole pair (EHP).
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After excitation to the conduction band, an electron is surrounded by a large number of
empty states, e.g., the equilibrium number of EHPs at 300 K in Si is ~10"%cm? | whereas
the Si atom density is ~10%/cm®

Thus, the electrons in the conduction band are free to move about via the many available
empty states.

Corresponding problem of charge transport in the valence band is slightly more complex.
Current transport in the valence band can be accounted for by keeping track of the holes
themselves.

In a filled band, all available energy states are occupied.

For every electron moving with a given velocity, there is an equal and opposite electron
motion somewhere else in the band.

Under an applied electric field, the net current is zero, since for every electron j moving

with a velocity *, there is a corresponding electron |/ moving with a velocity - .
In a unit volume, the «current density J can be given by

N
J= (-2 v =0
i (filled band) (2.2)
where N is the number of &lectronsicm®ip the band, and q is the electronic charge.

Now, if the ™ electron is removed and a hole is created in the valence band, then the net
current density

H
T=(—a)> v; —(—)v; (it electron missing)
i

= [+l (since the first term is zero)

Thus, the current contribution of the empty state (hole), obtained by removing the jth
electron, is equivalent to that of a positively charged particle with velocity *.
Note that actually this transport is accounted for by the motion of the uncompensated

electron] having a charge of q and moving with a velocity *i.

Its current contribution (- q)(- *) is equivalent to that of a positively charged particle
with velocity + .

For simplicity, therefore, the empty states in the valence band are called holes, and they
are assigned positive charge and positive mass.

The electron energy increases as one moves up the conduction band, and electrons
gravitate downward towards the bottom of the conduction band.

On the other hand, hole energy increases as one moves down the valence band (since
holes have positive charges), and holes gravitate upwards towards the top of the valence
band.
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“* Effective Mass

e The "wave-particle" motion of electrons in a lattice is not the same as that for a free
electron, because of the interaction with the periodic potential of the lattice.

o To still be able to treat these particles as "free", the rest mass has to be altered to take into
account the influence of the lattice.

e The calculation of effective mass takes into account the shape of the energy bands in
three-dimensional k-space, taking appropriate averages over the various energy bands.

e The effective mass of an electron in a band with a given (E,k) relation is given by
= [hzm))?

d*E/dk? (2.4)

EXAMPLE 2.1: Find the dispersion relation for a free electron, and, thus, observe the relation
between its rest mass and effective mass.

SOLUTION: For a free electron, the electron momentum is P = MoV = fik  Thus,

E = mpvi/2 = p¥/(2mg) = h*k(2ma) | Therefore, the dispersion relation, i.e., the E-k relation is
parabolic. Hence, m" = h*/(FE/3KY) = mo, This is a very interesting relation, which states that for
a free electron, the rest mass and the effective mass are one and the same, which is due to the
parabolic band structure. Most materials have non-parabolic E-k relation, and, thus, they have
quite different rest mass and effective mass for electrons.

Note: for severely non-parabolic band structures, the effective mass may become a function of
energy, however, near the minima of the conduction band and towards the maxima of the
valence band, the band structure can be taken to be parabolic, and, thus, an effective mass, which
is independent of energy, may be obtained.

e Thus, the effective mass is an inverse function of the curvature of the E-k diagram: weak
curvature gives large mass, and strong curvature gives small mass.

o Note that in general, the effective mass is a tensor quantity, however, for parabolic bands,
it is a constant.

o Another interesting feature is that the curvature d*E/dk? is positive at the conduction band
minima, however, it is negative at the valence band maxima.

e Thus, the electrons near the top of the valence band have negative effective mass.

e Valence band electrons with negative charge and negative mass move in an electric field
in the same direction as holes with positive charge and positive mass.

e Thus, the charge transport in the valence band can be fully accounted for by considering
hole motion alone.

o The electron and hole effective masses are denoted by My and M respectively.
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Table 2.1
The effective mass for electrons and haoles.
(= mp, where myp is the rest mass for electrons)

(BT =i Gads
m; 0.55 1.1 0.0657
ml; 037 0.56 0.48

‘ 0 0 0
** Intrinsic Material

e A perfect semiconductor crystal with no impurities or lattice defects.

e No carriers at 0 K, since the valence band is completely full and the conduction band is
completely empty.

e For T > 0 K, electrons are thermally excited from the valence band to the conduction
band (EHP generation).

« EHP generation takes place due to breaking of covalent bonds ==required energy = Ea.

o The excited electron becomes free and leaves behind an empty state (hole).

o Since these carriers are created in pairs, the electron concentration (em®) is always
equal to the hole concentration ( F/2M*), and each of these is commonly referred to as the
intrinsic carrier concentration ().

e Thus, for intrinsic material n=p =",

o These carriers are not localized in the lattice; instead they spread out over several lattice
spacings, and are given by quantum mechanical probability distributions.

e Note: ni=f(T).

o To maintain a steady-state carrier concentration, the carriers must also recombine at the
same rate at which they are generated.

e Recombination occurs when an electron from the conduction band makes a transition
(direct or indirect) to an empty state in the valence band, thus annihilating the pair.

e At equilibrium, i =Y, where Yand fiare the generation and recombination rates
respectively, and both of these are temperature dependent.

e Hi(T) increases with temperature, and a new carrier concentration ni is established, such
that the higher recombination rate i (T) just balances generation.

e At any temperature, the rate of recombination is proportional to the equilibrium

. ) - S
concentration of electrons and holes, and can be given by i = &fiofo = arff = §i (2 5)
where®r is a constant of proportionality (depends on the mechanism by which
recombination takes place).

LD
** Extrinsic Material

e In addition to thermally generated carriers, it is possible to create carriers in the
semiconductor by purposely introducing impurities into the crystal ==doping.

e Most common technique for varying the conductivity of semiconductors.

e By doping, the crystal can be made to have predominantly electrons (n-type) or holes (p-

type).
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When a crystal is doped such that the equilibrium concentrations of electrons (n0) and
holes (p0) are different from the intrinsic carrier concentration (ni), the material is said to
be extrinsic.

Doping creates additional levels within the band gap.

In Si, column V elements of the periodic table (e.g., P, As, Sb) introduce energy levels
very near (typically 0.03-0.06 eV) the conduction band.

At 0 K, these levels are filled with electrons, and very little thermal energy (50 K to 100
K) is required for these electrons to get excited to the conduction band.

Since these levels donate electrons to the conduction band, they are referred to as the
donor levels.

Thus, Si doped with donor impurities can have a significant number of electrons in the
conduction band even when the temperature is not sufficiently high enough for the
intrinsic carriers to dominate, i.e., Mo>> i Po ==p-type material, with electrons as
majority carriers and holes as minority carriers.

In Si, column III elements of the periodic table (e.g., B, Al, Ga, In) introduce energy
levels very near (typically 0.03-0.06 eV) the valence band.

At 0 K, these levels are empty, and very little thermal energy (50 K to 100 K) is required
for electrons in the valence band to get excited to these levels, and leave behind holes in
the valence band.

Since these levels accept electrons from the valence band, they are referred to as the
acceptor levels.

Thus, Si doped with acceptor impurities can have a significant number of holes in the
valence band even at a very low temperature, i.e.,Fo >>ni Mo ==p-type material, with
holes as majority carriers and electrons as minority carriers.

The extra electron for column V elements is loosely bound and it can be liberated very
easily =*ionization; thus, it is free to participate in current conduction.

Similarly, column III elements create holes in the valence band, and they can also
participate in current conduction.

Rough calculation of the ionization energy can be made based on the Bohr's model for Hz
atoms, considering the loosely bound electron orbiting around the tightly bound core
electrons. Thus,

= 4
Min 4

E=
2(ame gz, ) [hi(2n

i (2.6)where =is the relative permittivity of Si.

EXAMPLE2.2: Calculate the approximate donor binding energy for Si (r=11.7, my, =1.18 Mo

).

SOLUTION: From Eq.(2.6), we have

E=

= 4
mogt _ 11Ex211 =10 k6 =107

8oz )N gxlasaxtinRutt 70 xbazx0 M _ [ ger 0B - 0117 eV

Note: The effective mass used here is an average of the effective mass in different
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crystallographic directions, and is called the "conductivity effective mass" with values of 1.28
Mo (at 600 K), 1.18 ™Mo (at 300 K), 1.08 M (at 77 K), and 1.026 ™M (at 4.2 K).

In ITI-V compounds, column VI impurities (e.g., S, Se, Te) occupying column V sites act
as donors. Similarly, column II impurities (e.g., Be, Zn, Cd) occupying column III sites
act as acceptors.

When a column IV material (e.g., Si, Ge) is used to dope III-V compounds, then they
may substitute column III elements (and act as donors), or substitute column V elements
(and act as acceptors) ==amphoteric dopants.

Doping creates a large change in the electrical conductivity, e.g., with a doping of
10'/em? | the resistivity of Si changes from 2 x 10° Q-cm to 5 £-cm.

’ 0 .
**Carrier Concentrations

For the calculation of semiconductor electrical properties and analyzing device behavior,
it is necessary to know the number of charge carriers/cm3 in the material.

The majority carrier concentration in a heavily doped material is obvious, since for each
impurity atom, one majority carrier is obtained.

However, the minority carrier concentration and the dependence of carrier concentrations
on temperature are not obvious.

To obtain the carrier concentrations, their distribution over the available energy states is
required.

These distributions are calculated using statistical methods.

®*The Fermi Level

Electrons in solids obey Fermi-Dirac (FD) statistics.

This statistics accounts for the indistinguishability of the electrons, their wave nature, and
the Pauli exclusion principle.

The Fermi-Dirac distribution function f(E) of electrons over a range of allowed energy
levels at thermal equilibrium can be given by

1

1 + pE-EKT

1074 J/K).

fE) =
(2.7)where k is Boltzmann's constant (= 8.62 x 10%¢V/K = 1.38 x

This gives the probability that an available energy state at E will be occupied by an
electron at an absolute temperature T.

Er is called the Fermi level and is a measure of the average energy of the electrons in the
lattice ==an extremely important quantity for analysis of device behavior.
Note: for (E - EF ) > 3kT (known as Boltzmann approximation), f(E) =exp[- (E- EF)/kT]
==this is referred to as the Maxwell-Boltzmann (MB) distribution (followed by gas
atoms).
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The probability that an energy state at Er will be occupied by an electron is 1/2 at all
temperatures.

At 0 K, the distribution takes a simple rectangular form, with all states below EF
occupied, and all states above EF empty.

At T > 0 K, there is a finite probability of states above Efto be occupied and states
below Er to be empty.

The F-D distribution function is highly symmetric, i.e., the probability f( EF + AE) that a
state E above Eris filled is the same as the probability [1- f{ EF - 4E)] that a state E
below EF is empty.

This symmetry about EF makes the Fermi level a natural reference point for the
calculation of electron and hole concentrations in the semiconductor.

Note: f(E) is the probability of occupancy of an available state at energy E, thus, if there
is no available state at E (e.g., within the band gap of a semiconductor), there is no
possibility of finding an electron there.

For intrinsic materials, the Fermi level lies close to the middle of the band gap (the
difference between the effective masses of electrons and holes accounts for this small
deviation from the mid gap).

In n-type material, the electrons in the conduction band outnumber the holes in the
valence band, thus, the Fermi level lies closer to the conduction band.

Similarly, in p-type material, the holes in the valence band outnumber the electrons in the
conduction band, thus, the Fermi level lies closer to the valence band.

The probability of occupation f(E) in the conduction band and the probability of vacancy
[1- f(E)] in the valence band are quite small, however, the densities of available states in
these bands are very large, thus a small change in f(E) can cause large changes in the
carrier concentrations.
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Fig.2.4 The density of states N(E), the Fermi-Dirac distribution function f(E), and the carrier

concentration as functions of energy for (a) intrinsic, (b) n-type, and (c) p-type semiconductors at
thermal equilibrium.

« Note: since the function f(E) is symmetrical about EF, a large electron concentration
implies a small hole concentration, and vice versa.

o In n-type material, the electron concentration in the conduction band increases as Er
moves closer to Ec ; thus, (Ec - Er) gives a measure of n.

e Similarly, in p-type material, the hole concentration in the valence band increases as EF
moves closer to Ev; thus, ( Ev. Er) gives a measure of p.

Electron and Hole Concentrations at Equilibrium

e The F-D distribution function can be used to calculate the electron and hole
concentrations in semiconductors, if the densities of available states in the conduction
and valence bands are known.

e In equilibrium, the concentration of electrons in the conduction band can be given by

hg = ]Ef(EjN(EjdE
E: (2.8)

where N(E)dE is the density of available states/cm3 in the energy range dE.

e Note: the upper limit of is theoretically not proper, since the conduction band does not
extend to infinite energies; however, since f(E) decreases rapidly with increasing E, the
contribution to this integral for higher energies is negligible.

 Using the solution of Schr & dinger's wave equation under periodic boundary conditions, it
can be shown that

i 5 = ER
_ m /2
NE= [[hf}njj} g (2.9)
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Thus, N(E) increases with E, however, f(E) decreases rapidly with E, thus, the product
f(E)N(E) decreases rapidly with E, and very few electrons occupy states far above the
conduction band edge, i.e., most electrons occupy a narrow energy band near the
conduction band edge.

Similarly, the probability of finding an empty state in the valence band [1 - f(E)]
decreases rapidly below Ev, and most holes occupy states near the top of the valence
band.

Thus, a mathematical simplification can be made assuming that all available states in the
conduction band can be represented by an effective density of states NC located at the
conduction band edge Ecand using Boltzmann approximation.
L (EEDKT

Thus, Mo =Ncf(Ec) =N (2.10)

2ar kT
N, = 2[ *nm; ]
where . 3

Note: as (Ec - Er) decreases, i.e., the Fermi level moves closer to the conduction band,
the electron concentration increases.
By similar arguments,

Py = Nylt = FE)] = Nys & 8T o 1

where Mvis the effective density of states located at the valence band edge Ev

Note: the only terms separating the expressions for Mzand Mvare the effective masses of

electrons ( m, ) and holes ("™ ) respectively, and since , hence, Mc M,

Thus, as ( EF - E‘«’) decreases, i.e., the Fermi level moves closer to the valence band
edge, and the hole concentration increases.

These equations for Meand Foare valid in equilibrium, irrespective of the material being
intrinsic or doped.

For intrinsic material EF lies at an intrinsic level Ei (very near the middle of the band
gap), and the intrinsic electron and hole concentrations are given by
n, =N e-{EeE0T and p, =N o EEIKT_ 2.12)

Note: At equilibrium, the product M Pris a constant for a particular material and
temperature, even though the doping is varied,

i.c., Moo =n? =NcN e ™" 5 13

This equation gives an expression for the intrinsic carrier concentration ni as a function of
Me My, and temperature:

—E, /2T
M= Nchve™"" 3 14
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These relations are extremely important, and are frequently used for calculations.

Note: if Mcwere to be equal to v, then E would have been exactly at mid gap (i.e., Ec-
Ei = E _Ew =Eg/2).

However, since Mc My, Eiis displaced slightly from mid gap (more for GaAs than that
for Si).

Alternate expressions for Noand Po:

Ng = ”iE[E:_E}"kT and Pp = ”iE[E_E:}"Hand (2.15)

Note: the electron concentration is equal to ni when Eris at Ei| and n0 increases
exponentially as EF moves away from Ei towards the conduction band.

Similarly, the hole concentration Povaries from hito larger values as EF moves from Ei
towards the valence band.

EXAMPLE 2.3: A Si sample is doped with 10"°B atoms/cm?® What is the equilibrium electron
concentration n0 at 300 K? Where is Errelative to Ei 2 Assume hifor Si at 300 K = 1.5 x
10"%em?.

SOLUTION: Since B (trivalent) is a p-type dopant in Si, hence, the material will be
predominantly p-type, and since Ma>> ri, therefore, Powill be approximately equal to M, and

r||:|:

nIpy = 2.2 x 102/10%® = 2.2 x 10 cm~? Also,

Ei - Er =kT In(po/ni) = 0.026 In[10"%/(1.5 x 10)] =035 eV The resulting band diagram is:

1.1ev

L
**Temperature Dependence of Carrier Concentrations

The intrinsic carrier concentration has a strong temperature dependence, given by

(kT2 L L e
ni(T)=2{ =5 | (mmg)¥*e™

Lot (2.16)
Thus, explicitly, ni is proportional to T3/2 and to e 1/T, however, Eg also has a
temperature dependence (decreasing with increasing temperature, since the interatomic

spacing changes with temperature).
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Fig.2.5 The intrinsic carrier concentration as a function of inverse temperature for Si, Ge,
and GaAs.

e As fichanges with temperature, so do Moand P,

e With hiand T given, the unknowns are the carrier concentrations and the Fermi level
position with respect to Ei one of these quantities must be given in order to calculate the
other.

o Example: Si doped with 10"/zm*donors (Ms).

e At very low temperature, negligible intrinsic EHPs exist, and all the donor electrons are
bound to the donor atoms.

e As temperature is raised, these electrons are gradually donated to the conduction band,
and at about 100 K (1000/T = 10), almost all these electrons are donated ==>this
temperature range is called the ionization region.

Once all the donor atoms are ionized, the electron concentration M = Ma, since for each donor
atom, one electron is obtained.
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Fig.2.6 Variation of carrier concentration with inverse temperature clearly showing the three
regions: ionization, extrinsic, and intrinsic.

Thus, Moremains virtually constant with temperature for a wide range of temperature
(called the extrinsic region), until the intrinsic carrier concentration ni starts to become
comparable to Ms.

For high temperatures, M>> Ma, and the material loses its extrinsic property (called the
intrinsic region).

Note: in the intrinsic region, the device loses its usefulness => determines the maximum
operable temperature range.

Y Compensation and Space Charge Neutrality

Semiconductors can be doped with both donors (Ms) and acceptors (M) simultaneously.
Assume a material doped with Ms> M2 ==predominantly n-type == Er lies above Ei ==
acceptor level Ea completely full, however, with EFabove Ei, the hole concentration
cannot be equal to M.
Mechanism:

Electrons are donated to the conduction band from the donor level E<

An acceptor state gets filled by a valence band electron, thus creating a hole in the

valence band.

An electron from the conduction band recombines with this hole.

Extending this logic, it is expected that the resultant concentration of electrons in

the conduction band would be Na Mainstead of Ma.

o This process is called compensation.

By compensation, an n-type material can be made intrinsic (by making M= Ms) or even
p-type (for Ma>Mzs),

Note: a semiconductor is neutral to start with, and, even after doping, it remains neutral
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(since for all donated electrons, there are positively charged ions ( N ); and for all

accepted electrons (or holes in the valence band), there are negatively charged ions (7).
Therefore, the sum of positive charges must equal the sum of negative charges, and this
governing relation,

given by Po +Ng =ng =N (2.17) is referred to as the equation for space charge neutrality.
This equation, solved simultaneously with the law of mass action (given by MaPo =)

gives the information about the carrier ~ concentrations.
Note: for Mz —MNZ ==>n7/n,. ny =Ny —N_ . and. similarly, for NI —N3 =>n7/p,. py =NZ —N3

Drift of Carriers in Electric and Magnetic Fields

In addition to the knowledge of carrier concentrations, the collisions of the charge
carriers with the lattice and with the impurity atoms (or ions) under electric and/or
magnetic fields must be accounted for, in order to compute the current flow through the
device.

These processes will affect the ease (mobility) with which carriers move within a lattice.
These collision and scattering processes depend on temperature, which affects the
thermal motion of the lattice atoms and the velocity of the carriers.

**Conductivity and Mobility

Even at thermal equilibrium, the carriers are in a constant motion within the lattice.

At room temperature, the thermal motion of an individual electron may be visualized as
random scattering from lattice atoms, impurities, other electrons, and defects.

There is no net motion of the group of n electrons/cm®electrons/cm3 over any period of
time, since the scattering is random, and there is no preferred direction of motion for the
group of electrons and no net current flow.

However, for an individual electron, this is not true the probability of an electron
returning to its starting point after time t is negligibly small.

Now, if an electric field Ex is applied in the x-direction, each electron experiences a net
force q B¢ from the field.

This will create a net motion of group in the x-direction, even though the force may be
insufficient to appreciably alter the random path of an individual electron.

If P=is the x-component of the total momentum of the group, then the force of the field on
the n electronsicm?ig

Note: this expression indicates a constant acceleration in the x-direction, which
realistically cannot happen.

In steady state, this acceleration is just balanced by the deceleration due to the collisions.

Thus, while the steady field Ex does produce a net momentum P=, for steady state
current flow, the net rate of change of momentum must be zero when collisions are
included.
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Note: the collision processes are totally random, thus, there is a constant probability of
collision at any time for each electron.

Consider a group of Moelectrons at time t = 0, and define N(t) as the number of electrons
that have not undergone a collision by time t

Fig.2.7 The random thermal motion of an individual electron, undergoing random
scattering.

The rate of decrease of N(t) at any time t is proportional to the number left unscattered at
t, ie.

ETCNEN
1

dt }(2.19)

where t~'is the constant of proportionality.

The solution is an exponential function

NI:t} = N:,E_t"t (220)
and trepresents the mean time between scattering events, called the mean free time.

The probability that any electron has a collision in time interval dt is dt/ t , thus, the

differential change in Pxdue to collisions in time dt is
dt

Px—=
t (2.21)

Px

Thus, the rate of change of Pxdue to the decelerating effect of collisions is
dp __Px

dt collisions t- (222)

For steady state, the sum of acceleration and deceleration effects must be zero, thus,
Px E =

0
(2.23)

The average momentum per electron (averaged over the entire group of electrons) is
Px I
<p, »>=—=-qtE
P 7= T = 2.0
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Thus, as expected for steady state, the electrons would have on the average a constant net
velocity in the -x-direction
< Py = t
il L
My, my,  (2.25)

oV, w=

This speed is referred to as the drift speed, and, in general, it is usually much smaller than
the random speed due to thermal motion ¥t (= ~3KT /m, )

The current density resulting from this drift

Jy=-gn<v, >= nq:t E. =cE,
M (2.26)
= nq:t
This is the familiar Ohm's law with Mr being the conductivity of the sample, which

-4

n -
can also be written as ¢~ 9MHn with Mnis defined as the electron mobility
(in cm#V-sec), and it describes the ease with which electrons drift in the material.

The mobility can also be expressed as the average drift velocity per unit electric field,
thus Ho = = <%*Exwith the negative sign denoting a positive value for mobility since
electrons drift opposite to the direction of the electric field.

The total current density can be given by +x = alNin + pus)Ex(2.27) when both electrons
and holes contribute to the current conduction; on the other hand, for predominantly n-
type or p-type samples, respectively the first or the second term of the above equation
dominates.

Note: both electron and hole drift currents are in the same direction, since holes (with
positive charges) move along the direction of the electric field, and electrons (with
negative charges) drift opposite to the direction of the electric field.

Since GaAs has a strong curvature of the E-k diagram at the bottom of the conduction
band, the electron effective mass in GaAs is very small ==>the electron mobility in GaAs

is very high since Hnis inversely proportional to M.

The other parameter in the mobility expression, i.e., f(the mean free time between
collisions) is a function of temperature and the impurity concentration in the
semiconductor.

For a uniformly doped semiconductor bar of length L, width w, and thickness t, the
resistance R of the bar can be given by L/(Wta) = pL/(wtlywhere Fis the resistivity.
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“* Effects of Temperature and Doping on Mobility

The two main scattering events that influence electron and hole motion (and, thus,
mobility) are the lattice scattering and the impurity scattering.

All lattice atoms vibrate due to temperature and can scatter carriers due to collisions.
These collective vibrations are called phonons, thus lattice scattering is also known as
phonon scattering.

With increasing temperature, lattice vibrations increase, and the mean free time between
collisions decreases ==mobility decreases (typical dependence ~ T%),

Scattering from crystal defects and ionized impurities dominate at low temperatures.
Since carriers moving with low velocity (at low temperature) can get scattered more
easily by ionized impurities, this kind of scattering causes a decrease in carrier mobility
with decreasing temperature (typical dependence ~ T#%).

Note: the scattering probability is inversely proportional to the mean free time (and to

mobility), hence, the mobilities due to two or more scattering events add inversely:

1 1 1
—=—+—+

B B . (2.28)

Thus, the mechanism causing the lowest mobility value dominates.

Mobility also decreases with increasing doping, since the ionized impurities scatter
carriers more (e.g., Mofor intrinsic Si is 1350 cm#V-secat 300 K, whereas with a donor
doping of 10"/cm? n drops to 700 cm</V-sec),

**High Field Effects

For small electric fields, the drift current increases linearly with the electric field, since
@ is a constant.

However, for large electric fields (typically > 10° Wicm), the current starts to show a
sublinear dependence on the electric field and eventually saturates for very high fields.
Thus, becomes a function of the electric field, and this is known as the hot carrier effect,

when the carrier drift velocity becomes comparable to its thermal velocity.

The maximum carrier drift velocity is limited to its mean thermal velocity (typically
107 cm/sec), beyond which the added energy imparted by the electric field is absorbed by

the lattice (thus generating heat) instead of a corresponding increase in the drift velocity.

2.4.4 The Hall Effect

An extremely important measurement procedure for determining the majority carrier
concentration and mobility.
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Fig.2.8 The experimental setup for the Hall Effect measurement.

o Ifa magnetic field is applied perpendicular to the direction of carrier flow, the path of the
carriers get deflected due to the Lorentz force experienced by the carriers, which can be
given by
F=q(E +vxB)(2.29)

e Thus, the holes will get deflected towards the -y-direction, and establish an electric field
along the y-direction, such that in steady state Ev = ¥%HB=

e The establishment of this electric field is known as the Hall effect, and the resulting
voltage Ve& = BaWis called the Hall voltage.

o Using the expression for the drift current, B = RudiBz where Ry (= [9po]™'}is called the
Hall coefficient.

e A measurement of the Hall voltage along with the information for magnetic field and
current density gives the majority carrier concentration Po (= B=/[gtVaz]).

« Also, the majority carrier mobility He (= Ru/P)can be obtained from a measurement of
the resistivity P (= [Veo/k]/[L/(wt)]).

e This experiment can be performed to obtain the variation of majority carrier
concentration and mobility as a function of temperature.

o For n-type samples, the Hall voltage and the Hall coefficient are negative ==a common
diagnostic tool for obtaining the sample type.

e Note: caution should be exercised for near intrinsic samples.

EXAMPLE 2.4: A sample of Si is doped with 10" In atoms/ecm® What will be the measured

value of its resistivity? What is the expected Hall voltage in a 150 HMm thick sample if
le =2 mA and B. = 5 kG (1 kG = 10-¢ Wh/cm2)'9
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SOLUTION:
The sample is p-type with py == np, and the mobility p, = 400 cm2\/-sec.

Thus. the resistivity p = (g} = (qupo)™" = 1.5625 CQcm.
The Hall coefficient Ry = +{gpo)" = +625 cm?/C (nofe the unit of Ry).
Mote, alternately Ry = pp, = 625 cm?/C.

The Hall voltage Vag = (IB:Ru)t = (2 » 10-3)(5 x 10-5)(625)/{150 = 10~4) = 4.17 mV/.

"’:‘Equilibrium Condition

e In equilibrium, there is no external excitation except a constant temperature, no net
transfer of energy, no net carrier motion, and no net current transport.

e An important condition for equilibrium is that no discontinuity or gradient can arise in the
equilibrium Fermi level EF.

e Assume two materials 1 and 2 (e.g., n- and p-type regions, dissimilar semiconductors,
metal and semiconductor, two adjacent regions in a nonuniformly doped semiconductor)
in intimate contact such that electron can move between them.

e Assume materials 1 and 2 have densities of state N1(E) and N2(E), and F-D distribution
functions f1(E) and 2(E) respectively at any energy E.

The sample is p-type with py == np, and the mobility p, = 400 cm2\/-sec.
Thus. the resistivity p = (g} = (qupo)™" = 1.5625 CQcm.

The Hall coefficient Ry = +{gpo)" = +625 cm?/C (nofe the unit of Ry).
Mote, alternately Ry = pp, = 625 cm?/C.

The Hall voltage Vag = (IB:Ru)t = (2 » 10-3)(5 x 10-5)(625)/{150 = 10~4) = 4.17 mV/.

e The rate of electron motion from 1 to 2 can be given byrate from 1 to 2 NI(E)fI(E) .
N2(E)[1 2(E)] (2.30)and the rate of electron motion from 2 to 1 can be given byrate from
2to 1 N2(E)2(E) . NI(E)[1 fI(E)] (2.31)" At equilibrium, these two rates must be equal,
which gives f1(E) = f2(E) => EF1 = EF2 => dEF/dx = 0; thus, the Fermi level is constant
at equilibrium, or, in other words, there cannot be any discontinuity or gradient in the
Fermi level at equilibrium.

‘ 0
** Practice Problems

2.1 Electrons move in a crystal as wave packets with a group velocity ¥~ de/dk, where
@ is the angular frequency. Show that in a given electric field, these wave packets obey
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Newton's second law of motion, i.e., the force F = m*a, where m* is the effective mass

(given by m” = F/ZEBKD 5 g 4 s the acceleration.

2.2 Some semiconductors of interest have the dependence of its energy E with respect to
the wave vector k, given by E(1 +&E)=FK[2mn], where mn ig the effective mass for E =

0, k is the wave vector, and ®is a constant. Calculate the dependence of the effective

mass ™= on energy.

2.3 Determine the equilibrium recombination constant r for Si and GaAs, having
equilibrium thermal generation rates of 4.03 x 10° {cm®-sec)™ and 3.18 x 10° {cmP-sec)™!
respectively, and intrinsic carrier concentrations of 1.5 = 10" cm= and 2.1 x 10° cm™
respectively. Comment on the answers. Will ®r change with doping at equilibrium?

2.4 The relative dielectric constant for GaP is 10.2 and the electron effective mass 1is
0.13mo. Calculate the approximate ionization energy of a donor atom in GaP.

2.5 Show that the probability that a state £E above the Fermi level EFis occupied is the
same as the probability that a state 4E below EFis empty.

2.6 Derive an expression relating the intrinsic level Ei to the center of the band gap Ea2.
and compute the magnitude of this displacement for Si and GaAs at 300 K. Assume

m:lfmn =1.1 and 0.067, and ml: frg =056 and 0,48 for Si and Gals .
respectively.

2.7 Show that in order to obtain maximum resistivity in a GaAs sample

(Eg=142eV, nj=2.1%10% cm, = 8500 crm?M-sec, and pp = 400 cmiMesec) it has to be
doped slightly p-type. Determine this doping concentration. Also, determine the ratio of
the maximum resistivity to the intrinsic resistivity.

2.8 A GaAs sample (use the date given in Problem 2.7) is doped uniformly with

107 5i atams/em®, out of which 70% occupy Ga sites, and the rest 30% occupy As sites.
Assume 100% ionization and T = 300 K.
a) Calculate the equilibrium electron and hole concentrations Mo @nd po.
b) Clearly draw the equilibrium band diagram, showing the position of the Fermi level

Er with respect to the intrinsic level &i, assuming that Eilies exactly at midgap.
c) Calculate the percentage change in conductivity after doping as compared to the
intrinsic case.

2.9 A Sisample is doped with 10% cm= donor atoms. Determine the minimum
temperature at which the sample becomes intrinsic. Assume that at this minimum
temperature, the free electron concentration does not exceed by more than 1% of the
donor concentration (beyond its extrinsic value). For

Si, mi(T) = 3.58 x 1018 T2 pT000T £y 3 (T in k),
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or

2.10 Since the event of collision of an electron in a lattice is a truly random process, thus

having a constant probability of collision at any given time, the number of particles left
unscattered at time t, Mith = My exp(-tic), where Ny = Nit) att =0, and © = mean free time.

Hence, show that if there are a total of i number of scattering events, each with a mean
R (TR
. . . I"L = L |-Lj_ 1
free time of %.then the net electron mobility H can be given by i where Hi
is the mobility due to the ith scattering event.

2.11 A Ge sample is oriented in a 2 K& (1 k3= 10°¢ Whicm?) magnetic field (refer to
Fig.2.8). The current is 4 mA, and the sample dimensions are w = 0.25 mm,
t = 50 HFm, and L = 25 mm. The following data are taken:
Wep = —2.5 m¥, and Yep = 170 mY. Find the type and concentration of the majority
carrier, and its mobility. Hence, compute the net relaxation time for the various scattering

events, assuming - ® 0.55myp and m, =0.37my.

2.12 In the Hall effect experiment, there is a chance that the Hall Probes A and B (refer to
Fig.2.8) are not perfectly aligned, which may give erroneous Hall voltage readings. Show

that the true Hall voltage YH can be obtained from two measurements of 8. with the
magnetic field first in the +z-direction, and then in the z-direction.
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In metals, either the conduction band is partially filled or overlaps with valence band. There is no
forbidden energy gap in between. Even if a small electric field is applied, free electrons start
moving in a direction opposite to field and hence a good conductor of electricity.

Insulators

Here the valency bands are completely filled and conduction band is empty and the forbidden
gap is quite large. For example in diamond Eg,, is 6eV. Even if an electric field is applied, no
electron is able to go from valence band to conduction band.

Semiconductors

The valence band is completely filled and conduction band is empty. The Eg,, 1s also less i.e., of
the order of few eV. At zero kelvin, electrons are not able to cross this forbidden gap and so
behave like insulators. But as temperature is increased, electrons in valence band (VB) gain
thermal energy and jump to conduction band (CB) and acquire small conductivity at room
temperature and so behave like conductors. Hence they are called semiconductors.

Charge carriers in semiconductors

At high temperature, electrons move from valance band to conduction band and as a result a
vacancy is created in the valence band at a place where an electron was present before shifting to
conduction band. The valency is a hole and is seat of positive charge having the same value of
electron. Therefore the electrical conduction in semiconductors is due to motion of electrons in
conduction band and also due to motion of holes in valence band.
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Semiconductor Basics

If are the most basic passive component in electrical or electronic circuits, then we
have to consider the Signal Diode as being the most basic "Active" component. However, unlike
a resistor, a diode does not behave linearly with respect to the applied voltage as it has an
exponential I-V relationship and therefore can not be described simply by using Ohm's law as we
do for resistors. Diodes are unidirectional semiconductor devices that will only allow current to
flow through them in one direction only, acting more like a one way electrical valve, (Forward
Biased Condition). But, before we have a look at how signal or power diodes work we first need
to understand their basic construction and concept.

Diodes are made from a single piece of Semiconductor material which has a positive "P-region"
at one end and a negative "N-region" at the other, and which has a resistivity value somewhere
between that of a conductor and an insulator. But what is a "Semiconductor" material?, firstly
let's look at what makes something either a Conductor or an Insulator.

Resistivity

The electrical Resistance of an electrical or electronic component or device is generally defined
as being the ratio of the voltage difference across it to the current flowing through it, basic
principals. The problem with using resistance as a measurement is that it depends
very much on the physical size of the material being measured as well as the material out of
which it is made. For example, If we were to increase the length of the material (making it
longer) its resistance would also increase. Likewise, if we increased its diameter (making it
fatter) its resistance would then decrease. So we want to be able to define the material in such a
way as to indicate its ability to either conduct or oppose the flow of electrical current through it
no matter what its size or shape happens to be. The quantity that is used to indicate this specific
resistance is called Resistivity and is given the Greek symbol of p, (Rho). Resistivity is
measured in Ohm-metres, ( Q-m ) and is the inverse to conductivity.

If the resistivity of various materials is compared, they can be classified into three main groups,
Conductors, Insulators and Semi-conductors as shown below.
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Conductors

From above we now know that Conductors are materials that have a low value of resistivity
allowing them to easily pass an electrical current due to there being plenty of free electrons
floating about within their basic atom structure. When a positive voltage potential is applied to
the material these "free electrons" leave their parent atom and travel together through the
material forming an electron drift. Examples of good conductors are generally metals such as
Copper, Aluminium, Silver or non metals such as Carbon because these materials have very few
electrons in their outer "Valence Shell" or ring, resulting in them being easily knocked out of the
atom's orbit. This allows them to flow freely through the material until they join up with other
atoms, producing a "Domino Effect" through the material thereby creating an electrical current.

Generally speaking, most metals are good conductors of electricity, as they have very small
resistance values, usually in the region of micro-ohms per metre with the resistivity of
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conductors increasing with temperature because metals are also generally good conductors of
heat.

Insulators

Insulators on the other hand are the exact opposite of conductors. They are made of materials,
generally non-metals, that have very few or no "free electrons" floating about within their basic
atom structure because the electrons in the outer valence shell are strongly attracted by the
positively charged inner nucleus. So if a potential voltage is applied to the material no current
will flow as there are no electrons to move and which gives these materials their insulating
properties. Insulators also have very high resistances, millions of ohms per metre, and are
generally not affected by normal temperature changes (although at very high temperatures wood
becomes charcoal and changes from an insulator to a conductor). Examples of good insulators
are marble, fused quartz, p.v.c. plastics, rubber etc.

Insulators play a very important role within electrical and electronic circuits, because without
them electrical circuits would short together and not work. For example, insulators made of glass
or porcelain are used for insulating and supporting overhead transmission cables while epoxy-
glass resin materials are used to make printed circuit boards, PCB's etc.

Semiconductor Basics

Semiconductors materials such as silicon (Si), germanium (Ge) and gallium arsenide (GaAs),
have electrical properties somewhere in the middle, between those of a "conductor" and an
"insulator". They are not good conductors nor good insulators (hence their name "semi"-
conductors). They have very few "fee electrons" because their atoms are closely grouped
together in a crystalline pattern called a "crystal lattice". However, their ability to conduct
electricity can be greatly improved by adding certain "impurities" to this crystalline structure
thereby, producing more free electrons than holes or vice versa. By controlling the amount of
impurities added to the semiconductor material it is possible to control its conductivity. These
impurities are called donors or acceptors depending on whether they produce electrons or holes.
This process of adding impurity atoms to semiconductor atoms (the order of 1 impurity atom per
10 million (or more) atoms of the semiconductor) is called Doping.

The most commonly used semiconductor material by far is silicon. It has four valence electrons
in its outer most shell which it shares with its adjacent atoms in forming covalent bonds. The
structure of the bond between two silicon atoms is such that each atom shares one electron with
its neighbour making the bond very stable. As there are very few free electrons available to move
from place to place producing an electrical current, crystals of pure silicon (or germanium) are
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therefore good insulators, or at the very least very high value resistors. Silicon atoms are
arranged in a definite symmetrical pattern making them a crystalline solid structure. A crystal of
pure silicon (silicon dioxide or glass) is generally said to be an intrinsic crystal (it has no
impurities).
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Silicon Crystal Lattice

The diagram above shows the structure and lattice of a 'normal' pure crystal
of Silicon.

N-type Semiconductor Basics

In order for our silicon crystal to conduct electricity, we need to introduce an impurity atom such
as Arsenic, Antimony or Phosphorus into the crystalline structure making it extrinsic (impurities
are added). These atoms have five outer electrons in their outermost co-valent bond to share with
other atoms and are commonly called "Pentavalent" impurities. This allows four of the five
electrons to bond with its neighbouring silicon atoms leaving one "free electron" to move about
when an electrical voltage is applied (electron flow). As each impurity atom "donates" one
electron, pentavalent atoms are generally known as "donors".

Antimony (symbol Sb) is frequently used as a pentavalent additive as it has 51 electrons
arranged in 5 shells around the nucleus. The resulting semiconductor material has an excess of
current-carrying electrons, each with a negative charge, and is therefore referred to as "N-type"
material with the electrons called "Majority Carriers" and the resultant holes "Minority Carriers".
Then a semiconductor material is N-type when its donor density is greater than its acceptor
density. Therefore, a N-type semiconductor has more electrons than holes.
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The diagram above shows the structure and lattice of the donor impurity atom
Antimony.

P-Type Semiconductor Basics

If we go the other way, and introduce a "Trivalent" (3-electron) impurity into the crystal
structure, such as Aluminium, Boron or Indium, only three valence electrons are available in the
outermost covalent bond meaning that the fourth bond cannot be formed. Therefore, a complete
connection is not possible, giving the semiconductor material an abundance of positively charged
carriers known as "holes" in the structure of the crystal. As there is a hole an adjoining free
electron is attracted to it and will try to move into the hole to fill it. However, the electron filling
the hole leaves another hole behind it as it moves. This in turn attracts another electron which in
turn creates another hole behind, and so forth giving the appearance that the holes are moving as
a positive charge through the crystal structure (conventional current flow). As each impurity
atom generates a hole, trivalent impurities are generally known as "Acceptors" as they are
continually "accepting" extra electrons.

Boron (symbol B) is frequently used as a trivalent additive as it has only 5 electrons arranged in
3 shells around the nucleus. Addition of Boron causes conduction to consist mainly of positive
charge carriers results in a "P-type" material and the positive holes are called "Majority Carriers"
while the free electrons are called "Minority Carriers". Then a semiconductors is P-type when its
acceptor density is greater than its donor density. Therefore, a P-type semiconductor has more
holes than electrons.

37



Co-valent T,

Bonds —p,
": e '; Hole
A Boron Atom, & 'l. /

Atomic number = 5
.a-""-.-l"\ I"-..._- :O

Y
e sl 1 \/
WA £ {

R ' /.f
Boron atom showing 3 impurity Atom { \
electrons in its outer {Acceptor) k Shared
valence shell {L) Electrons
\_
e b
P-Type

Semiconductor

The diagram above shows the structure and lattice of the acceptor impurity
atom Boron.

Semiconductor Basics Summary
N-type (e.g. add Antimony)

These are materials which have Pentavalent impurity atoms (Donors) added and conduct by
"electron" movement and are called, N-type Semiconductors.

In these types of materials are:

1. The Donors are positively charged.
2. There are a large number of free electrons.
3. A small number of holes in relation to the number of free electrons.
4. Doping gives:
positively charged donors.
negatively charged free electrons.
5. Supply of energy gives:
negatively charged free electrons.
positively charged holes.

P-type (e.g. add Boron)

These are materials which have Trivalent impurity atoms (Acceptors) added and conduct by
"hole" movement and are called, P-type Semiconductors.
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In these types of materials are:

1. The Acceptors are negatively charged.
2. There are a large number of holes.
3. A small number of free electrons in relation to the number of holes.
4. Doping gives:
negatively charged acceptors.
positively charged holes.
5. Supply of energy gives:
positively charged holes.
negatively charged free electrons.

and both P and N-types as a whole, are electrically neutral.

In the next tutorial about semiconductors and diodes, we will look at joining the two
semiconductor materials, the P-type and the N-type materials to form a|PN Junction|which can
be used to produce diodes.

Pn junction

The PN junction

In the previous tutorial we saw how to make an N-type semiconductor material by doping it with
Antimony and also how to make a P-type semiconductor material by doping that with Boron.
This is all well and good, but these semiconductor N and P-type materials do very little on their
own as they are electrically neutral, but when we join (or fuse) them together these two materials
behave in a very different way producing what is generally known as a PN Junction.

When the N and P-type semiconductor materials are first joined together a very large density
gradient exists between both sides of the junction so some of the free electrons from the donor
impurity atoms begin to migrate across this newly formed junction to fill up the holes in the P-
type material producing negative ions. However, because the electrons have moved across the
junction from the N-type silicon to the P-type silicon, they leave behind positively charged donor
ions (Np) on the negative side and now the holes from the acceptor impurity migrate across the
junction in the opposite direction into the region were there are large numbers of free electrons.
As a result, the charge density of the P-type along the junction is filled with negatively charged
acceptor ions (Na), and the charge density of the N-type along the junction becomes positive.
This charge transfer of electrons and holes across the junction is known as diffusion.
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This process continues back and forth until the number of electrons which have crossed the
junction have a large enough electrical charge to repel or prevent any more carriers from
crossing the junction. The regions on both sides of the junction become depleted of any free
carriers in comparison to the N and P type materials away from the junction. Eventually a state
of equilibrium (electrically neutral situation) will occur producing a "potential barrier" zone
around the area of the junction as the donor atoms repel the holes and the acceptor atoms repel
the electrons. Since no free charge carriers can rest in a position where there is a potential barrier
the regions on both sides of the junction become depleted of any more free carriers in
comparison to the N and P type materials away from the junction. This area around the junction
is now called the Depletion Layer.

The PN junction
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The total charge on each side of the junction must be equal and opposite to maintain a neutral
charge condition around the junction. If the depletion layer region has a distance D, it therefore
must therefore penetrate into the silicon by a distance of Dp for the positive side, and a distance
of Dn for the negative side giving a relationship between the two of Dp.Na = Dn.Np in order to
maintain charge neutrality also called equilibrium.
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As the N-type material has lost electrons and the P-type has lost holes, the N-type material has
become positive with respect to the P-type. Then the presence of impurity ions on both sides of
the junction cause an electric field to be established across this region with the N-side at a
positive voltage relative to the P-side. The problem now is that a free charge requires some extra
energy to overcome the barrier that now exists for it to be able to cross the depletion region
junction.

This electric field created by the diffusion process has created a "built-in potential difference"
across the junction with an open-circuit (zero bias) potential of:

N_.N
E, =V, In—2 A
HJ.

Where: E, is the zero bias junction voltage, Vr the thermal voltage of 26mV at room
temperature, Np and N, are the impurity concentrations and n; is the intrinsic concentration.

A suitable positive voltage (forward bias) applied between the two ends of the PN junction can
supply the free electrons and holes with the extra energy. The external voltage required to
overcome this potential barrier that now exists is very much dependent upon the type of
semiconductor material used and its actual temperature. Typically at room temperature the
voltage across the depletion layer for silicon is about 0.6 - 0.7 volts and for germanium is about
0.3 - 0.35 volts. This potential barrier will always exist even if the device is not connected to any
external power source.
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The significance of this built-in potential across the junction, is that it opposes both the flow of
holes and electrons across the junction and is why it is called the potential barrier. In practice, a
PN junction is formed within a single crystal of material rather than just simply joining or fusing
together two separate pieces. Electrical contacts are also fused onto either side of the crystal to
enable an electrical connection to be made to an external circuit. Then the resulting device that
has been made is called a PN junction Diode or Signal Diode.

In the next tutorial about the PN junction, we will look at one of the most interesting aspects of
the PN junction is its use in circuits as a diode. By adding connections to each end of the P-type

and the N-type materials we can produce a two terminal device called a |PN Junction Diode

which can be biased by an external voltage to either block or allow the flow of current through it.

Introduction to depletion layer pn junction:

If one side of crystal pure semiconductor Si(silicon) or Ge(Germanium) is doped with acceptor
impurity atoms and the other side is doped with donor impurity atoms , a PN junction is formed
as shown in figure.P region has high concentration of holes and N region contains large number
of electrons.

What is Depletion Layer of Pn Junction?

As soon as the junction is formed, free electrons and holes cross through the junction by the
process of diffusion.During this process , the electrons crossing the junction from N- region into
P-region , recombine with holes in the P-region very close to the junction.Similarly holes
crossing the junction from the P-region into the N-region, recombine with electrons in the N-
region very close to the junction. Thus a region is formed, which does not have any mobile
charge very close to the junction. This region is called the depletion layer of pn junction.
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In this region, on the left side of the junction, the acceptor atoms become negative ions and on
the right side of the junction, the donor atoms become positive ions as shown in figure.

Function of Depletion Layer of Pn Junction :

An electric field is set up, between the donor and acceptor ions in the depletion layer of the pn
junction .The potential at the N-side is higher than the potential at P-side. Therefore electrons in
the N- side are prevented to go to the lower potential of P-side. Similarly, holes in the P-side find
themselves at a lower potential and are prevented to cross to the N-side. Thus, there is a barrier at
the junction which opposes the movement of the majority charge carriers. The difference of
potential from one side of the barrier to the other side of the barrier 1is called potential
barrier.The potential barrier is approximately 0.7V for a silicon PN junction and 0.3V for
germanium PN junction. The distance from one side of the barrier to the other side is called the
width of the barrier, which depends on the nature of the material.

Introduction to Diodes and Transistors:

Diodes are known as p-n junction in the physics or in most of the basic sciences but in the
electronics and engineering sciences a p-n junction has the abbreviated name i.e. diode. Diodes
are the electrical component of any electric circuit which prevents the circuit from the high
electric current because diodes are get break i.e. they get burn when a large current is flowing
through them and hence prevents the electrical circuits.

Transistors are the electrical device which mainly consists of two junctions thus they are called
as the junction transistors. The transistors have three terminals instead of the two terminals and
each terminal has its specific characteristics. In electronic circuits two transistors namely n-p-n
and p-n-p are most preferably used.

More about Diodes and Transistors:

When a p-type semiconductor is brought into a close contact with an n-type semiconductor, then
the resultant arrangement is called a p-n junction or a junction diode or simply a diode.

A junction transistor is obtained by growing a thin layer of one semiconductor in between two
thick layers of other similar type semiconductor. Thus a junction transistor is a semiconductor
device having two junctions and three terminals.

Example of Diodes and Transistors:

Junction diodes are of many types. Important among them are:
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(a) Zener diode: A zener diode is specially designed junction diode which can operate
continuously without being damaged in the region of reverse break down voltage shown in Fig.1.

(b) Photo diode: Its working is based on the electric conduction from light shown in Fig.2.

(c) Light emitting diode (LED): Its working is based on the production of light from electric
current shown in Fig.3.
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Fig.1 Zener Diode Fig.2 Photo Diode Fig.3 LED

The transistors are also of several types but most important among them are listed below:

(a) Junction Transistors: These are of two kind p-n-p and n-p-n and they are basic transistors
which are used in the electronic circuitry and other electronic equipment very rapidly because of
there low cost and high reliability.

(b) Field effect transistors: In present days most of the electronic integrated circuits are using
these kinds of transistors because they are highly conductive and easy to prepare then the
junction transistor.

The Junction Diode

The Junction Diode

The effect described in the previous tutorial is achieved without any external voltage being
applied to the actual PN junction resulting in the junction being in a state of equilibrium.
However, if we were to make electrical connections at the ends of both the N-type and the P-type
materials and then connect them to a battery source, an additional energy source now exists to
overcome the barrier resulting in free charges being able to cross the depletion region from one
side to the other. The behaviour of the PN junction with regards to the potential barrier width
produces an asymmetrical conducting two terminal device, better known as the Junction Diode.

A diode is one of the simplest semiconductor devices, which has the characteristic of passing
current in one direction only. However, unlike a resistor, a diode does not behave linearly with




respect to the applied voltage as the diode has an exponential I-V relationship and therefore we
can not described its operation by simply using an equation such as Ohm's law.

If a suitable positive voltage (forward bias) is applied between the two ends of the PN junction, it
can supply free electrons and holes with the extra energy they require to cross the junction as the
width of the depletion layer around the PN junction is decreased. By applying a negative voltage
(reverse bias) results in the free charges being pulled away from the junction resulting in the
depletion layer width being increased. This has the effect of increasing or decreasing the
effective resistance of the junction itself allowing or blocking current flow through the diode.

Then the depletion layer widens with an increase in the application of a reverse voltage and
narrows with an increase in the application of a forward voltage. This is due to the differences in
the electrical properties on the two sides of the PN junction resulting in physical changes taking
place. One of the results produces rectification as seen in the PN junction diodes static I-V
(current-voltage) characteristics. Rectification is shown by an asymmetrical current flow when
the polarity of bias voltage is altered as shown below.

Junction Diode Symbol and Static I-V Characteristics.
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But before we can use the PN junction as a practical device or as a rectifying device we need to
firstly bias the junction, ie connect a voltage potential across it. On the voltage axis above,
"Reverse Bias" refers to an external voltage potential which increases the potential barrier. An
external voltage which decreases the potential barrier is said to act in the "Forward Bias"
direction.

There are two operating regions and three possible "biasing" conditions for the standard
Junction Diode and these are:

1. Zero Bias - No external voltage potential is applied to the PN-junction.

2. Reverse Bias - The voltage potential is connected negative, (-ve) to the P-type material and
positive, (+ve) to the N-type material across the diode which has the effect of Increasing the
PN-junction width.

3. Forward Bias - The voltage potential is connected positive, (+ve) to the P-type material and
negative, (-ve) to the N-type material across the diode which has the effect of Decreasing the
PN-junction width.

Zero Biased Junction Diode

When a diode is connected in a Zero Bias condition, no external potential energy is applied to
the PN junction. However if the diodes terminals are shorted together, a few holes (majority
carriers) in the P-type material with enough energy to overcome the potential barrier will move
across the junction against this barrier potential. This is known as the "Forward Current" and is
referenced as Ir

Likewise, holes generated in the N-type material (minority carriers), find this situation
favourable and move across the junction in the opposite direction. This is known as the "Reverse
Current" and is referenced as Iz. This transfer of electrons and holes back and forth across the
PN junction is known as diffusion, as shown below.
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Zero Biased Junction Diode
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The potential barrier that now exists discourages the diffusion of any more majority carriers
across the junction. However, the potential barrier helps minority carriers (few free electrons in
the P-region and few holes in the N-region) to drift across the junction. Then an "Equilibrium" or
balance will be established when the majority carriers are equal and both moving in opposite
directions, so that the net result is zero current flowing in the circuit. When this occurs the
junction is said to be in a state of "Dynamic Equilibrium".

The minority carriers are constantly generated due to thermal energy so this state of equilibrium
can be broken by raising the temperature of the PN junction causing an increase in the generation
of minority carriers, thereby resulting in an increase in leakage current but an electric current
cannot flow since no circuit has been connected to the PN junction.

Reverse Biased Junction Diode

When a diode is connected in a Reverse Bias condition, a positive voltage is applied to the N-
type material and a negative voltage is applied to the P-type material. The positive voltage
applied to the N-type material attracts electrons towards the positive electrode and away from the
junction, while the holes in the P-type end are also attracted away from the junction towards the
negative electrode. The net result is that the depletion layer grows wider due to a lack of
electrons and holes and presents a high impedance path, almost an insulator. The result is that a
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high potential barrier is created thus preventing current from flowing through the semiconductor

material.

Reverse Biased Junction Diode showing an Increase in the Depletion Layer
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Reverse Biasing Voltage

This condition represents a high resistance value to the PN junction and practically zero current
flows through the junction diode with an increase in bias voltage. However, a very small leakage
current does flow through the junction which can be measured in microamperes, (LA). One final
point, if the reverse bias voltage Vr applied to the diode is increased to a sufficiently high enough
value, it will cause the PN junction to overheat and fail due to the avalanche effect around the
junction. This may cause the diode to become shorted and will result in the flow of maximum
circuit current, and this shown as a step downward slope in the reverse static characteristics

curve below.

Reverse Characteristics Curve for a Junction Diode
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Sometimes this avalanche effect has practical applications in voltage stabilising circuits where a
series limiting resistor is used with the diode to limit this reverse breakdown current to a preset
maximum value thereby producing a fixed voltage output across the diode. These types of diodes

are commonly known as|Zener Diodes|and are discussed in a later tutorial.

Forward Biased Junction Diode

When a diode is connected in a Forward Bias condition, a negative voltage is applied to the N-
type material and a positive voltage is applied to the P-type material. If this external voltage
becomes greater than the value of the potential barrier, approx. 0.7 volts for silicon and 0.3 volts
for germanium, the potential barriers opposition will be overcome and current will start to flow.
This is because the negative voltage pushes or repels electrons towards the junction giving them
the energy to cross over and combine with the holes being pushed in the opposite direction
towards the junction by the positive voltage. This results in a characteristics curve of zero current
flowing up to this voltage point, called the "knee" on the static curves and then a high current
flow through the diode with little increase in the external voltage as shown below.

Forward Characteristics Curve for a Junction Diode
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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. The point at which this sudden increase in current takes
place is represented on the static [-V characteristics curve above as the "knee" point.

Forward Biased Junction Diode showing a Reduction in the Depletion Layer
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This condition represents the low resistance path through the PN junction allowing very large
currents to flow through the diode with only a small increase in bias voltage. The actual potential
difference across the junction or diode is kept constant by the action of the depletion layer at
approximately 0.3v for germanium and approximately 0.7v for silicon junction diodes. Since the
diode can conduct "infinite" current above this knee point as it effectively becomes a short
circuit, therefore resistors are used in series with the diode to limit its current flow. Exceeding its
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maximum forward current specification causes the device to dissipate more power in the form of
heat than it was designed for resulting in a very quick failure of the device.

Junction Diode Summary

The PN junction region of a Junction Diode has the following important characteristics:
1). Semiconductors contain two types of mobile charge carriers, Holes and Electrons.
2). The holes are positively charged while the electrons negatively charged.

3). A semiconductor may be doped with donor impurities such as Antimony (N-type doping), so
that it contains mobile charges which are primarily electrons.

4). A semiconductor may be doped with acceptor impurities such as Boron (P-type doping), so
that it contains mobile charges which are mainly holes.

5). The junction region itself has no charge carriers and is known as the depletion region.
6). The junction (depletion) region has a physical thickness that varies with the applied voltage.

7).When a diode is Zero Biased no external energy source is applied and a natural Potential
Barrier is developed across a depletion layer which is approximately 0.5 to 0.7v for silicon
diodes and approximately 0.3 of a volt for germanium diodes.

8). When a junction diode is Forward Biased the thickness of the depletion region reduces and
the diode acts like a short circuit allowing full current to flow.

9). When a junction diode is Reverse Biased the thickness of the depletion region increases and
the diode acts like an open circuit blocking any current flow, (only a very small leakage current).

In the next tutorial about diodes, we will look at the small signal diode sometimes called a
switching diode that are used in general electronic circuits. A signal diode is designed for low-
voltage or high frequency signal applications such as in radio or digital switching circuits as
opposed to the high-current mains rectification diodes in which silicon diodes are usually used,

and examine the|Signal Diode(static current-voltage characteristics curve and parameters.
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Signal Diode

The Signal Diode

The semiconductor Signal Diode is a small non-linear semiconductor devices generally used in
electronic circuits, where small currents or high frequencies are involved such as in radio,
television and digital logic circuits. The signal diode which is also sometimes known by its older
name of the Point Contact Diode or the Glass Passivated Diode, are physically very small in

size compared to their larger|Power Diode|cousins.

Generally, the PN junction of a small signal diode is encapsulated in glass to protect the PN
junction, and usually have a red or black band at one end of their body to help identify which end
is the cathode terminal. The most widely used of all the glass encapsulated signal diodes is the
very common /N4148 and its equivalent /N914 signal diode. Small signal and switching diodes
have much lower power and current ratings, around 150mA, 500mW maximum compared to
rectifier diodes, but they can function better in high frequency applications or in clipping and
switching applications that deal with short-duration pulse waveforms.

The characteristics of a signal point contact diode are different for both germanium and silicon
types and are given as:

Germanium Signal Diodes - These have a low reverse resistance value giving a lower forward
volt drop across the junction, typically only about 0.2-0.3v, but have a higher forward resistance
value because of their small junction area.

Silicon Signal Diodes - These have a very high value of reverse resistance and give a forward
volt drop of about 0.6-0.7v across the junction. They have fairly low values of forward resistance
giving them high peak values of forward current and reverse voltage.

The electronic symbol given for any type of diode is that of an arrow with a bar or line at its end
and this is illustrated below along with the Steady State V-I Characteristics Curve.
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Silicon Diode V-I Characteristic Curve
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The arrow points in the direction of conventional current flow through the diode meaning that
the diode will only conduct if a positive supply is connected to the Anode (a) terminal and a
negative supply is connected to the Cathode (k) terminal thus only allowing current to flow
through it in one direction only, acting more like a one way electrical valve, (Forward Biased
Condition). However, we know from the previous tutorial that if we connect the external energy
source in the other direction the diode will block any current flowing through it and instead will
act like an open switch, (Reversed Biased Condition) as shown below.

Forward and Reversed Biased Diode
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Then we can say that an ideal small signal diode conducts current in one direction (forward-
conducting) and blocks current in the other direction (reverse-blocking). Signal Diodes are used
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in a wide variety of applications such as a switch in rectifiers, limiters, snubbers or in wave-
shaping circuits.

Signal Diode Parameters

Signal Diodes are manufactured in a range of voltage and current ratings and care must be taken
when choosing a diode for a certain application. There are a bewildering array of static
characteristics associated with the humble signal diode but the more important ones are.

1. Maximum Forward Current

The Maximum Forward Current (Irumax)) 1s as its name implies the maximum forward current
allowed to flow through the device. When the diode is conducting in the forward bias condition,
it has a very small "ON" resistance across the PN junction and therefore, power is dissipated
across this junction in the form of heat. Then, exceeding its (Irmax) value will
cause more heat to be generated across the junction and the diode will fail due to thermal
overload, usually with destructive consequences. When operating diodes around their maximum
current ratings it is always best to provide additional cooling to dissipate the heat produced by
the diode.

For example, our small 1N4148 signal diode has a maximum current rating of about 150mA with
a power dissipation of 500mW at 25°C. Then a resistor must be used in series with the diode to
limit the forward current, (Irmax)) through it to below this value.

2. Peak Inverse Voltage

The Peak Inverse Voltage (PIV) or Maximum Reverse Voltage (Vrmax), 1s the maximum
allowable Reverse operating voltage that can be applied across the diode without reverse
breakdown and damage occurring to the device. This rating therefore, is usually less than the
"avalanche breakdown" level on the reverse bias characteristic curve. Typical values of Vgr(max)
range from a few volts to thousands of volts and must be considered when replacing a diode.

The peak inverse voltage is an important parameter and is mainly used for rectifying diodes in
AC rectifier circuits with reference to the amplitude of the voltage were the sinusoidal waveform
changes from a positive to a negative value on each and every cycle.

3. Forward Power Dissipation

Signal diodes have a Forward Power Dissipation, (Ppmax)) rating. This rating is the maximum
possible power dissipation of the diode when it is forward biased (conducting). When current
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flows through the signal diode the biasing of the PN junction is not perfect and offers some
resistance to the flow of current resulting in power being dissipated (lost) in the diode in the form
of heat. As small signal diodes are nonlinear devices the resistance of the PN junction is not
constant, it is a dynamic property then we cannot use Ohms Law to define the power in terms of
current and resistance or voltage and resistance as we can for resistors. Then to find the power
that will be dissipated by the diode we must multiply the voltage drop across it times the current
flowing through it: Pp = VxI

4. Maximum Operating Temperature

The Maximum Operating Temperature actually relates to the Junction Temperature (T;) of
the diode and is related to maximum power dissipation. It is the maximum temperature allowable
before the structure of the diode deteriorates and is expressed in units of degrees centigrade per
Watt, ( °C/W ). This value is linked closely to the maximum forward current of the device so that
at this value the temperature of the junction is not exceeded. However, the maximum forward
current will also depend upon the ambient temperature in which the device is operating so the
maximum forward current is usually quoted for two or more ambient temperature values such as
25°C or 70°C.

Then there are three main parameters that must be considered when either selecting or replacing
a signal diode and these are:

e The Reverse Voltage Rating
e The Forward Current Rating
e The Forward Power Dissipation Rating

Signal Diode Arrays

When space is limited, or matching pairs of switching signal diodes are required, diode arrays
can be very useful. They generally consist of low capacitance high speed silicon diodes such as
the 1N4148 connected together in multiple diode packages called an array for use in switching
and clamping in digital circuits. They are encased in single inline packages (SIP) containing 4 or
more diodes connected internally to give either an individual isolated array, common cathode,
(CC), or a common anode, (CA) configuration as shown.
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Signal Diode Arrays
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Signal diode arrays can also be used in digital and computer circuits to protect high speed data
lines or other input/output parallel ports against electrostatic discharge, (ESD) and voltage
transients. By connecting two diodes in series across the supply rails with the data line connected
to their junction as shown, any unwanted transients are quickly dissipated and as the signal
diodes are available in 8-fold arrays they can protect eight data lines in a single package.
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CPU Data Line Protection

Signal diode arrays can also be used to connect together diodes in either series or parallel
combinations to form voltage regulator or voltage reducing type circuits or to produce a known
fixed voltage. We know that the forward volt drop across a silicon diode is about 0.7v and by
connecting together a number of diodes in series the total voltage drop will be the sum of the
individual voltage drops of each diode. However, when signal diodes are connected together in
series, the current will be the same for each diode so the maximum forward current must not be
exceeded.

Connecting Signal Diodes in Series

Another application for the small signal diode is to create a regulated voltage supply. Diodes are
connected together in series to provide a constant DC voltage across the diode combination. The
output voltage across the diodes remains constant in spite of changes in the load current drawn
from the series combination or changes in the DC power supply voltage that feeds them.
Consider the circuit below.

Signal Diodes in Series

+10v +10w
? 10v - (3x0.7)
Ips ——
l :
D, Z R
o—e 10 - 0.7v
2.1v
Da Z —
+— 10 - 1.4v D, _Z
o \/ ]
— 10 - 2.1v 04 KZ RLoao
R
LOAD D+

As the forward voltage drop across a silicon diode is almost constant at about 0.7v, while the
current through it varies by relatively large amounts, a forward-biased signal diode can make a
simple voltage regulating circuit. The individual voltage drops across each diode are subtracted
from the supply voltage to leave a certain voltage potential across the load resistor, and in our
simple example above this is given as 10v - (3 x 0.7v) = 7.9v. This is because each diode has a
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junction resistance relating to the small signal current flowing through it and the three signal
diodes in series will have three times the value of this resistance, along with the load resistance
R, forms a voltage divider across the supply.

By adding more diodes in series a greater voltage reduction will occur. Also series connected
diodes can be placed in parallel with the load resistor to act as a voltage regulating circuit. Here
the voltage applied to the load resistor will be 3 x 0.7v = 2.1v. We can of course produce the

same constant voltage source using a single |Zener Diode| Resistor, Rp is used to prevent

excessive current flowing through the diodes if the load is removed.
Freewheel Diodes

Signal diodes can also be used in a variety of clamping, protection and wave shaping circuits
with the most common form of clamping diode circuit being one which uses a diode connected
in parallel with a coil or inductive load to prevent damage to the delicate switching circuit by
suppressing the voltage spikes and/or transients that are generated when the load is suddenly
turned "OFF". This type of diode is generally known as a "Free-wheeling Diode" or Freewheel
diode as it is more commonly called.

The Freewheel diode is used to protect solid state switches such as power transistors and
MOSFET's from damage by reverse battery protection as well as protection from highly
inductive loads such as relay coils or motors, and an example of its connection is shown below.

Use of the Freewheel Diode

Free-wheel
+ve Diode ve

Inductor Z—k J r—_ Z

o T =

a MOSFET
Protection against Protection of
Inductive Loads Semiconductors

Modern fast switching, power semiconductor devices require fast switching diodes such as free
wheeling diodes to protect them form inductive loads such as motor coils or relay windings.
Every time the switching device above is turned "ON", the freewheel diode changes from a
conducting state to a blocking state as it becomes reversed biased. However, when the device
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rapidly turns "OFF", the diode becomes forward biased and the collapse of the energy stored in
the coil causes a current to flow through the freewheel diode. Without the protection of the
freewheel diode high di/dt currents would occur causing a high voltage spike or transient to flow
around the circuit possibly damaging the switching device.

Previously, the operating speed of the semiconductor switching device, either transistor,
MOSFET, IGBT or digital has been impaired by the addition of a freewheel diode across the
inductive load with Schottky and Zener diodes being used instead in some applications. But
during the past few years however, freewheel diodes had regained importance due mainly to
their improved reverse-recovery characteristics and the use of super fast semiconductor materials
capable at operating at high switching frequencies.

Other types of specialized diodes not included here are Photo-Diodes, PIN Diodes, Tunnel
Diodes and Schottky Barrier Diodes. By adding more PN junctions to the basic two layer diode
structure other types of semiconductor devices can be made. For example a three layer
semiconductor device becomes a a four layer semiconductor device becomes a
Thyristor or Silicon Controlled Rectifier and five layer devices known as Triacs are also
available.

In the next tutorial about diodes, we will look at the large signal diode sometimes called the

|P0wer Diode] Power diodes are silicon diodes designed for use in high-voltage, high-current

mains rectification circuits.

Power Diodes and Rectifiers

The Power Diode

In the previous tutorials we saw that a semiconductor signal diode will only conduct current in
one direction from its anode to its cathode (forward direction), but not in the reverse direction
acting a bit like an electrical one way valve. A widely used application of this feature is in the
conversion of an alternating voltage (AC) into a continuous voltage (DC). In other words,
Rectification. Small signal diodes can be used as rectifiers in low-power, low current (less than
1-amp) rectifiers or applications, but were larger forward bias currents or higher reverse bias
blocking voltages are involved the PN junction of a small signal diode would eventually overheat
and melt so larger more robust Power Diodes are used instead.

The power semiconductor diode, known simply as the Power Diode, has a much larger PN
junction area compared to its smaller signal diode cousin, resulting in a high forward current
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capability of up to several hundred amps (KA) and a reverse blocking voltage of up to several
thousand volts (KV). Since the power diode has a large PN junction, it is not suitable for high
frequency applications above 1MHz, but special and expensive high frequency, high current
diodes are available. For high frequency rectifier applications Schottky Diodes are generally
used because of their short reverse recovery time and low voltage drop in their forward bias
condition.

Power diodes provide uncontrolled rectification of power and are used in applications such as
battery charging and DC power supplies as well as AC rectifiers and inverters. Due to their high
current and voltage characteristics they can also be used as freewheeling diodes and snubber
networks. Power diodes are designed to have a forward "ON" resistance of fractions of an Ohm
while their reverse blocking resistance is in the mega-Ohms range. Some of the larger value
power diodes are designed to be "stud mounted" onto heatsinks reducing their thermal resistance
to between 0.1 to 1°C/Watt.

If an alternating voltage is applied across a power diode, during the positive half cycle the diode
will conduct passing current and during the negative half cycle the diode will not conduct
blocking the flow of current. Then conduction through the power diode only occurs during the
positive half cycle and is therefore unidirectional i.e. DC as shown.

Power Diode Rectifier

Alternating Rectified
Waveform . : Vianx : Waveform
__L_D}—
+ + Diode /"\ A

YRYA

Power diodes can be used individually as above or connected together to produce a variety of
rectifier circuits such as "Half-Wave", "Full-Wave" or as "Bridge Rectifiers". Each type of
rectifier circuit can be classed as either uncontrolled, half-controlled or fully controlled were an
uncontrolled rectifier uses only power diodes, a fully controlled rectifier uses thyristors (SCRs)
and a half controlled rectifier is a mixture of both diodes and thyristors. The most commonly
used individual power diode for basic electronics applications is the general purpose 1N400x
Series Glass Passivated type rectifying diode with standard ratings of continuous forward
rectified current of 1.0 amp and reverse blocking voltage ratings from 50v for the 1N4001 up to
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1000v for the 1N4007, with the small IN4007GP being the most popular for general purpose
mains voltage rectification.

Half Wave Rectification

A rectifier is a circuit which converts the Alternating Current (AC) input power into a Direct
Current (DC) output power. The input power supply may be either a single-phase or a multi-
phase supply with the simplest of all the rectifier circuits being that of the Half Wave Rectifier.
The power diode in a half wave rectifier circuit passes just one half of each complete sine wave
of the AC supply in order to convert it into a DC supply. Then this type of circuit is called a
"half-wave" rectifier because it passes only half of the incoming AC power supply as shown
below.

Half Wave Rectifier Circuit

5
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O
DI-’H;(
AC ﬂv $ Voour
Input Y
1
Vi MV
NN B
\ [\ /
U Resultant Output Waveform

AC Input Waveform

During each "positive" half cycle of the AC sine wave, the diode is forward biased as the anode
is positive with respect to the cathode resulting in current flowing through the diode. Since the
DC load is resistive (resistor, R), the current flowing in the load resistor is therefore proportional
to the voltage , and the voltage across the load resistor will therefore be the same
as the supply voltage, Vs (minus Vf), that is the "DC" voltage across the load is sinusoidal for
the first half cycle only so Vout = Vs.

During each "negative" half cycle of the AC sine wave, the diode is reverse biased as the anode
is negative with respect to the cathode therefore, No current flows through the diode or circuit.
Then in the negative half cycle of the supply, no current flows in the load resistor as no voltage
appears across it so Vout = 0.
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The current on the DC side of the circuit flows in one direction only making the circuit
Unidirectional and the value of the DC voltage Vpc across the load resistor is calculated as
follows.

Vﬂl =k

| =
d T

O

= 0318V, = 0.45V

Where Viax 1s the maximum voltage value of the AC supply, and Vs is the r.m.s. value of the
supply.

Example Nol.

Calculate the current, ( Ipc ) flowing through a 100Q resistor connected to a 240v single phase
half-wave rectifier as shown above. Also calculate the power consumed by the load.

V, =0.45V, =0.45 x240 = 108v

=1.08amps

; _V,, _108
e R 100

Power =I*R =1.08" x100 = 116 watts

During the rectification process the resultant output DC voltage and current are therefore both
"ON" and "OFF" during every cycle. As the voltage across the load resistor is only present
during the positive half of the cycle (50% of the input waveform), this results in a low average
DC value being supplied to the load. The variation of the rectified output waveform between this
ON and OFF condition produces a waveform which has large amounts of "ripple" which is an
undesirable feature. The resultant DC ripple has a frequency that is equal to that of the AC
supply frequency.

Very often when rectifying an alternating voltage we wish to produce a "steady" and continuous
DC voltage free from any voltage variations or ripple. One way of doing this is to connect a large
value across the output voltage terminals in parallel with the load resistor as shown
below. This type of capacitor is known commonly as a "Reservoir" or Smoothing Capacitor.
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Half-wave Rectifier with Smoothing Capacitor
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When rectification is used to provide a direct voltage power supply from an alternating source,
the amount of ripple can be further reduced by using larger value capacitors but there are limits
both on cost and size. For a given capacitor value, a greater load current (smaller load resistor)

will discharge the capacitor more quickly JRC Time Constantl) and so increases the ripple

obtained. Then for single phase, half-wave rectifier circuits it is not very practical to try and
reduce the ripple voltage by capacitor smoothing alone, it is more practical to use "Full-wave
Rectification" instead.

In practice, the half-wave rectifier is used most often in low-power applications because of their
major disadvantages being. The output amplitude is less than the input amplitude, there is no
output during the negative half cycle so half the power is wasted and the output is pulsed DC
resulting in excessive ripple. To overcome these disadvantages a number of Power Diodes are

connected together to produce a|Full Wave Rectifier|as discussed in the next tutorial.

Full Wave Rectifier

In the previous |Power Diodes| tutorial we discussed ways of reducing the ripple or voltage

variations on a direct DC voltage by connecting capacitors across the load resistance. While this
method may be suitable for low power applications it is unsuitable to applications which need a
"steady and smooth" DC supply voltage. One method to improve on this is to use every half-
cycle of the input voltage instead of every other half-cycle. The circuit which allows us to do this
is called a Full Wave Rectifier.
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Like the half wave circuit, a full wave rectifier circuit produces an output voltage or current
which is purely DC or has some specified DC component. Full wave rectifiers have some
fundamental advantages over their half wave rectifier counterparts. The average (DC) output
voltage is higher than for half wave, the output of the full wave rectifier has much less ripple
than that of the half wave rectifier producing a smoother output waveform.

In a Full Wave Rectifier circuit two diodes are now used, one for each half of the cycle. A
transformer is used whose secondary winding is split equally into two halves with a common
centre tapped connection, (C). This configuration results in each diode conducting in turn when
its anode terminal is positive with respect to the transformer centre point C producing an output
during both half-cycles, twice that for the half wave rectifier so it is 100% efficient as shown
below.

Full Wave Rectifier Circuit
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Fesultant Outpul Waveform

The full wave rectifier circuit consists of two power diodes connected to a single load resistance
(Rr) with each diode taking it in turn to supply current to the load. When point A of the
transformer is positive with respect to point B, diode D; conducts in the forward direction as
indicated by the arrows. When point B is positive (in the negative half of the cycle) with respect
to point A, diode D, conducts in the forward direction and the current flowing through resistor R
is in the same direction for both circuits. As the output voltage across the resistor R is the phasor
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sum of the two waveforms combined, this type of full wave rectifier circuit is also known as a
"bi-phase" circuit.

As the spaces between each half-wave developed by each diode is now being filled in by the
other diode the average DC output voltage across the load resistor is now double that of the
single half-wave rectifier circuit and is about 0.637Vy.x of the peak voltage, assuming no
losses. However in reality, during each half cycle the current flows through two diodes instead of
just one so the amplitude of the output voltage is two voltage drops ( 2 x 0.7 = 1.4V ) less than
the input Vyax amplitude.

= Yows 06377~ 097,

V
/ g

N

The peak voltage of the output waveform is the same as before for the half-wave rectifier
provided each half of the transformer windings have the same rms voltage value. To obtain a
different DC voltage output different transformer ratios can be used. The main disadvantage of
this type of full wave rectifier circuit is that a larger transformer for a given power output is
required with two separate but identical secondary windings making this type of full wave
rectifying circuit costly compared to the "Full Wave Bridge Rectifier" circuit equivalent.

The Full Wave Bridge Rectifier

Another type of circuit that produces the same output waveform as the full wave rectifier circuit
above, is that of the Full Wave Bridge Rectifier. This type of single phase rectifier uses four
individual rectifying diodes connected in a closed loop "bridge" configuration to produce the
desired output. The main advantage of this bridge circuit is that it does not require a special
centre tapped transformer, thereby reducing its size and cost. The single secondary winding is
connected to one side of the diode bridge network and the load to the other side as shown below.

The Diode Bridge Rectifier
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The four diodes labelled D; to D4 are arranged in "series pairs" with only two diodes conducting
current during each half cycle. During the positive half cycle of the supply, diodes D1 and D2
conduct in series while diodes D3 and D4 are reverse biased and the current flows through the
load as shown below.

The Positive Half-cycle

During the negative half cycle of the supply, diodes D3 and D4 conduct in series, but diodes D1
and D2 switch of as they are now reverse biased. The current flowing through the load is the
same direction as before.
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The Negative Half-cycle

As the current flowing through the load is unidirectional, so the voltage developed across the
load is also unidirectional the same as for the previous two diode full-wave rectifier, therefore
the average DC voltage across the load is 0.637V,x and the ripple frequency is now twice the
supply frequency (e.g. 100Hz for a 50Hz supply).

Typical Bridge Rectifier

Although we can use four individual power diodes to make a full wave bridge rectifier, pre-made
bridge rectifier components are available "off-the-shelf" in a range of different voltage and
current sizes that can be soldered directly into a PCB circuit board or be connected by spade
connectors. The image to the right shows a typical single phase bridge rectifier with one corner
cut off. This cut-off corner indicates that the terminal nearest to the corner is the positive or +ve
output terminal or lead with the opposite (diagonal) lead being the negative or -ve output lead.
The other two connecting leads are for the input alternating voltage from a transformer
secondary winding.
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The Smoothing Capacitor

We saw in the previous section that the single phase half-wave rectifier produces an output wave
every half cycle and that it was not practical to use this type of circuit to produce a steady DC
supply. The full-wave bridge rectifier however, gives us a greater mean DC value (0.637 Vmax)
with less superimposed ripple while the output waveform is twice that of the frequency of the
input supply frequency. We can therefore increase its average DC output level even higher by
connecting a suitable smoothing capacitor across the output of the bridge circuit as shown below.

Full-wave Rectifier with Smoothing Capacitor
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The smoothing capacitor converts the full-wave rippled output of the rectifier into a smooth DC
output voltage. Generally for DC power supply circuits the smoothing capacitor is an Aluminium
Electrolytic type that has a capacitance value of 100uF or more with repeated DC voltage pulses
from the rectifier charging up the capacitor to peak voltage. However, their are two important
parameters to consider when choosing a suitable smoothing capacitor and these are its Working
Voltage, which must be higher than the no-load output value of the rectifier and its Capacitance
Value, which determines the amount of ripple that will appear superimposed on top of the DC
voltage. Too low a value and the capacitor has little effect but if the smoothing capacitor is large
enough (parallel capacitors can be used) and the load current is not too large, the output voltage
will be almost as smooth as pure DC. As a general rule of thumb, we are looking to have a ripple
voltage of less than 100mV peak to peak.
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The maximum ripple voltage present for a Full Wave Rectifier circuit is not only determined by
the value of the smoothing capacitor but by the frequency and load current, and is calculated as:

Bridge Rectifier Ripple Voltage

I
__LOAD

Where: 1 is the DC load current in amps, f is the frequency of the ripple or twice the input
frequency in Hertz, and C is the capacitance in Farads.

The main advantages of a full-wave bridge rectifier is that it has a smaller AC ripple value for a
given load and a smaller reservoir or smoothing capacitor than an equivalent half-wave rectifier.
Therefore, the fundamental frequency of the ripple voltage is twice that of the AC supply
frequency (100Hz) where for the half-wave rectifier it is exactly equal to the supply frequency
(50Hz).

The amount of ripple voltage that is superimposed on top of the DC supply voltage by the diodes
can be virtually eliminated by adding a much improved n-filter (pi-filter) to the output terminals
of the bridge rectifier. This type of low-pass filter consists of two smoothing capacitors, usually
of the same value and a choke or inductance across them to introduce a high impedance path to
the alternating ripple component. Another more practical and cheaper alternative is to use a 3-
terminal voltage regulator IC, such as a LM78xx for a positive output voltage or the LM79xx for
a negative output voltage which can reduce the ripple by more than 70dB (Datasheet) while
delivering a constant output current of over 1 amp.

In the next tutorial about diodes, we will look at the which takes advantage of its
reverse breakdown voltage characteristic to produce a constant and fixed output voltage across

itself.

Zener Diodes

The Zener Diode

In the previoustutorial, we saw that a "reverse biased" diode blocks current in the
reverse direction, but will suffer from premature breakdown or damage if the reverse voltage
applied across it is too high. However, the Zener Diode or "Breakdown Diode" as they are
sometimes called, are basically the same as the standard PN junction diode but are specially
designed to have a low pre-determined Reverse Breakdown Voltage that takes advantage of
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this high reverse voltage. The point at which a zener diode breaks down or conducts is called the
"Zener Voltage" (Vz).

The Zener diode is like a general-purpose signal diode consisting of a silicon PN junction.
When biased in the forward direction it behaves just like a normal signal diode passing the rated
current, but when a reverse voltage is applied to it the reverse saturation current remains fairly
constant over a wide range of voltages. The reverse voltage increases until the diodes breakdown
voltage Vy is reached at which point a process called Avalanche Breakdown occurs in the
depletion layer and the current flowing through the zener diode increases dramatically to the
maximum circuit value (which is usually limited by a series resistor). This breakdown voltage
point is called the "zener voltage" for zener diodes.

The point at which current flows can be very accurately controlled (to less than 1% tolerance) in
the doping stage of the diodes construction giving the diode a specific zener breakdown voltage,
(Vz) ranging from a few volts up to a few hundred volts. This zener breakdown voltage on the I-
V curve is almost a vertical straight line.

Zener Diode I-V Characteristics

+Ic
Symbol Forward A
Q_<_Q Current
Cathode — Anode ,
(K) or (A) Forward
Bias
O_<_O Region

Reverse Bias _vi. -
VR - - +Ve

Tx¢eriin r‘ v Forward Bias
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“Zener” Breakdown
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I.»_'lj'l ax)

Constant

Y Reverse
Zener Voltage ~lg

Current
R

The Zener Diode is used in its "reverse bias" or reverse breakdown mode, i.e. the diodes anode
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connects to the negative supply. From the I-V characteristics curve above, we can see that the
zener diode has a region in its reverse bias characteristics of almost a constant negative voltage
regardless of the value of the current flowing through the diode and remains nearly constant even
with large changes in current as long as the zener diodes current remains between the breakdown
current Izmin) and the maximum current rating Izmax).

This ability to control itself can be used to great effect to regulate or stabilise a voltage source
against supply or load variations. The fact that the voltage across the diode in the breakdown
region is almost constant turns out to be an important application of the zener diode as a voltage
regulator. The function of a regulator is to provide a constant output voltage to a load connected
in parallel with it in spite of the ripples in the supply voltage or the variation in the load current
and the zener diode will continue to regulate the voltage until the diodes current falls below the
minimum Iz¢yin) value in the reverse breakdown region.

The Zener Diode Regulator

Zener Diodes can be used to produce a stabilised voltage output with low ripple under varying
load current conditions. By passing a small current through the diode from a voltage source, via a
suitable current limiting resistor (Rg), the zener diode will conduct sufficient current to maintain
a voltage drop of Vout. We remember from the previous tutorials that the DC output voltage
from the half or full-wave rectifiers contains ripple superimposed onto the DC voltage and that
as the load value changes so to does the average output voltage. By connecting a simple zener
stabiliser circuit as shown below across the output of the rectifier, a more stable output voltage
can be produced.

Zener Diode Regulator
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The resistor, Rg is connected in series with the zener diode to limit the current flow through the
diode with the voltage source, Vs being connected across the combination. The stabilised output
voltage Vo is taken from across the zener diode. The zener diode is connected with its cathode
terminal connected to the positive rail of the DC supply so it is reverse biased and will be
operating in its breakdown condition. Resistor Rg is selected so to limit the maximum current
flowing in the circuit.

With no load connected to the circuit, the load current will be zero, ( I =0), and all the circuit
current passes through the zener diode which inturn dissipates its maximum power. Also a small
value of the series resistor Rg will result in a greater diode current when the load resistance Ry is
connected and large as this will increase the power dissipation requirement of the diode so care
must be taken when selecting the appropriate value of series resistance so that the zeners
maximum power rating is not exceeded under this no-load or high-impedance condition.

The load is connected in parallel with the zener diode, so the voltage across Ry is always the
same as the zener voltage, ( VR =Vz). There is a minimum zener current for which the
stabilization of the voltage is effective and the zener current must stay above this value operating
under load within its breakdown region at all times. The upper limit of current is of course
dependant upon the power rating of the device. The supply voltage Vs must be greater than V.

One small problem with zener diode stabiliser circuits is that the diode can sometimes generate
electrical noise on top of the DC supply as it tries to stabilise the voltage. Normally this is not a
problem for most applications but the addition of a large value decoupling capacitor across the
zeners output may be required to give additional smoothing.

Then to summarise a little. A zener diode is always operated in its reverse biased condition. A
voltage regulator circuit can be designed using a zener diode to maintain a constant DC output
voltage across the load in spite of variations in the input voltage or changes in the load current.
The zener voltage regulator consists of a current limiting resistor Rg connected in series with the
input voltage Vs with the zener diode connected in parallel with the load Ry in this reverse
biased condition. The stabilized output voltage is always selected to be the same as the
breakdown voltage V7 of the diode.

Example Nol

A 5.0V stabilised power supply is required to be produced from a 12V DC power supply
input source. The maximum power rating P of the zener diode is 2W. Using the zener
regulator circuit above calculate:
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a) The maximum current flowing through the zener diode.

Maximum Current = Watts = 2w = 400mA

Voltage 5v

b) The value of the series resistor, Rg

no VsV _12-5 o
; B 400mA |

c¢) The load current I if a load resistor of 1kQ is connected across the Zener diode.

I_‘u‘z_ Sv
-~ R, 10000

d) The total supply current Ig
I =1; + 1 = 400mA + 5SmA = 405mA

Zener Diode Voltages

As well as producing a single stabilised voltage output, zener diodes can also be connected
together in series along with normal silicon signal diodes to produce a variety of different
reference voltage output values as shown below.

Zener Diodes Connected in Series

/3



R:-;

Is 19.0v
ZD1 =51y
— T
, 202 =33y
Vin ZS 10.6v
+—0
O = 1N4148SZ 10.0v
—D -
ZD3 = 10.0v Z Decoupling |
capacilor
Y
© Vrsd

The values of the individual Zener diodes can be chosen to suit the application while the silicon
diode will always drop about 0.6 - 0.7V in the forward bias condition. The supply voltage, Vin
must of course be higher than the largest output reference voltage and in our example above this
is 19v.

A typical zener diode for general electronic circuits is the 5S00mW, BZX55 series or the larger
1.3W, BZX85 series were the zener voltage is given as, for example, C7V5 for a 7.5V diode
giving a diode reference number of BZX55C7V5. The 500mW series of zener diodes are
available from about 2.4 up to about 100 volts and typically have the same sequence of values as
used for the 5% (E24) resistor series with the individual voltage ratings for these small but very
useful diodes are given in the table below.

Zener Diode Standard Voltages

BZX55 Zener Diode Power Rating 500mW
24V 27V 3.0V 33V 3.6V 39V 43V 47V
51V 5.6V 62V 6.8V 75V 82V 9.1V 10V
1tv 12v. 13V IS5V 16V 18V 20V 22V
24V 27V 30V 33V 36V 39V 43V 47V
BZX85 Zener Diode Power Rating 1.3W
33V. 3.6V 39V 43V 47V 51V 5.6 6.2V
6.8V 75V 82V 9.1V 10V 11V 12V 13V
I5v. 16V 18V 20V 22V 24V 27V 30V
33V. 36V 39V 43V 47V 51V 56V 62V
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Zener Diode Clipping Circuits

Thus far we have looked at how a zener diode can be used to regulate a constant DC source but
what if the input signal was not steady state DC but an alternating AC waveform how would the
zener diode react to a constantly changing signal.

Diode clipping and clamping circuits are circuits that are used to shape or modify an input AC
waveform (or any sinusoid) producing a differently shape output waveform depending on the
circuit arrangement. Diode clipper circuits are also called limiters because they limit or clip-off
the positive (or negative) part of an input AC signal. As zener clipper circuits limit or cut-off part
of the waveform across them, they are mainly used for circuit protection or in waveform shaping
circuits. For example, if we wanted to clip an output waveform at +7.5V, we would use a 7.5V
zener diode. If the output waveform tries to exceed the 7.5V limit, the zener diode will "clip-off"
the excess voltage from the input producing a waveform with a flat top still keeping the output
constant at +7.5V. Note that in the forward bias condition a zener diode is still a diode and when
the AC waveform output goes negative below -0.7V, the zener diode turns "ON" like any normal
silicon diode would and clips the output at -0.7V as shown below.

Square Wave Signal

R

—/W\/i - o Uz -
L ; \ ’ s Single Zener
@ Sinusoidal Dy Z = = ?:-: Dicde Clipping

Output Waveform
0]

Waveform

R

—AN—T—
Double Zener

Diode Clipping N I_ ——/”-’K——]ﬁ'\——-wz
CDSinusuidal S ZS _/___u__L

Wavefarm

Dutput Waveform
O

The back to back connected zener diodes can be used as an AC regulator producing what is
jokingly called a "poor man's square wave generator". Using this arrangement we can clip the
waveform between a positive value of +7.5V and a negative value of -7.5V. If we wanted to clip
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an output waveform between different minimum and maximum values for example, +8V and -
6V, use would simply use two differently rated zener diodes.

Note that the output will actually clip the AC waveform between +8.7V and -6.7V due to the
addition of the forward biasing diode voltage, which adds another 0.7V voltage drop to it. This
type of clipper configuration is fairly common for protecting an electronic circuit from over
voltage. The two zeners are generally placed across the power supply input terminals and during
normal operation, one of the zener diodes is "OFF" and the diodes have little or no affect.
However, if the input voltage waveform exceeds its limit, then the zeners turn "ON" and clip the
input to protect the circuit.

In the next tutorial about diodes, we will look at using the forward biased PN junction of a diode
to produce light. We know from the previous tutorials that when charge carriers move across the
junction, electrons combine with holes and energy is lost in the form of heat, but also some of
this energy is dissipated as photons but we can not see them. If we place a translucent lens
around the junction, visible light will be produced and the diode becomes a light source. This

effect produces another type of diode known commonly as the |Light Emitting Diode| which

takes advantage of this light producing characteristic to emit light (photons) in a variety of
colours and wavelengths.

Light Emitting Diodes

Light Emitting Diodes or LED’s, are among the most widely used of all the different types of
semiconductor diodes available today. They are the most visible type of diode, that emit a fairly
narrow bandwidth of either visible light at different coloured wavelengths, invisible infra-red
light for remote controls or laser type light when a forward current is passed through them. A
"Light Emitting Diode" or LED as it is more commonly called, is basically just a specialised
type of PN junction diode, made from a very thin layer of fairly heavily doped semiconductor
material. When the diode is forward biased, electrons from the semiconductors conduction band
recombine with holes from the valence band releasing sufficient energy to produce photons
which emit a monochromatic (single colour) of light. Because of this thin layer a reasonable
number of these photons can leave the junction and radiate away producing a coloured light
output. Then we can say that when operated in a forward biased direction Light Emitting
Diodes are semiconductor devices that convert electrical energy into light energy.
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LED Construction

The construction of a light emitting diode is very different from that of a normal signal diode.
The PN junction of an LED is surrounded by a transparent, hard plastic epoxy resign
hemispherical shaped shell or body which protects the LED from both vibration and shock.
Surprisingly, an LED junction does not actually emit that much light so the epoxy resin body is
constructed in such a way that the photons of light emitted by the junction are reflected away
from the surrounding substrate base to which the diode is attached and are focused upwards
through the domed top of the LED, which itself acts like a lens concentrating the amount of light.
This is why the emitted light appears to be brightest at the top of the LED.

However, not all LEDs are made with a hemispherical shaped dome for their epoxy shell. Some
LEDs have a rectangular or cylindrical shaped construction that has a flat surface on top. Also,
nearly all LEDs have their cathode, (K) terminal identified by either a notch or flat spot on the
body, or by one of the leads being shorter than the other, (the Anode, A).

Unlike normal incandescent lamps and bulbs which generate large amounts of heat when
illuminated, the light emitting diode produces a "cold" generation of light which leads to high
efficiencies than the normal "light bulb" because most of the generated energy radiates away
within the visible spectrum. Because LEDs are solid-state devices, they can be extremely small
and durable and provide much longer lamp life than normal light sources.

Light Emitting Diode Colours

So how does a light emitting diode get its colour. Unlike normal signal diodes which are made
for detection or power rectification, and which are made from either Germanium or Silicon
semiconductor materials, Light Emitting Diodes are made from exotic semiconductor
compounds such as Gallium Arsenide (GaAs), Gallium Phosphide (GaP), Gallium Arsenide
Phosphide (GaAsP), Silicon Carbide (SiC) or Gallium Indium Nitride (GalnN) all mixed
together at different ratios to produce a distinct wavelength of colour. Different LED compounds
emit light in specific regions of the visible light spectrum and therefore produce different
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intensity levels. The exact choice of the semiconductor material used will determine the overall
wavelength of the photon light emissions and therefore the resulting colour of the light emitted.

Typical LED Characteristics Thus, the actual colour of a light
Semlcf)nductor Wavelength (Colour [V @ 20mA emitting diode is fletermu.led by ‘fhe
Material wavelength of the light emitted, which

_ inturn is determined by the actual
605-620nm Amber 2.0v forming the PN junction during
GaAsP:N 585-595nm Yellow 2.2v manufacture and NOT by the colouring
_ of the LEDs plastic body although these

430-505nm |Blue are slightly coloured to both enhance
450nm White 4.0v the light and indicate its colour when its

semiconductor compound wused in

<
Z
ae)

GalnN

not be used. Light emitting diodes are
available in a wide range of colours with the most common being RED, AMBER, YELLOW
and GREEN and are thus widely used as visual indicators and as moving light displays.

Recently developed blue and white coloured LEDs are also available but these tend to be much
more expensive than the normal standard colours due to the production costs of mixing together
two or more complementary colours at an exact ratio within the semiconductor compound and
also by injecting nitrogen atoms into the crystal structure during the doping process.

From the table above we can see that the main P-type dopant used in the manufacture of Light
Emitting Diodes is Gallium (Ga, atomic number 31) and that the main N-type dopant used is
Arsenic (As, atomic number 31) giving the resulting compound of Gallium Arsenide (GaAs)
crystal structure. The problem with using Gallium Arsenide on its own as the semiconductor
compound is that it radiates large amounts of low brightness infra-red radiation (850nm-940nm
approx.) from its junction when a forward current is flowing through it. This infra-red light is ok
for television remote controls but not very useful if we want to use the LED as an indicating
light. But by adding Phosphorus (P, atomic number 15), as a third dopant the overall wavelength
of the emitted radiation is reduced to below 680nm giving visible red light to the human eye.
Further refinements in the doping process of the PN junction have resulted in a range of colours
spanning the spectrum of visible light as we have seen above as well as infra-red and ultra-violet
wavelengths.

By mixing together a variety of semiconductor, metal and gas compounds the following list of
LEDs can be produced.

Gallium Arsenide (GaAs) - infra-red
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Gallium Arsenide Phosphide (GaAsP) - red to infra-red, orange

Aluminium Gallium Arsenide Phosphide (AlGaAsP) - high-brightness red, orange-red, orange,
and yellow

Gallium Phosphide (GaP) - red, yellow and green

Aluminium Gallium Phosphide (AlGaP) - green

Gallium Nitride (GaN) - green, emerald green

Gallium Indium Nitride (GalnN) - near ultraviolet, bluish-green and blue
Silicon Carbide (SiC) - blue as a substrate

Zinc Selenide (ZnSe) - blue

Aluminium Gallium Nitride (AlGaN) - ultraviolet

Like conventional PN junction diodes, LEDs are current-dependent devices with its forward
voltage drop Vg, depending on the semiconductor compound (its light colour) and on the forward
biased LED current. The point where conduction begins and light is produced is about 1.2V for a
standard red LED to about 3.6V for a blue LED. The exact voltage drop will of course depend on
the manufacturer because of the different dopant materials and wavelengths used. The voltage
drop across the LED at a particular current value, for example 20mA, will also depend on the
initial conduction V¢ point. As an LED is effectively a diode, its forward current to voltage
characteristics curves can be plotted for each diode colour as shown below.

Light Emitting Diodes I-V Characteristics.
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Light Emitting Diode (LED) Schematic symbol and its I-V Characteristics Curves showing
the different colours available.

Before a light emitting diode can "emit" any form of light it needs a current to flow through it, as
it is a current dependant device with their light output intensity being directly proportional to the
forward current flowing through the LED. As the LED is to be connected in a forward bias
condition across a power supply it should be current limited using a series resistor to protect it
from excessive current flow. Never connect an LED directly to a battery or power supply as it
will be destroyed almost instantly because too much current will pass through and burn it out.

From the table above we can see that each LED has its own forward voltage drop across the PN
junction and this parameter which is determined by the semiconductor material used, is the
forward voltage drop for a specified amount of forward conduction current, typically for a
forward current of 20mA. In most cases LEDs are operated from a low voltage DC supply, with
a series resistor, Rg used to limit the forward current to a safe value from say SmA for a simple
LED indicator to 30mA or more where a high brightness light output is needed.

LED Series Resistance.

The series resistor value Rg is calculated by simply using by knowing the required
forward current Ir of the LED, the supply voltage Vs across the combination and the expected
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forward voltage drop of the LED, V at the required current level, the current limiting resistor is
calculated as:

LED Series Resistor Circuit

+W
A #Irz = I¢
=T :
' Vs-VE |
Re : RS = I I
| Pl
Ve e -
——o0
a f
LED Q Ve
k
-
L ]
o + 0

Example Nol

An amber coloured LED with a forward volt drop of 2 volts is to be connected to a 5.0v
stabilised DC power supply. Using the circuit above calculate the value of the series resistor
required to limit the forward current to less than 10mA. Also calculate the current flowing
through the diode if a 100 series resistor is used instead of the calculated first.

1). series resistor value at 10mA.

Ve -V bv-—2v 3
RS: = ju—

= = 3000
I 10mA  10x107°

2). with a 100€2 series resistor.

Vo - Ve

_ =X % - 30mA
0
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We remember from thetutorials, that resistors come in standard preferred values. Our
first calculation above shows to limit the current flowing through the LED to 10mA exactly, we
would require a 300Q resistor. In the E12 series of resistors there is no 300Q resistor so we
would need to choose the next highest value, which is 330Q. A quick re-calculation shows the
new forward current value is now 9.1mA, and this is ok.

LED Driver Circuits

Now that we know what is an LED, we need some way of controlling it by switching it "ON"
and "OFF". The output stages of both TTL and CMOS logic gates can both source and sink
useful amounts of current therefore can be used to drive an LED. Normal integrated circuits
(ICs) have an output drive current of up to S0mA in the sink mode configuration, but have an
internally limited output current of about 30mA in the source mode configuration. Either way the
LED current must be limited to a safe value using a series resistor as we have already seen.
Below are some examples of driving light emitting diodes using inverting ICs but the idea is the
same for any type of integrated circuit output whether combinational or sequential.

IC Driver Circuit

=5V =5
O
| »* R LED is "ON" when
Vin TTL or the output is LOW
Shiles (current sink)
LED -—
o I
+5V
9]
m R I
y TTL of -
i A W £F
Ll LED is “"ON" when
the output is HIGH
oV % LED p

=L (current source)

If more than one LED requires driving at the same time, such as in large LED arrays, or the load
current is to high for the integrated circuit or we may just want to use discrete components
instead of ICs, then an alternative way of driving the LEDs using either bipolar NPN or PNP

|transist0rs as switcheslis given below. Again as before, a series resistor, Rg is required to limit
the LED current.
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Transistor Driver Circuit
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Source switching
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The brightness of a light emitting diode cannot be controlled by simply varying the current
flowing through it. Allowing more current to flow through the LED will make it glow brighter
but will also cause it to dissipate more heat. LEDs are designed to produce a set amount of light
operating at a specific forward current ranging from about 10 to 20mA. In situations were power
savings are important, less current may be possible. However, reducing the current to below say
S5mA may dim its light output too much or even turn the LED "OFF" completely. A much better
way to control the brightness of LEDs is to use a control process known as "Pulse Width
Modulation" or PWM, in which the LED is repeatedly turned "ON" and "OFF" at varying
frequencies depending upon the required light intensity.

LED Light Intensity using PWM
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When higher light outputs are required, a pulse width modulated current with a fairly short duty
cycle ("ON-OFF" Ratio) allows the diode current and therefore the output light intensity to be
increased significantly during the actual pulses, while still keeping the LEDs "average current
level" and power dissipation within safe limits. This "ON-OFF" flashing condition does not
affect what is seen as the human eyes fills in the gaps between the "ON" and "OFF" light pulses,
providing the pulse frequency is high enough, making it appear as a continuous light output. So
pulses at a frequency of 100Hz or more actually appear brighter to the eye than a continuous
light of the same average intensity.

Multi-coloured Light Emitting Diode

LEDs are available in a wide range of shapes, colours and various sizes with different light
output intensities available, with the most common (and cheapest to produce) being the standard
Smm Red Gallium Arsenide Phosphide (GaAsP) LED. LED's are also available in various
"packages" arranged to produce both letters and numbers with the most common being that of
the "seven segment display" arrangement. Nowadays, full colour flat screen LED displays are
available with a large number of dedicated ICs available for driving the displays directly. Most
light emitting diodes produce just a single output of coloured light however, multi-coloured
LEDs are now available that can produce a range of different colours from within a single
device. Most of these are actually two or three LEDs fabricated within a single package.

Bicolour Light Emitting Diodes

A bicolour light emitting diode has two LEDs chips connected together in "inverse parallel" (one
forwards, one backwards) combined in one single package. Bicolour LEDs can produce any one
of three colours for example, a red colour is emitted when the device is connected with current
flowing in one direction and a green colour is emitted when it is biased in the other direction.
This type of bi-directional arrangement is useful for giving polarity indication, for example, the
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correct connection of batteries or power supplies etc. Also, a bi-directional current produces both
colours mixed together as the two LEDs would take it in turn to illuminate if the device was
connected (via a suitable resistor) to a low voltage, low frequency AC supply.

A Bicolour LED
o, T
A B
O O LED 1 ON OFF ON
LED 2 OFF ON ON
Colour Green Red Yellow

Tricolour Light Emitting Diodes

The most popular type of tricolour LED comprises of a single Red and a Green LED combined
in one package with their cathode terminals connected together producing a three terminal
device. They are called tricolour LEDs because they can give out a single red or a green colour
by turning "ON" only one LED at a time. They can also generate additional shades of colours
(the third colour) such as Orange or Yellow by turning "ON" the two LEDs in different ratios of
forward current as shown in the table thereby generating 4 different colours from just two diode

junctions.
A Multi or Tricolour LED
tput

Outpu Red  Orange Yellow Green
Colour
s 1O SmA 9.5mA |15SmA
Current
LED 2IOrnA 6.5mA [3.5mA 0
Current

LED Displays

As well as individual colour or multi-colour LEDs, several light emitting diodes can be
combined together within a single package to produce displays such as bargraphs, strips, arrays
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and seven segment displays. A seven segment LED display provides a very convenient way
when decoded properly of displaying information or digital data in the form of numbers, letters
or even alpha-numerical characters and as their name suggests, they consist of seven individual
LEDs (the segments), within one single display package.

In order to produce the required numbers or characters from 0 to 9 and A to F respectively, on
the display the correct combination of LED segments need to be illuminated. A standard seven
segment LED display generally has eight input connections, one for each LED segment and one
that acts as a common terminal or connection for all the internal segments.

The Common Cathode Display (CCD) - In the common cathode display, all the cathode
connections of the LEDs are joined together and the individual segments are illuminated by
application of a HIGH, logic "1" signal.

The Common Anode Display (CAD) - In the common anode display, all the anode connections
of the LEDs are joined together and the individual segments are illuminated by connecting the
terminals to a LOW, logic "0" signal.

A Typical Seven Segment LED Display
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Common Cathode
Opto-coupler

Finally, another useful application of light emitting diodes is Opto-coupling. An opto-coupler or
opto-isolator as it is also called, is a single electronic device that consists of a light emitting
diode combined with either a photo-diode, photo-transistor or photo-triac to provide an optical
signal path between an input connection and an output connection while maintaining electrical
isolation between two circuits. An opto-isolator consists of a light proof plastic body that has a
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typical breakdown voltages between the input (photo-diode) and the output (photo-transistor)
circuit of up to 5000 volts. This electrical isolation is especially useful where the signal from a
low voltage circuit such as a battery powered circuit, computer or microcontroller, is required to
operate or control another external circuit operating at a potentially dangerous mains voltage.

Photo-diode and Photo-transistor Opto-couplers

A o—rf— iﬁl—o b A o—lwf— lﬁl—o C
| | | I
| | | |
R N | Photo R |\ | Photo
LED | - :Dil::de LED I — | ) :Tran5i5tcrr
| — "
| [ |
| l |1 Lo
|
| |
K O—— o - K o—— Le—e——FOB
Diode Transistor
Opto-isolator Opto-isolator

The two components used in an opto-isolator, an optical transmitter such as an infra-red emitting
Gallium Arsenide LED and an optical receiver such as a photo-transistor are closely optically
coupled and use light to send signals and/or information between its input and output. This
allows information to be transferred between circuits without an electrical connection or
common ground potential. Opto-isolators are digital or switching devices, so they transfer either
"ON-OFF" control signals or digital data. Analogue signals can be transferred by means of
frequency or pulse-width modulation.

Diode

From Wikipedia, the free encyclopedia
Jump to:|navigationl[search|
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Figure 1: Closeup of a diode, showing the square shaped semiconductor crystal (black object on

left).

£
Figure 2: Various semiconductor diodes. Bottom: A [bridge rectifier| In most diodes, a white or

black painted band identifies the terminal, that is, the terminal which |conventionall

current|flows out of when the diode is conducting.
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Figure 3: Structure of a[vacuum tube|diode. The filament may be bare, or more commonly (as
shown here), embedded within and insulated from an enclosing cathode

In|electronics| a diode is a two{terminaljelectronic component|that conducts |electric current|in
only one direction. The term usually refers to a semiconductor diode, the most common type
today. This is a crystalline piece of |[semiconductor| material connected to two electrical
terminalsIT_rqA vacuum tube diode (now little used except in some high-power technologies) is a

vacuum tube(with two|electrodes| a|platefand a|cathode

The most common function of a diode is to allow an electric current to pass in one direction
(called the diode's forward direction) while blocking current in the opposite direction (the
reverse direction). Thus, the diode can be thought of as an electronic version of a|check valve
This unidirectional behavior is called |rectiﬁcati0nl and is used to convert|alternating current|to

direct current] and to extract|modulation [from radio signals in radio receivers.

However, diodes can have more complicated behavior than this simple on-off action, due to their
complelectrical characteristics, which can be tailored by varying the construction
of their These are exploited in special purpose diodes that perform many different
functions. For example, specialized diodes are used to regulate voltage (Zener diodes), to
electronically tune radio and TV receivers (varactor diodes), to generate [radio frequency|

oscillations|(tunnel diodes), and to produce light (light emitting diodes).

Diodes were the first [semiconductor electronic devices| The discovery of crystals'
abilities was made by German physicist |[Ferdinand Braun|in 1874. The first semiconductor
diodes, called|cat's whisker diodes|were made of crystals of minerals such as| galena] Today most
diodes are made oflsilicon] but other|semiconductors[such as|germanium|are sometimes usedlj

Thermionic and gaseous state diodes

N T-_-jf
&

Figure 4: The symbol for an indirect heated vacuum tube diode. From top to bottom, the
components are the anode, the cathode, and the heater filament.

ry
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Thermionic diodes are thermionic-valve devices (also known as vacuum tubes, tubes, or valves),

which are arrangemenfs of electrodes shrrounded by a vacuun] within a glags envelope. Early
examples were fairly similar in appearance to incandescent light bulbs.

I |

In thermionic valve diodes, a current through the heater [filament| indirectly heats the [cathode]

another internal electrode treated with a mixture of [barium|and [strontium|oxides] which are

oxides|of[alkaline earth metals] these substances are chosen because they have a small [work]|
function| (Some valves use direct heating, in which a tungsten filament acts as both heater and

cathode.) The heat causes [thermionic emission| of electrons into the vacuum. In forward

operation, a surrounding metal electrode called the is positively charged so that it

lelectrostatically|attracts the emitted electrons. However, electrons are not easily released from

the unheated anode surface when the [voltage| polarity is reversed. Hence, any reverse flow is

negligible.

For much of the 20th century, thermionic valve diodes were used in analog signal applications,
and as rectifiers in many power supplies. Today, valve diodes are only used in niche applications
such as rectifiers in [electric guitar| and [high-end audiolampliﬁers as well as specialized high-
voltage equipment.

Semiconductor diodes

A modern semiconductor diode is made of a crystal of [semiconductor| like silicon that has
impurities added to it to create a region on one side that contains negative [charge carriers|
(electrons), called |n-type semiconductor| and a region on the other side that contains positive

charge carriers (holes), called [p-type semiconductor} The diode's terminals are attached to each

of these regions. The boundary within the crystal between these two regions, called a [PN]]
is where the action of the diode takes place. The crystal conducts|conventional current
in a direction from the p-type side (called the to the n-type side (called the[cathode), but

not in the opposite direction.

Another type of semiconductor diode, the|Schottky diode] is formed from the contact between a
metal and a semiconductor rather than by a p-n junction.

Current—voltage characteristic

A semiconductor diode‘s behavior in a circuit is given by its|current—voltage characteristic] or I-
V graph (see graph below). The shape of the curve is determined by the transport of charge
carriers through the so-called|depletion layer|or|depletion region|that exists at the
between differing semiconductors. When a p-n junction is first created, conduction band
(mobile) electrons from the N{doped]region diffuse into the P{doped] region where there is a
large population of holes (vacant places for electrons) with which the electrons —recombine”.
When a mobile electron recombines with a hole, both hole and electron vanish, leaving behind
an immobile positively charged donor (dopant) on the N-side and negatively charged acceptor
(dopant) on the P-side. The region around the p-n junction becomes depleted of|charge carriers|
and thus behaves as an|insulator
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However, the width of the depletion region (called the |[depletion width} cannot grow without
limit. For each|electron-hole pair|that recombines, a positively charged|dopant|ion is left behind
in the N-doped region, and a negatively charged dopant ion is left behind in the P-doped region.
As recombination proceeds more ions are created, an increasing electric field develops through
the depletion zone which acts to slow and then finally stop recombination. At this point, there is
a —bilt-in” potential across the depletion zone.

If an external voltage is placed across the diode with the same polarity as the built-in potential,
the depletion zone continues to act as an insulator, preventing any significant electric current
flow (unless electron/hole pairs are actively being created in the junction by, for instance, light.
see . This is the phenomenon. However, if the polarity of the external
voltage opposes the built-in potential, recombination can once again proceed, resulting in
substantial electric current through the p-n junction (i.e. substantial numbers of electrons and
holes recombine at the junction). For silicon diodes, the built-in potential is approximately 0.7 V
(0.3 V for Germanium and 0.2 V for Schottky). Thus, if an external current is passed through the
diode, about 0.7 V will be developed across the diode such that the P-doped region is positive
with respect to the N-doped region and the diode is said to be —trned on” as it has a[forward]|
bias

Figure 5: I-V characteristics of a P-N junction diode (not to scale).

A diode‘s 'I-V characteristic’ can be approximated by four regions of operation (see the figure
at right).

At very large reverse bias, beyond the [peak inverse voltage|or PIV, a process called reverse
[breakdown]occurs which causes a large increase in current (i.e. a large number of electrons and
holes are created at, and move away from the pn junction) that usually damages the device
permanently. The|avalanche diodelis deliberately designed for use in the avalanche region. In the
|zener diode]| the concept of PIV is not applicable. A zener diode contains a heavily doped p-n
junction allowing electrons to tunnel from the valence band of the p-type material to the
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conduction band of the n-type material, such that the reverse voltage is -elamped” to a known
value (called the zener voltage), and avalanche does not occur. Both devices, however, do have a
limit to the maximum current and power in the clamped reverse voltage region. Also, following
the end of forward conduction in any diode, there is reverse current for a short time. The device
does not attain its full blocking capability until the reverse current ceases.

The second region, at reverse biases more positive than the PIV, has only a very small reverse
saturation current. In the reverse bias region for a normal P-N rectifier diode, the current through
the device is very low (in the pA range). However, this is temperature dependent, and at
suffiently high temperatures, a substantial amount of reverse current can be observed (mA or
more).

The third region is forward but small bias, where only a small forward current is conducted.

As the potential difference is increased above an arbitrarily defined —eut-in voltage” or —en-
voltage” or —diode forward voltage drop (V4)”, the diode current becomes appreciable (the level
of current considered -appreciable” and the value of cut-in voltage depends on the application),
and the diode presents a very low resistance. The current—voltage curve is In a
normal silicon diode at rated currents, the arbitrary —eut-in” voltage is defined as 0.6 to 0.7
The value is different for other diode types — |Schottky diodes|can be rated as low as 0.2 V,
Germanium diodes 0.25-0.3 V, and red or blue [light-emitting diodes|(LEDs) can have values of
1.4 V and 4.0 V respectively.

At higher currents the forward voltage drop of the diode increases. A drop of 1 V to 1.5 V is
typical at full rated current for power diodes.

Shockley diode equation

The Shockley ideal diode equation or the diode law (named after co-inventor{ William|]
[Bradford Shockley] not to be confused Withinventor Walter H. Schottky) gives the [-V
characteristic of an ideal diode in either forward or reverse bias (or no bias). The equation is:

I — IS (E‘y’hﬂf{ﬂ‘f’T] _ 1) i
where

1 is the diode current,

Is is the reverse bias|saturation current](or scale current),

Vb is the voltage across the diode,

V1 is the|thermal voltage| and

n is the ideality factor, also known as the quality factor or sometimes emission
coefficient. The ideality factor » varies from 1 to 2 depending on the fabrication process
and semiconductor material and in many cases is assumed to be approximately equal to 1
(thus the notation # is omitted).
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The thermal voltage Vr is approximately 25.85 mV at 300 K, a temperature close to foom
temperature” commojnly used in device simulation software. At any temperature it is a known
constant defined by:

kT
Vp= —,
q

where £ is the|Boltzmann constant] 7 is the absolute temperature of the p-n junction, and ¢ is the
magnitude of charge on anlelectron|(the|elementary charge).

The Shockley ideal diode equation or the diode law i1s derived with the assumption that the only
processes giving rise to the current in the diode are drift (due to electrical field), diffusion, and
thermal recombination-generation. It also assumes that the recombination-generation (R-G)
current in the depletion region is insignificant. This means that the Shockley equation doesn‘t
account for the processes involved in reverse breakdown and photon-assisted R-G. Additionally,
it doesn‘t describe the —eveling off” of the I-V curve at high forward bias due to internal
resistance.

Under reverse bias voltages (see Figure 5) the exponential in the diode equation is negligible,
and the current is a constant (negative) reverse current value of —/s. The reverse breakdown
region is not modeled by the Shockley diode equation.

For even rather small forward bias voltages (see Figure 5) the exponential is very large because
the thermal voltage is very small, so the subtracted _1° in the diode equation is negligible and the

forward diode current is often approximated as

[ = Ige"D/0Vr)

The use of the diode equation in circuit problems is illustrated in the article on|diode modeling

Small-signal behaviour

For circuit design, a small-signal model of the diode behavior often proves useful. A specific
example of diode modeling is discussed in the article on|[small-signal circuits

Types of semiconductor diode

Ancdu D | Cathedw Anceda Catheds Anceda Catheds Anceda Catheds

Zener | Schottky | Tunnel
diode diode diode

Diode
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Figure 6: Some diode symbols.
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Figure 7: Typical diode packages in same alignment as diode symbol. Thin bar depicts the

cathode

=

Figure 8: Several types of diodes. The scale is centimeters.

There are several types of junction diodes, which either emphasize a different physical aspect of
a diode often by geometric scaling, doping level, choosing the right electrodes, are just an
application of a diode in a special circuit, or are really different devices like the Gunn and laser

diode and the|]MOSFET

Normal (p-n) diodes, which operate as described above, are usually made of dopedor,
more rarely, [germanium| Before the development of modern silicon power rectifier diodes,
[cuprous oxide|and later [selenium|was used; its low efficiency gave it a much higher forward
voltage drop (typically 1.4—1.7 V per —eell”, with multiple cells stacked to increase the peak
inverse voltage rating in high voltage rectifiers), and required a large heat sink (often an
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extension of the diode‘s metal substrate), much larger than a silicon diode of the same current
ratings would require. The vast majority of all diodes are the p-n diodes found in [CMOS

integrated circuits| which include two diodes per pin and many other internal diodes.

Avalanche diodes

Diodes that conduct in the reverse direction when the reverse bias voltage exceeds the
breakdown voltage. These are electrically very similar to Zener diodes, and are often
mistakenly called Zener diodes, but break down by a different mechanism, the avalanche
effect. This occurs when the reverse electric field across the p-n junction causes a wave of
ionization, reminiscent of an avalanche, leading to a large current. Avalanche diodes are
designed to break down at a well-defined reverse voltage without being destroyed. The
difference between the avalanche diode (which has a reverse breakdown above about
6.2 V) and the Zener is that the channel length of the former exceeds the —mean free
path” of the electrons, so there are collisions between them on the way out. The only
practical difference is that the two types have temperature coefficients of opposite
polarities.

Cat‘s whisker or crystal diodes

These are a type of point-contact diode. The cat‘s whisker diode consists of a thin or
sharpened metal wire pressed against a semiconducting crystal, typically [galena] or a
piece of The wire forms the anode and the crystal forms the cathode. Cat‘s
whisker diodes were also called crystal diodes and found application in

receivers| Cat‘s whisker diodes are generally obsolete, but may be available from a few

manufacturers. [0 "%

Constant current diodes

These are actually a[JFET]|"" |with the gate shorted to the source, and function like a two-
terminal current-limiter analog to the Zener diode, which is limiting voltage. They allow
a current through them to rise to a certain value, and then level off at a specific value.
Also called CLDs, constant-current diodes, diode-connected transistors, or current-
regulating diodes.

Esaki

or{tunnel diodes

These have a region of operation showing [negative resistance| caused by quantum|

tunneling] thus allowing amplification of signals and very simple bistable circuits. These

diodes are also the type most resistant to nuclear radiation.

Gunn diodes

These are similar to tunnel diodes in that they are made of materials such as GaAs or InP
that exhibit a region of[negative differential resistance| With appropriate biasing, dipole
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domains form and travel across the diode, allowing high frequency|[microwaveloscillators|
to be built.

Light-emitting diodes |(LEDs)

In a diode formed from a [direct band-gap| semiconductor, such as |gallium arsenide]
carriers that cross the junction emit ﬂ when they recombine with the majority
carrier on the other side. Depending on the material, [wavelengths|(or colors[™]from the
[infrared]to the near[ultravioletlmay be produced[™™| The forward potential of these diodes

depends on the wavelength of the emitted photons: 1.2 V corresponds to red, 2.4 V to
violet. The first LEDs were red and yellow, and higher-frequency diodes have been
developed over time. All LEDs produce incoherent, narrow-spectrum light; —white”
LEDs are actually combinations of three LEDs of a different color, or a blue LED with a
yellow [scintillator] coating. LEDs can also be used as low-efficiency photodiodes in

signal applications. An LED may be paired with a photodiode or phototransistor in the
same package, to form an

Laser diodes

When an LED-like structure is contained in a[resonant cavity|formed by polishing the
parallel end faces, a[laser] can be formed. Laser diodes are commonly used in [optical]

storage|devices and for high speed|optical communication|

Peltier diodes

These diodes are used as sensors,| heat engines|for{thermoelectric cooling| Charge carriers
absorb and emit their band gap energies as heat.

Photodiodes

All semiconductors are subject to optical [charge carrier|generation. This is typically an
undesired effect, so most semiconductors are packaged in light blocking material.
Photodiodes are intended to sense light, so they are packaged in materials
that allow light to pass, and are usually PIN (the kind of diode most sensitive to light)["]]
A photodiode can be used in|[solar cells| in [photometry| or in|optical communications|
Multiple photodiodes may be packaged in a single device, either as a linear array or as a
two-dimensional array. These arrays should not be confused with [charge-coupled |

devices|

Point-contact diodes

These work the same as the junction semiconductor diodes described above, but their
construction is simpler. A block of n-type semiconductor is built, and a conducting sharp-
point contact made with some group-3 metal is placed in contact with the semiconductor.
Some metal migrates into the semiconductor to make a small region of p-type
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semiconductor near the contact. The long-popular 1N34 germanium version is still used
in radio receivers as a detector and occasionally in specialized analog electronics.

PIN diodes

A PIN diode has a central un-doped, or intrinsic, layer, forming a p-type/intrinsic/n-type
structurem They are used as radio frequency switches and attenuators. They are also
used as large volume ionizing radiation detectors and as[photodetectors| PIN diodes are
also used in [power electronics| as their central layer can withstand high voltages.
Furthermore, the PIN structure can be found in many[power semiconductor devices| such
as|IGBTs| power] MOSFETs) and|thyristors]

Schottky diodes

[Schottky| diodes are constructed from a metal to semiconductor contact. They have a

lower forward voltage drop than p-n junction diodes. Their forward voltage drop at
forward currents of about 1 mA is in the range 0.15V to 0.45 V, which makes them
useful in voltage|clamping applications|and prevention of transistor saturation. They can
also be used as low loss h although their reverse leakage current is generally
higher than that of other diodes. Schottky diodes are[majority carrier|devices and so do
not suffer from minority carrier storage problems that slow down many other diodes —
so they have a faster —everse recovery” than p-n junction diodes. They also tend to have

much lower junction capacitance than p-n diodes which provides for high switching
speeds and their use in high-speed circuitry and RF devices such as [switched-mode |

power supply||mixers|and|detectors]

Super barrier diodes

Gold

Super barrier diodes are rectifier diodes that incorporate the low forward voltage drop of
the Schottky diode with the surge-handling capability and low reverse leakage current of
a normal p-n junction diode.

tdoped diodes

As a dopant, gold (or [platinum) acts as recombination centers, which help a fast
recombination of minority carriers. This allows the diode to operate at signal frequencies,
at the expense of a higher forward voltage drop. Gold doped diodes are faster than other
p-n diodes (but not as fast as Schottky diodes). They also have less reverse-current
leakage than Schottky diodes (but not as good as other p-n diodes)I]T_sﬂTEl A typical
example is the IN914.

Snap-off|or|Step recovery diodes

The term step recovery relates to the form of the reverse recovery characteristic of these
devices. After a forward current has been passing in anand the current is interrupted
or reversed, the reverse conduction will cease very abruptly (as in a step waveform).
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SRDs can therefore provide very fast voltage transitions by the very sudden
disappearance of the charge carriers.

Transient voltage suppression diode|(TVS)

These are avalanche diodes designed specifically to protect other semiconductor devices
from high-voltage [transients[" ] Their p-n junctions have a much larger cross-sectional
area than those of a normal diode, allowing them to conduct large currents to ground
without sustaining damage.

Varicap|or|varactor diodes

These are used as voltage-controlled [capacitors] These are important in PLL

locked loop) and FLL (frequency-locked loop) circuits, allowing tuning circuits, such as

those in television receivers, to lock quickly, replacing older designs that took a long time
to warm up and lock. A PLL is faster than an FLL, but prone to integer harmonic locking
(if one attempts to lock to a broadband signal). They also enabled tunable oscillators in
early discrete tuning of radios, where a cheap and stable, but fixed-frequency, crystal
oscillator provided the reference frequency for a|voltage-controlled oscillator]

Zener diodes

Diodes that can be made to conduct backwards. This effect, called Zener breakdown,
occurs at a precisely defined voltage, allowing the diode to be used as a precision voltage
reference. In practical voltage reference circuits Zener and switching diodes are
connected in series and opposite directions to balance the temperature coefficient to near
zero. Some devices labeled as high-voltage Zener diodes are actually avalanche diodes
(see above). Two (equivalent) Zeners in series and in reverse order, in the same package,
constitute a transient absorber 50r* a registered trademark). The Zener diode is
named for Dr.|Clarence Melvin Zener|of Southern Illinois University, inventor of the

device.

Other uses for semiconductor diodes include sensing temperature, and computing analog

logarithms |(see|Operational amplifier applications#Logarithmic).

Numbering and coding schemes

There are a number of common, standard and manufacturer-driven numbering and coding
schemes for diodes; the two most common being the JEDEC|standard and the European

Electron|standard:

EIA/JEDEC

A standardized 1N-series numbering system was introduced in the US by EIA/JEDEC (Joint
Electron Device Engineering Council) about 1960. Among the most popular in this series were:
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IN34A/IN270 (Germanium signal), IN914/1N4148 (Slllcon 51gna1 [IN4001}1N4007 (Silicon
1A power rectifier) and 1N54xx (Silicon 3A power rectifier)|

Pro Electron

The European[Pro Electron|coding system for[active components| was introduced in 1966 and
comprises two letters followed by the part code. The first letter represents the semiconductor
material used for the component (A = Germanium and B = Silicon) and the second letter
represents the general function of the part (for diodes: A = low-power/signal, B = Variable
capacitance, X = Multiplier, Y = Rectifier and Z = Voltage reference), for example:

e AA-series germanium low-power/signal diodes (e.g.: AA119)

e BA-series silicon low-power/signal diodes (e.g.: BAT18 Silicon RF Switching Diode)
e BY-series silicon rectifier diodes (e.g.: BY127 1250V, 1A rectifier diode)

e BZ-series silicon zener diodes (e.g.: BZY88C4V7 4.7V zener diode)

Other common numbering / coding systems (generally manufacturer-driven) include:

e GD-series germanium diodes (ed: GD9) — this is a very old coding system
e OA-series germanium diodes (e.g.: OA47) — a coding sequence developed by[Mullard] a
UK company

As well as these common codes, many manufacturers or organisations have their own systems
too — for example:

e HP diode 1901-0044 = JEDEC 1N4148
e UK military diode CV448 = Mullard type OA81 =|GEC|type GEX23

Related devices

e |Varistor

In optics, an equivalent device for the diode but with laser light would be the [Optical isolator
also known as an Optical Diode, that allows light to only pass in one direction. It uses a|Faradayl]

rotator|as the main component.

Applications

Radio demodulation
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The first use for the diode was the demodulation of{amplitude modulated|(AM) radio broadcasts.
The history of this discovery is treated in depth in the [radio|article. In summary, an AM signal
consists of alternating positive and negative peaks of voltage, whose[amplitude]or —envelope” is
proportional to the original audio signal. The diode (originally a crystal diode) [rectifies|the AM
radio frequency signal, leaving an audio signal which is the original audio signal, minus
atmospheric noise. The audio is extracted using a simpleand fed into an audio amplifier or
transducer| which generates sound waves.

Power conversion

are constructed from diodes, where they are used to convert|alternating current|(AC)
electricity into (DO). Automotive are a common example, where the
diode, which rectifies the AC into DC, provides better performance than the [commutator] of
earlier [dynamo| Similarly, diodes are also used in [Cockeroft—Walton[voltage multipliers|to
convert AC into higher DC voltages.

Over-voltage protection

Diodes are frequently used to conduct damaging high voltages away from sensitive electronic
devices. They are usually reverse-biased (non-conducting) under normal circumstances. When
the voltage rises above the normal range, the diodes become forward-biased (conducting). For
example, diodes are used in (stepper motor|and[H-bridge){motor controller|and{relay|circuits to
de-energize coils rapidly without the damaging|voltage spikes|that would otherwise occur. (Any
diode used in such an application is called a [flyback diode). Many [integrated circuits| also
incorporate diodes on the connection pins to prevent external voltages from damaging their
sensitive [transistors] Specialized diodes are used to protect from over-voltages at higher power
(see|Diode types|above).

Logic gates

Diodes can be combined with other components to construct|AND|and [OR[logic gates| This is
referred to as|diode logic

Ionizing radiation detectors

In addition to light, mentioned above, [semiconductor|diodes are sensitive to more |ener§etic
radiation. In|electronics||cosmic rays|and other sources of ionizing radiation cause|noise|pulses
and single and multiple bit errors. This effect is sometimes exploited by|particle detectors| to
detect radiation. A single particle of radiation, with thousands or millions of [electron volts|of
energy, generates many charge carrier pairs, as its energy is deposited in the semiconductor
material. If the depletion layer is large enough to catch the whole shower or to stop a heavy
particle, a fairly accurate measurement of the particle‘s energy can be made, simply by
measuring the charge conducted and without the complexity of a magnetic spectrometer or etc.
These semiconductor radiation detectors need efficient and uniform charge collection and low
leakage current. They are often cooled by |liquid nitrogen| For longer range (about a centimetre)
particles they need a very large depletion depth and large area. For short range particles, they
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need any contact or un-depleted semiconductor on at least one surface to be very thin. The back-
bias voltages are near breakdown (around a thousand volts per centimetre). Germanium and
silicon are common materials. Some of these detectors sense position as well as energy. They
have a finite life, especially when detecting heavy particles, because of radiation damage. Silicon
and germanium are quite different in their ability to convert|gamma rays|to electron showers.

Semiconductor detectors]for high energy particles are used in large numbers. Because of[energy]]
loss fluctuations) accurate measurement of the energy deposited is of less use.

Temperature measurements

A diode can be used as ameasuring device, since the forward voltage drop across

the diode depends on temperature, as in a [Silicon bandgap temperature sensor| From the

Shockley ideal diode equation given above, it appears the voltage has a positive temperature

coefficient (at a constant current) but depends on doping concentration and
[temperature](Sze 2007). The temperature coefficient can be negative as in typical thermistors or

positive for temperature sense diodes down to about 20 kelvins. Typically, silicon diodes have

approximately —2 mV/°C temperature coefficient at room temperature.

Current steering

Diodes will prevent currents in unintended directions. To supply power to an electrical circuit
during a power failure, the circuit can draw current from a |battery] An|Uninterruptible power]|

may use diodes in this way to ensure that current is only drawn from the battery when
necessary. Similarly, small boats typically have two circuits each with their own
battery/batteries: one used for engine starting; one used for domestics. Normally both are
charged from a single alternator, and a heavy duty split charge diode is used to prevent the higher
charge battery (typically the engine battery) from discharging through the lower charged battery
when the alternator is not running.

Diodes are also used in|electronic musical keyboards| To reduce the amount of wiring needed in
electronic musical keyboards, these instruments often use |keyboard matrix| circuits. The
keyboard controller scans the rows and columns to determine which note the player has pressed.
The problem with matrix circuits is that when several notes are pressed at once, the current can
flow backwards through the circuit and trigger '[phantom keys|' that cause —ghost” notes to play.
To avoid triggering unwanted notes, most keyboard matrix circuits have diodes soldered with the
switch under each key of the [musical keyboard| The same principle is also used for the switch
matrix in solid state[pinball machines

p-n Junction Diode

Diode:

A pure silicon crystal or germanium crystal is known as an intrinsic semiconductor. There are
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not enough free electrons and holes in an intrinsic semi-conductor to produce a usable current.
The electrical action of these can be modified by doping means adding impurity atoms to a
crystal to increase either the number of free holes or no of free electrons.

When a crystal has been doped, it is called a extrinsic semi-conductor. They are of two types
* n-type semiconductor having free electrons as majority carriers
* p-type semiconductor having free holes as majority carriers

By themselves, these doped materials are of little use. However, if a junction is made by joining
p-type semiconductor to n-type semiconductor a useful device is produced known as diode. It
will allow current to flow through it only in one direction. The unidirectional properties of a
diode allow current flow when forward biased and disallow current flow when reversed biased.
This is called rectification process and therefore it is also called rectifier.

How is it possible that by properly
joining two semiconductors each of
which, by itself, will freely conduct
the current in any direct refuses to
allow conduction in one direction.

Consider first the condition of p-
type and n-type germanium just
prior to joining ﬁé. 1| The majority
and minority carriers are in constant
motion.

The minority carriers are thermally
produced and they exist only for
short time after which they
recombine and neutralize each
other. In the mean time, other
minority  carriers have  been
produced and this process goes on
and on.

The number of these electron hole
pair that exist at any one time
depends upon the temperature. The
number of majority carriers is
however, fixed depending on the
number of impurity atoms available.
While the electrons and holes are in
motion but the atoms are fixed in
place and do not move.

Fig.1
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As soon as, the junction is formed, the following processes are initiated|fig. 2

Fig.2

Holes from the p-side diffuse into n-side where
they recombine with free electrons.

Free electrons from n-side diffuse into p-side
where they recombine with free holes.

The diffusion of electrons and holes is due to the
fact that large no of electrons are concentrated in
one area and large no of holes are concentrated in
another area.

When these electrons and holes begin to diffuse
across the junction then they collide each other
and negative charge in the electrons cancels the
positive charge of the hole and both will lose their
charges.

The diffusion of holes and electrons is an electric
current referred to as a recombination current.
The recombination process decay exponentially
with both time and distance from the junction.
Thus most of the recombination occurs just after
the junction is made and very near to junction.

A measure of the rate of recombination is
the lifetime defined as the time required for the
density of carriers to decrease to 37% to the
original concentration

The impurity atoms are fixed in their individual places. The atoms itself is a part of the crystal
and so cannot move. When the electrons and hole meet, their individual charge is cancelled and
this leaves the originating impurity atoms with a net charge, the atom that produced the electron
now lack an electronic and so becomes charged positively, whereas the atoms that produced the
hole now lacks a positive charge and becomes negative.

The electrically charged atoms are called ions since they are no longer neutral. These ions
produce an electric field as shown in After several collisions occur, the electric field is
great enough to repel rest of the majority carriers away of the junction. For example, an electron
trying to diffuse from n to p side is repelled by the negative charge of the p-side. Thus diffusion
process does not continue indefinitely but continues as long as the field is developed.
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Fig.3

This region is produced immediately surrounding the junction that has no majority carriers. The
majority carriers have been repelled away from the junction and junction is depleted from
carriers. The junction is known as the barrier region or depletion region. The electric field
represents a potential difference across the junction also called space charge potential or barrier
potential . This potential is 0.7v for Si at 25° celcious and 0.3v for Ge.

The physical width of the depletion region depends on the doping level. If very heavy doping is
used, the depletion region is physically thin because diffusion charge need not travel far across
the junction before recombination takes place (short life time). If doping is light, then depletion
is more wide (long life time).

p-n Junction Diode

The symbol of diode is shown in The terminal connected to p-layer is called anode (A) and the terminal
n-layer is called cathode (K)
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Reverse Bias:

If positive terminal of dc source is connected to cathode and negative terminal is connected to anode, the diod
biased as shown in|fig. 5

Fig.5

When the diode is reverse biased then the depletion region width increases, majority carriers move away fron
there is no flow of current due to majority carriers but there are thermally produced electron hole pair also. If tl
holes are generated in the vicinity of junction then there is a flow of current. The negative voltage applied to the
attract the holes thus generated and repel the electrons. At the same time, the positive voltage will attract the elec
battery and repel the holes. This will cause current to flow in the circuit. This current is usually very small (inte
to nano amp). Since this current is due to minority carriers and these number of minority carriers are fixed at a ;
therefore, the current is almost constant known as reverse saturation current Ico.

In actual diode, the current is not almost constant but increases slightly with voltage. This is due to surface lea
surface of diode follows ohmic law (V=IR). The resistance under reverse bias condition is very high 100k to n
the reverse voltage is increased, then at certain voltage, then breakdown to diode takes place and it conducts he
to avalanche or zener breakdown. The characteristic of the diode is shown in|fig. 6
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Fig.6
Forward bias:

When the diode is forward bias, then majority carriers are pushed towards junction, when they collide and rec
place. Number of majority carriers are fixed in semiconductor. Therefore as each electron is eliminated at th
electron must be introduced, this comes from battery. At the same time, one hole must be created in p-layer.
extracting one electron from p-layer. Therefore, there is a flow of carriers and thus flow of current.

Diode
Space charge capacitance Cy of diode:

Reverse bias causes majority carriers to move away from the junction, thereby creating more
ions. Hence the thickness of depletion region increases. This region behaves as the dielectric
material used for making capacitors. The p-type and n-type conducting on each side of dielectric
act as the plate. The incremental capacitance Cr is defined by

dizl

Co=|o=
T |ay

_dd
Since dt
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Y
Therefore, Tt (E-1)

where, dQ is the increase in charge caused by a change dV in voltage. Ct is not constant, it
depends upon applied voltage, there fore it is defined as dQ / dV.

When p-n junction is forward biased, then also a capacitance is defined called diffusion
capacitance Cp (rate of change of injected charge with voltage) to take into account the time
delay in moving the charges across the junction by the diffusion process. It is considered as a
fictitious element that allow us to predict time delay.

If the amount of charge to be moved across the junction is increased, the time delay is greater, it
follows that diffusion capacitance varies directly with the magnitude of forward current.

= @ = I_T
Oy (E-2)

Relationship between Diode Current and Diode Voltage
An exponential relationship exists between the carrier density and applied potential of diode

junction as given in equation E-3. This exponential relationship of the current ip and the voltage
vp holds over a range of at least seven orders of magnitudes of current - that is a factor of 10”.

'Wn
i =1y [e}(p[ ] ]—IIj [e kT,
(E-3)

Where,

ip=  Current through the diode (dependent variable in this expression)
vp= Potential difference across the diode terminals (independent variable in this expression)
Io= Reverse saturation current (of the order of 10" A for small signal diodes, but I, is a strong

function of temperature)
q = Electron charge: 1.60 X 107" joules/volt
k = Boltzmann's constant: 1.38 X 10 joules /° K
T = Absolute temperature in degrees Kelvin (°K = 273 + temperature in °C)

n = Empirical scaling constant between 0.5 and 2, sometimes referred to as the Exponential
Ideality Factor

The empirical constant, n, is a number that can vary according to the voltage and current levels.
It depends on electron drift, diffusion, and carrier recombination in the depletion region. Among
the quantities affecting the value of n are the diode manufacture, levels of doping and purity of
materials. If n=1, the value of k T/ q is 26 mV at 25°C. When n=2, k T/ q becomes 52 mV.

For germanium diodes, n is usually considered to be close to 1. For silicon diodes, n is in the
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range of 1.3 to 1.6. n is assumed 1 for all junctions all throughout unless otherwise noted.
Equation (E-3) can be simplified by defining Vt =k T/q, yielding

¥n

O

At room temperature (25°C) with forward-bias voltage only the first term in the parentheses is
dominant and the current is approximately given by

(E-4)

¥

- ki
bl e™ (g5

The current-voltage (I-V) characteristic of the diode, as defined by (E-3) is illustrated in
The curve in the figure consists of two exponential curves. However, the exponent values are
such that for voltages and currents experienced in practical circuits, the curve sections are close
to being straight lines. For voltages less than Voy, the curve is approximated by a straight line of
slope close to zero. Since the slope is the conductance (i.e., 1/ v), the conductance is very small
in this region, and the equivalent resistance is very high. For voltages above Vo, the curve is
approximated by a straight line with a very large slope. The conductance is therefore very large,
and the diode has a very small equivalent resistance.

Fig.1 - Diode Voltage relationship

The slope of the curves of changes as the current and voltage change since the 1-V
characteristic follows the exponential relationship of relationship of equation (E-4). Differentiate
the equation (E-4) to find the slope at any arbitrary value of vpor ip,
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r'l"'\"'IT (E_6)
This slope is the equivalent conductance of the diode at the specified values of vp or ip.
We can approximate the slope as a linear function of the diode current. To eliminate the

exponential function, we substitute equation (E-4) into the exponential of equation (E-7) to
obtain

e II'II_D :i£+1: di ﬁ
n"\fllT ||:| d"."D o (E_7)

A realistic assumption is that [o<< 1p equation (E-7) then yields,

dip _lp+la g

dv, n%¥; NV, (E-8)

The approximation applies if the diode is forward biased. The dynamic resistance is the
reciprocal of this expression.

A
h+lg g (E-9)

d =

Although 14 is a function of i3, we can approximate it as a constant if the variation of ip is small.
This corresponds to approximating the exponential function as a straight line within a specific
operating range.

Normally, the term R¢ to denote diode forward resistance. Ry is composed of rq and the contact
resistance. The contact resistance is a relatively small resistance composed of the resistance of
the actual connection to the diode and the resistance of the semiconductor prior to the junction.
The reverse-bias resistance is extremely large and is often approximated as infinity.

Diode

Temperature Effects:

Temperature plays an important role in determining the characteristic of diodes. As temperature
increases, the turn-on voltage, von, decreases. Alternatively, a decrease in temperature results in
an increase in von. This is illustrated in where Voy varies linearly with temperature which
is evidenced by the evenly spaced curves for increasing temperature in 25 °C increments.
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The temperature relationship is described by equation

VON(TNeW ) - VON(Troom) = kT(TNew - T room) (E'IO)

Fig. 2 - Dependence of iD on temperature versus vD for real diode (kT =-2.0 mV /°C)
where,

Troom= room temperature, or 25°C.

Tnew= new temperature of diode in °C.
Von(Trom ) = diode voltage at room temperature.
Von (Tnew) = diode voltage at new temperature.

kr = temperature coefficient in V/°C.

Although kt varies with changing operating parameters, standard engineering practice permits
approximation as a constant. Values of kt for the various types of diodes at room temperature are
given as follows:

kr=-2.5 mV/°C for germanium diodes
kr =-2.0 mV/°C for silicon diodes

The reverse saturation current, I also depends on temperature. At room temperature, it increases
approximately 16% per °C for silicon and 10% per °C for germanium diodes. In other words, Io
approximately doubles for every 5 °C increase in temperature for silicon, and for every 7 °C for
germanium. The expression for the reverse saturation current as a function of temperature can be
approximated as

lq(atT, ) =15 (atT, Jexpil (T, - T, =15(atT, Je KTz Tyd (E-11)
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where K= 0.15/°C ( for silicon) and T1 and T2 are two arbitrary temperatures.

Applications of Diode

Applications of diode:

Half wave Rectifier:

The single — phase half wave rectifier is shown in|fig. 8

Fig. 8 Fig. 9

In positive half cycle, D is forward biased and conducts. Thus the output voltage is same as the
input voltage. In the negative half cycle, D is reverse biased, and therefore output voltage is zero.
The output voltage waveform is shown in|fig. 9

The average output voltage of the rectifier is given by

1l
—
(=T

W,

g T3 Wosin ot d{wt)

m

¥m 318y,
hrg

The average output current is given by

When the diode is reverse biased, entire transformer voltage appears across the diode. The
maximum voltage across the diode is V.. The diode must be capable to withstand this voltage.
Therefore PIV half wave rating of diode should be equal to V, in case of single-phase rectifiers.
The average current rating must be greater than Iy,
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Full Wave Rectifier:

A single — phase full wave rectifier using center tap transformer is shown in It supplies
current in both half cycles of the input voltage.

Fig. 10 Fig. 11

In the first half cycle D; is forward biased and conducts. But D, is reverse biased and does not
conduct. In the second half cycle D, is forward biased, and conducts and D, is reverse biased. It
is also called 2 — pulse midpoint converter because it supplies current in both the half cycles. The
output voltage waveform is shown in|fig. 11

The average output voltage is given by

1 .
Wag = Eé Wosinwt diwt)

2

n

and the average load current is given by

|a'ug:—
ko

When D; conducts, then full secondary voltage appears across D,, therefore PIV rating of the
diode should be 2 V..

Bridge Rectifier:

The single — phase full wave bridge rectifier is shown in |ﬁ; 14 It is the most widely used
rectifier. It also provides currents in both the half cycle of input supply.
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Fig. 1 Fig. 2

In the positive half cycle, D1 & D4 are forward biased and D, & Ds are reverse biased. In the
negative half cycle, D, & Dj; are forward biased, and D; & D, are reverse biased. The output
voltage waveform is shown inand it is same as full wave rectifier but the advantage is that
PIV rating of diodes are V m and only single secondary transformer is required.

The main disadvantage is that it requires four diodes. When low dc voltage is required then
secondary voltage is low and diodes drop (1.4V) becomes significant. For low dc output, 2-pulse

center tap rectifier is used because only one diode drop is there.

The ripple factor is the measure of the purity of dc output of a rectifier and is defined as

r.r.s value of the acoutput voltage

Ripple factar =
PRl tacer average dc output voltage
- faege
n=i
Therefore,
S v
Ripple factor= X ™= %
Q
7
- """'Ilrrns -1
A

Zener Diode:

The diodes designed to work in breakdown region are called zener diode. If the reverse voltage
exceeds the breakdown voltage, the zener diode will normally not be destroyed as long as the
current does not exceed maximum value and the device closes not over load.

When a thermally generated carrier (part of the reverse saturation current) falls down the
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junction and acquires energy of the applied potential, the carrier collides with crystal ions and
imparts sufficient energy to disrupt a covalent bond. In addition to the original carrier, a new
electron-hole pair is generated. This pair may pick up sufficient energy from the applied field to
collide with another crystal ion and create still another electron-hole pair. This action continues
and thereby disrupts the covalent bonds. The process is referred to as impact ionization,
avalanche multiplication or avalanche breakdown.

There is a second mechanism that disrupts the covalent bonds. The use of a sufficiently strong
electric field at the junction can cause a direct rupture of the bond. If the electric field exerts a
strong force on a bound electron, the electron can be torn from the covalent bond thus causing
the number of electron-hole pair combinations to multiply. This mechanism is called high field
emission or Zener breakdown. The value of reverse voltage at which this occurs is controlled by
the amount ot doping of the diode. A heavily doped diode has a low Zener breakdown voltage,
while a lightly doped diode has a high Zener breakdown voltage.

At voltages above approximately 8V, the predominant mechanism is the avalanche breakdown.
Since the Zener effect (avalanche) occurs at a predictable point, the diode can be used as a
voltage reference. The reverse voltage at which the avalanche occurs is called the breakdown or
Zener voltage.

A typical Zener diode characteristic is shown in The circuit symbol for the Zener diode is
different from that of a regular diode, and is illustrated in the figure. The maximum reverse
current, Izmax), Which the Zener diode can withstand is dependent on the design and construction
of the diode. A design guideline that the minimum Zener current, where the characteristic curve
remains at Vz (near the knee of the curve), is 0.1/ Izmax).

Fig. 1 - Zener diode characteristic
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The power handling capacity of these diodes is better. The power dissipation of a zener diode
equals the product of its voltage and current.

P=VzI;

The amount of power which the zener diode can withstand ( Vz.Izmax) ) is a limiting factor in
power supply design.

Zener Regulator:

When zener diode is forward biased it works as a diode and drop across it is 0.7 V. When it
works in breakdown region the voltage across it is constant (Vz) and the current through diode is
decided by the external resistance. Thus, zener diode can be used as a voltage regulator in the
configuration shown in for regulating the dc voltage. It maintains the output voltage
constant even through the current through it changes.

Ve Z A7)

Fig. 2 Fig. 3

The load line of the circuit is given by V=I5 Ry + V,. The load line is plotted along with zener
characteristic inm The intersection point of the load line and the zener characteristic gives
the output voltage and zener current.

To operate the zener in breakdown region V, should always be greater then V,. Ry is used to limit
the current. If the V voltage changes, operating point also changes simultaneously but voltage
across zener is almost constant. The first approximation of zener diode is a voltage source of V,
magnitude and second approximation includes the resistance also. The two approximate
equivalent circuits are shown in|fig. 4
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First Approximation Second Approximation

1 ie
TL T

O

If second approximation of zener diode is considered, the output voltage varies slightly as shown
in[fig. 5| The zener ON state resistance produces more I * R drop as the current increases. As the
voltage varies form V; to V, the operating point shifts from Q; to Q..

The voltage at Q; is

V=1, R;+Vz
and at Q,
Vo=, Rz +Vy

Thus, change in voltage is
Vo=-Vi=(L-11)Ry

A VZ =A IZ RZ

Zener Diode

Design of Zener regulator circuit:

A zenere regulator circuit is shown in
variable load resistance Rj.

fig. 6] The varying load current is represented by a
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The zener will work in the breakdown
region only if the Thevenin voltage across Rs

zener is more than V. — /NN >

‘. 1 (l—) VL Iz

W = Vs o — 8 -
R +R, b — ‘ZS\VZ Re

If zener is operating in breakdown region,
the current through R is given by

=5V Fig. 6
R 5
_ Ve
and load current L

=1+

The circuit is designed such that the diode always operates in the breakdown region and the
voltage V7 across it remains fairly constant even though the current I, through it vary
considerably.

If the load Ip. should increase, the current Iz should decrease by the same percentage in order to
maintain load current constant I;. This keeps the voltage drop across Ry constant and hence the
output voltage.

If the input voltage should increase, the zener diode passes a larger current, that extra voltage is
dropped across the resistance R If input voltage falls, the current I falls such that Vy is
constant.

In the practical application the source voltage, v;, varies and the load current also varies. The
design challenge is to choose a value of Ry which permits the diode to maintain a relatively
constant output voltage, even when the input source voltage varies and the load current also
varies.

We now analyze the circuit to determine the proper choice of Rs. For the circuit shown in figure,

_¥go Wz vy -G

Rs = i i +i
R z T (E-1)

Iz = -0
Rs (E-2)

The variable quantities in Equation (E-2) are vz and 1. In order to assure that the diode remains
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in the constant voltage (breakdown) region, we examine the two extremes of input/output
conditions, as follows:

e The current through the diode, iz, is a minimum (Iz min) When the load current, iy is
maximum (I max) and the source voltage, vs is minimum (Vs pin).

e The current through the diode, iz, is a maximum (Iz max) When the load current, i, is
minmum (i, min) and the source voltage vis minimum(Vs max).

When these characteristics of the two extremes are inserted into Equation (E-1),
RS: vSmin T2 "Bmaw'E

we find ! Lmax +l Tmin ! I—min+I max (E-3)

Iz"."IIIISmin i "‘-.-"'z :l [Lmin +|Ima:-c jl - [vSma:-c i vzjl[ll-max +|Imin jl (E_4)

In a practical problem, we know the range of input voltages, the range of output load currents,
and the desired Zener voltage. Equation (E-4) thus represents one equation in two unknowns, the
maximum and minimum Zener current. A second equation is found from the characteristic of
zener. To avoid the non-constant portion of the characteristic curve, we use an accepted rule of
thumb that the minimum Zener current should be 0.1 times the maximum (i.e., 10%), that is,

I =0.1xl
Lmin * Imax (E_S)
Solving the equations E-4 and E-5, we get,

IIm — II-min (vl i vsminjl +|Lma:-c Izvsmax i """'IIIII
a e i -0.9%% -|:|.1"'-.-"'3_|_|ach

mil

(E-6)

Now that we can solve for the maximum Zener current, the value of R, is calculated from
Equation (E-3).

Zener diodes are manufactured with breakdown voltages V7 in the range of a few volts to a few

hundred volts. The manufacturer specifies the maximum power the diode can dissipate. For
example, a 1W, 10 V zener can operate safely at currents up to 100mA.

Special Purpose Diodes
Light Emitting Diode :

In a forward biased diode free electrons cross the junction and enter into p-layer where they
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recombine with holes. Each recombination radiates energy as electron falls from higher energy
level to a lower energy level. I n ordinary diodes this energy is in the form of heat. In light
emitting diode, this energy is in the form of light.

The symbol of LED is shown in[fig. 2] Ordinary diodes are made of Ge or Si. This material
blocks the passage of light. LEDs are made of different materials such as gallium, arsenic and
phosphorus. LEDs can radiate red, green, yellow, blue, orange or infrared (invisible). The LED's
forward voltage drop is more approximately 1.5V. Typical LED current is between 10 mA to 50
mA.

+5v

=S
Ty

Fig. 2 Fig. 3

Seven Segment Display :

Seven segment displays are used to display digits and few alphabets. It contains seven
rectangular LEDs. Each LED is called a Segment. External resistors are used to limit the currents
to safe Values. It can display any letters a, b, ¢, d, e, f, g.as shown in|fig. 3

119


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_9/lecture9_page2.htm
http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_9/lecture9_page2.htm

Fig. 4

The LEDs of seven-segment display are connected in either in common anode configuration or
in common cathode configuration as shown in|fig. 4

Photo diode :

When a diode is reversed biased as shown in a reverse current flows due to minority
carriers. These carriers exist because thermal energy keeps on producing free electrons and
holes. The lifetime of the minority carriers is short, but while they exist they can contribute to the
reverse current. When light energy bombards a p-n junction, it too can produce free electrons.
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Rs

Vs

Fig. 5

In other words, the amount of light striking the junction can control the reverse current in a
diode. A photo diode is made on the same principle. It is sensitive to the light. In this diode,
through a window light falls to the junction. The stronger the light, the greater the minority
carriers and larger the reverse current.

Voltage regulator

A voltage regulator is an [electricalregulator| designed to automatically maintain a constant
voltage|level.

It may use an electromechanical or passive or active electronic components.
Depending on the design, it may be used to regulate one or more|AC|or|DC|voltages.

With the exception of passive shunt regulators, all modern electronic voltage regulators operate
by comparing the actual output voltage to some internal fixed reference voltage. Any difference
is amplified and used to control the regulation element in such a way as to reduce the voltage
error. This forms a |negative feedback|[control loop| increasing the |open-loop gain|tends to
increase regulation accuracy but reduce stability (avoidance of oscillation, or ringing during step
changes). There will also be a trade-off between stability and the speed of the response to
changes. If the output voltage is too low (perhaps due to input voltage reducing or load current
increasing), the regulation element is commanded, up to a point, to produce a higher output
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voltage - by dropping less of the input voltage (for linear series regulators and [buck|switchingl|
[regulators), or to draw input current for longer periods (boost-type [switching regulators); if the

output voltage is too high, the regulation element will normally be commanded to produce a

lower voltage. However, many regulators have over-current protection, so that they will entirely

stop sourcing current (or limit the current in some way) if the output current is too high, and

some regulators may also shut down if the input voltage is outside a given range.

Measures of regulator quality

The output voltage can only be held roughly constant; the regulation is specified by two
measurements:

o load regulation is the change in output voltage for a given change in load current (for
example: "typically 15mV, maximum 100mV for load currents between SmA and 1.4A,
at some specified temperature and input voltage").

e line regulation or input regulation is the degree to which output voltage changes with
input (supply) voltage changes - as a ratio of output to input change (for example
"typically 13mV/V"), or the output voltage change over the entire specified input voltage
range (for example "plus or minus 2% for input voltages between 90V and 260V, 50-
60Hz").

Other important parameters are:

o Temperature coefficient of the output voltage is the change in output voltage with
temperature (perhaps averaged over a given temperature range), while...

o Initial accuracy of a voltage regulator (or simply "the voltage accuracy") reflects the
error in output voltage for a fixed regulator without taking into account temperature or
aging effects on output accuracy.

e Dropout voltage - the minimum difference between input voltage and output voltage for
which the regulator can still supply the specified current. A [Low Drop-Out| (LDO)
regulator is designed to work well even with an input supply only a[Volt|or so above the
output voltage.

e Absolute Maximum Ratings are defined for regulator components, specifying the
continuous and peak output currents that may be used (sometimes internally limited), the
maximum input voltage, maximum power dissipation at a given temperature, etc.

e Output noise (thermal and output dynamic impedance may be specified as
graphs versus frequency, while output ripple noise (mains "hum" or switch-mode "hash"
noise) may be given as peak-to-peak oifRMS]|voltages, or in terms of their spectra.

e Quiescent current in a regulator circuit is the current drawn internally, not available to
the load, normally measured as the input current while no load is connected (and hence a
source of inefficiency; some linear regulators are, surprisingly, more efficient at very low
current loads than switch-mode designs because of this).
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Electromechanical regulators

Circuit design for a simple electromechanical voltage regulator.

&=
Interior of an old electromechanical voltage regulator.

D
re

Volta

Time 1

Switch is closed Switch opan,
voltage rizsing, valtage dropping,
capacitor charging | capacitor discharge

Increasing magnetic field Spring overcomes
oVErcomes spring tension | decreasing field strength
and opens switch and closes switch

£
Graph of voltage output on a time scale.

In older electromechanical regulators, voltage regulation is easily accomplished by coiling the
sensing wire to make an electromagnet. The [magnetic field|produced by the current attracts a
moving ferrous core held back under spring tension or gravitational pull. As voltage increases, so
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does the current, strengthening the magnetic field produced by the coil and pulling the core
towards the field. The magnet is physically connected to a mechanical power switch, which
opens as the magnet moves into the field. As voltage decreases, so does the current, releasing
spring tension or the weight of the core and causing it to retract. This closes the switch and
allows the power to flow once more.

If the mechanical regulator design is sensitive to small voltage fluctuations, the motion of the
solenoid core can be used to move a selector switch across a range of resistances or transformer
windings to gradually step the output voltage up or down, or to rotate the position of a moving-
coil AC regulator.

Early [automobile|generators|and [alternators|had a mechanical voltage regulator using one, two,
or three|relays|and Variouslresistors|to stabilize the generator's output at slightly more than 6 or
12 V, independent of the |enginels [rpm| or the varying load on the vehicle's electrical system.
Essentially, the relay(s) employed|pulse width modulation|to regulate the output of the generator,
controlling the field current reaching the generator (or alternator) and in this way controlling the
output voltage produced.

The regulators used for generators (but not alternators) also disconnect the generator when it was
not producing electricity, thereby preventing the battery from discharging back into the generator
and attempting to run it as a motor. The|rectifier|diodes|in an alternator automatically perform
this function so that a specific relay is not required; this appreciably simplified the regulator
design.

More modern designs now use solid state technology to perform the same function
that the relays perform in electromechanical regulators.

Electromechanical regulators are used for mains voltage stabilisation—see [Voltagel]
regulator#AC voltage stabilizers|below.

Coil-rotation AC voltage regulator

QJM*J

Ly
'

Fixed Coil
. Mnﬁng Coil

[

Basic design principle and circuit diagram for the rotating-coil AC voltage regulator.

This is an older type of regulator used in the 1920s that uses the principle of a fixed-position
field coil and a second field coil that can be rotated on an axis in parallel with the fixed coil.
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When the movable coil is positioned perpendicular to the fixed coil, the magnetic forces acting
on the movable coil balance each other out and voltage output is unchanged. Rotating the coil in
one direction or the other away from the center position will increase or decrease voltage in the
secondary movable coil.

This type of regulator can be automated via a servo control mechanism to advance the movable
coil position in order to provide voltage increase or decrease. A braking mechanism or high ratio
gearing is used to hold the rotating coil in place against the powerful magnetic forces acting on
the moving coil.

AC voltage stabilizers

=
Magnetic mains regulator

Electromechanical

Electromechanical regulators, usually called voltage stabilizers, have also been used to regulate
the voltage on AC|power distribution|lines. These regulators operate by using aservomechanism|
to select the appropriate tap on an|autotransformer|with multiple taps, or by moving the wiper on
a continuously variable autotransfomer. If the output voltage is not in the acceptable range, the
servomechanism switches connections or moves the wiper to adjust the voltage into the
acceptable region. The controls provide a |deadband| wherein the controller will not act,
preventing the controller from constantly adjusting the voltage ("hunting") as it varies by an
acceptably small amount.

Constant-voltage transformer

An alternative method is the use of a type of saturating transformer called a ferro resonant
transformer or constant-voltage transformer. These transformers use acomposed
of a high-voltage resonant winding and ato produce a nearly constant average output
with a varying input. The ferroresonant approach is attractive due to its lack of active
components, relying on the square loop saturation characteristics of the tank circuit to absorb
variations in average input voltage. Older designs of ferroresonant transformers had an output
with high[harmonic|content, leading to a distorted output waveform. Modern devices are used to
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construct a perfect The ferroresonant action is a [flux] limiter rather than a voltage
regulator, but with a fixed supply frequency it can maintain an almost constant average output
voltage even as the input voltage varies widely.

The ferroresonant transformers, which are also known as Constant Voltage Transformers (CVTs)
or ferros, are also good surge suppressors, as they provide high isolation and inherent short-
circuit protection.

A ferroresonant transformer can operate with an input voltage range +40% or more of the
nominal voltage.

Output power factor remains in the range of 0.96 or higher from half to full load.

Because it regenerates an output voltage waveform, output distortion, which is typically less than
4%, 1s independent of any input voltage distortion, including notching.

Efficiency at full load is typically in the range of 89% to 93%. However, at low loads, efficiency
can drop below 60% and no load losses can be as high as 20%. The current-limiting capabilit
also becomes a handicap when a CVT is used in an application with moderate to high |inrushl|
like motors, transformers or magnets. In this case, the CVT has to be sized to
accommodate the peak current, thus forcing it to run at low loads and poor efficiency.

Minimum maintenance is required. Transformers and capacitors can be very reliable. Some units
have included redundant capacitors to allow several capacitors to fail between inspections
without any noticeable effect on the device's performance.

Output voltage varies about 1.2% for every 1% change in supply frequency. For example, a 2-Hz
change in generator frequency, which is very large, results in an output voltage change of only
4%, which has little effect for most loads.

It accepts 100% single-phase switch-mode power supply loading without any requirement for
derating, including all neutral components.

Input current distortion remains less than 8% even when supplying nonlinear loads with
more than 100% current THD.

Drawbacks of CVTs (constant voltage transformers) are their larger size, audible humming
sound, and high heat generation.
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DC voltage stabilizers

=
KPEHSA stabilizers

Many simple DC power supplies regulate the voltage using a shunt regulator such as a|zener
|[diode] |avalanche breakdown diode| or [voltage regulator tube] Each of these devices begins
conducting at a specified voltage and will conduct as much current as required to hold its
terminal voltage to that specified voltage. The power supply is designed to only supply a
maximum amount of current that is within the safe operating capability of the shunt regulating
device (commonly, by using a series . In shunt regulators, the voltage reference is also
the regulating device.

If the stabilizer must provide more power, the shunt regulator output is only used to provide the
standard voltage reference for the electronic device, known as the[voltage stabilizer] The voltage
stabilizer is the electronic device, able to deliver much larger currents on demand.

Active regulators

Active regulators employ at least one active (amplifying) component such as a transistor or
operational amplifier. Shunt regulators are often (but not always) passive and simple, but always
inefficient because they (essentially) dump the excess current not needed by the load. When
more power must be supplied, more sophisticated circuits are used. In general, these active
regulators can be divided into several classes:

e Linear series regulators
o Switching regulators
e SCR regulators

Linear regulators

Linear regulators are based on devices that operate in their linear region (in contrast, a switching
regulator is based on a device forced to act as an on/off switch). In the past, one or more[vacuum]
tubes! were commonly used as the variable resistance. Modern designs use one or more
transistors|instead, perhaps within an |Integrated Circuit] Linear designs have the advantage of
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very "clean" output with little noise introduced into their DC output, but are most often much
less efficient and unable to step-up or invert the input voltage like switched supplies. All linear
regulators require a higher input than the output. All linear regulators are subject to the parameter
of|dropout voltage

Entire linear regulators are available as [integrated circuits| These chips come in either fixed or
adjustable voltage types.

Switching regulators

Switching regulators rapidly switch a series device on and off. The[duty cycle]of the switch sets
how much|chargelis transferred to the load. This is controlled by a similar feedback mechanism
as in a linear regulator. Because the series element is either fully conducting, or switched off, it
dissipates almost no power; this is what gives the switching design its efficiency. Switching
regulators are also able to generate output voltages which are higher than the input, or of
opposite polarity — something not possible with a linear design.

Like linear regulators, nearly-complete switching regulators are also available as integrated
circuits. Unlike linear regulators, these usually require one external component: anthat
acts as the energy storage element. (Large-valued inductors tend to be physically large relative to
almost all other kinds of componentry, so they are rarely fabricated within integrated circuits and
IC regulators — with some exceptions

Comparing linear vs. switching regulators
The two types of regulators have their different advantages:

e Linear regulators are best when low output noise (and lowradiated noise) is required
e Linear regulators are best when a fast response to input and output disturbances is
required.
o At low levels of power, linear regulators are cheaper and occupy less [printed circuit||
[ board]space.
o Switching regulators are best when power efficiency is critical (such as in
| computers), except linear regulators are more efficient in a small number of cases (such
as a 5V microprocessor often in "sleep" mode fed from a 6V battery, if the complexity of
the switching circuit and the junction capacitance charging current means a high
quiescent current in the switching regulator).
e Switching regulators are required when the only power supply is a DC voltage, and a
higher output voltage is required.
e At high levels of power (above a few watts), switching regulators are cheaper (for
example, the cost of removing heat generated is less).

SCR regulators

Regulators powered from AC power circuits can use|silicon controlled rectifiers|(SCRs) as the
series device. Whenever the output voltage is below the desired value, the SCR is triggered,
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allowing electricity to flow into the load until the AC mains voltage passes through zero (ending
the half cycle). SCR regulators have the advantages of being both very efficient and very simple,
but because they can not terminate an on-going half cycle of conduction, they are not capable of
very accurate voltage regulation in response to rapidly-changing loads.

Combination (hybrid) regulators

Many power supplies use more than one regulating method in series. For example, the output
from a switching regulator can be further regulated by a linear regulator. The switching regulator
accepts a wide range of input voltages and efficiently generates a (somewhat noisy) voltage
slightly above the ultimately desired output. That is followed by a linear regulator that generates
exactly the desired voltage and eliminates nearly all the generated by the switching
regulator. Other designs may use an SCR regulator as the "pre-regulator”, followed by another
type of regulator. An efficient way of creating a variable-voltage, accurate output power supply
is to combine a multi-tapped transformer with an adjustable linear post-regulator.

Voltage stabilizer

A voltage stabilizer is an electronic device able to deliver relatively constant output
while input voltage and load|current{changes over time.

The voltage stabilizer is the shunt regulator such as a|Zener diode|or|avalanche diode| Each of
these devices begins conducting at a specified voltage and will conduct as much current as
required to hold its terminal voltage to that specified voltage. Hence the shunt regulator can be
viewed as the limited power parallel stabilizer. The shunt regulator output is used as a voltage
reference.

The and |avalanche diode| have opposite [threshold voltage| dependence on
temperature. By connecting these two devices sequentially, it is possible to construct a voltage
reference with improved thermal stability. Sometimes (mostly for the voltages around 5.6 V)
both effects are combined in the same diode.

Simple voltage stabilizer

In the simplest case |emitter follower|is used, the base of the regulating transistor is directly
connected to the voltage reference:
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The stabilizer uses the power source, having voltage Uj, that may vary over time. It delivers the
relatively constant voltage U,,. The output load Ry can also vary over time. For such a device to
work properly, the input voltage must be larger than the output voltage and Voltage drop must
not exceed the limits of the transistor used.

The output voltage of the stabilizer is equal to Uz - Ugg where Ugg is about 0.7v and depends on
the load current. If the output voltage drops below that limit, this increases the voltage difference
between the base and emitter (Up.), opening the transistor and delivering more current.
Delivering more current through the same output|resistor|Ry increases the voltage again.

Voltage stabilizer with an operational amplifier

The stability of the output voltage can be significantly increased by using the

amplifier
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In this case, the operational amplifier opens the transistor more if the voltage at its inverting
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input drops significantly below the output of the voltage reference at the non-inverting input.
Using the|voltage divider|(R1, R2 and R3) allows choice of the arbitrary output voltage between
U, and Uj,.

Zener diode

Current-voltage characteristic of a Zener diode with a breakdown voltage of 17 volt. Notice the
change of voltage scale between the forward biased (positive) direction and the reverse biased
(negative) direction.

A Zener diode is a type of|diode|that permits |current|not only in the forward direction like a
normal diode, but also in the reverse direction if the voltage is larger than the|breakdown voltage|
known as "Zener knee voltage" or "Zener voltage". The device was named after|Clarence Zener]
who discovered this electrical property.

A conventional solid-state[diode]will not allow significant current if it is[reverse-biased]below its
reverse breakdown voltage. When the reverse bias breakdown voltage is exceeded, a
conventional diode is subject to high current due to|avalanche breakdown| Unless this current is
limited by circuitry, the diode will be permanently damaged. In case of large forward bias
(current in the direction of the arrow), the diode exhibits a voltage drop due to its junction built-
in voltage and internal resistance. The amount of the voltage drop depends on the semiconductor
material and the doping concentrations.

A Zener diode exhibits almost the same properties, except the device is specially designed so as
to have a greatly reduced breakdown voltage, the so-called Zener voltage. By contrast with the
conventional device, a reverse-biased Zener diode will exhibit a controlled breakdown and allow
the current to keep the voltage across the Zener diode at the Zener voltage. For example, a diode
with a Zener breakdown voltage of 3.2 V will exhibit a voltage drop of 3.2 V if reverse bias
voltage applied across it is more than its Zener voltage. The Zener diode is therefore ideal for
applications such as the generation of a reference voltage (e.g. for anstage), or as a
voltage stabilizer for low-current applications.

The Zener diode's operation depends on the heavy [doping]of its[p-n _junction]allowing[electrons]
tofrom the valence band of the p-type material to the conduction band of the n-type
material. In the atomic scale, this tunneling corresponds to the transport of valence band
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electrons into the empty conduction band states; as a result of the reduced barrier between these
bands and high electric fields that are induced due to the relatively high levels of dopings on both
sides[7] The breakdown voltage can be controlled quite accurately in the doping process. While
tolerances within 0.05% are available, the most widely used tolerances are 5% and 10%.
Breakdown voltage for commonly available zener diodes can vary widely from 1.2 volts to 200
volts.

Another mechanism that produces a similar effect is the avalanche effect as in the
The two types of diode are in fact constructed the same way and both effects are present
in diodes of this type. In silicon diodes up to about 5.6 volts, the[Zener effect]is the predominant
effect and shows a marked negative [temperature coefficient] Above 5.6 volts, the
[effect]becomes predominant and exhibits a positive temperature coefficien{"]] In a 5.6 V diode,
the two effects occur together and their temperature coefficients neatly cancel each other out,
thus the 5.6 V diode is the component of choice in temperature-critical applications. Modern
manufacturing techniques have produced devices with voltages lower than 5.6 V with negligible
temperature coefficients, but as higher voltage devices are encountered, the temperature
coefficient rises dramatically. A 75 V diode has 10 times the coefficient of a 12 V diode.

All such diodes, regardless of breakdown voltage, are usually marketed under the umbrella term
of "Zener diode".

Uses

=

Zener diode shown with typical packages. Reverse current — iz is shown.

Zener diodes are widely used as voltage references and as shunt regulators to regulate the voltage
across small circuits. When connected in parallel with a variable voltage source so that it is
reverse biased, a Zener diode conducts when the voltage reaches the diode's reverse breakdown
voltage. From that point on, the relatively low impedance of the diode keeps the voltage across
the diode at that value.
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In this circuit, a typical voltage reference or regulator, an input voltage, Uy, is regulated down to
a stable output voltage Uour. The intrinsic voltage drop of diode D is stable over a wide current
range and holds Upur relatively constant even though the input voltage may fluctuate over a
fairly wide range. Because of the low impedance of the diode when operated like this, Resistor R
is used to limit current through the circuit.

In the case of this simple reference, the current flowing in the diode is determined using Ohms
law and the known voltage drop across the resistor R. Ipjode = (U - Uour) / Ra

The value of R must satisfy two conditions:

1. R must be small enough that the current through D keeps D in reverse breakdown. The
value of this current is given in the data sheet for D. For example, the common
BZX79C5VdE| device, a 5.6 V 0.5 W Zener diode, has a recommended reverse current of
5 mA. If insufficient current exists through D, then Ugyr will be unregulated, and less
than the nominal breakdown voltage (this differs to |voltage regulator tubes| where the
output voltage will be higher than nominal and could rise as high as Up). When
calculating R, allowance must be made for any current through the external load, not
shown in this diagram, connected across Uour.

2. R must be large enough that the current through D does not destroy the device. If the
current through D is Ip, its breakdown voltage Vg and its maximum power dissipation
PMAX, then ]DVB < PMAX-

A load may be placed across the diode in this reference circuit, and as long as the zener stays in
reverse breakdown, the diode will provide a stable voltage source to the load.

A Zener diode used in this way is known as a shunt voltage regulator in this context,
meaning connected in parallel, and [voltage regulator|being a class of circuit that produces a
stable voltage across any load). In a sense, a portion of the current through the resistor is shunted
through the Zener diode, and the rest is through the load. Thus the voltage that the load sees is
controlled by causing some fraction of the current from the power source to bypass it—hence the
name, by analogy with locomotive switching points.

Shunt regulators are simple, but the requirements that the ballast resistor be small enough to
avoid excessive voltage drop during worst-case operation (low input voltage concurrent with
high load current) tends to leave a lot of current flowing in the diode much of the time, making
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for a fairly wasteful regulator with high quiescent power dissipation, only suitable for smaller
loads.

Zener diodes in this configuration are often used as stable references for more advanced voltage
regulator circuits.

These devices are also encountered, typically in series with a base-emitter junction, in transistor
stages where selective choice of a device centered around the avalanche/Zener point can be used
to introduce compensating temperature co-efficient balancing of the transistor[PN junction| An
example of this kind of use would be a DC |error amplifier|used in a [stabilized power supply|
circuit feedback loop system.

Zener diodes are also used in[surge protectors|to limit transient voltage spikes.

Another notable application of the zener diode is the use of noise caused by its [avalanche]]
breakdown [in aJrandom number generator|that never repeats.

Voltage Regulators:

An ideal power supply maintains a constant voltage at its output terminals under all operating
conditions. The output voltage of a practical power supply changes with load generally dropping
as load current increases as shown in|fig. 1

Fig. 1

The terminal voltage when full load current is drawn is called full load voltage (Vgr). The no
load voltage is the terminal voltage when zero current is drawn from the supply, that is, the open
circuit terminal voltage.

Power supply performance is measured in terms of percent voltage regulation, which indicates its
ability to maintain a constant voltage. It is defined as

_ MhL - YR
Vi

WH ¥ 100 %

The Thevenin's equivalent of a power supply is shown in The Thevenin voltage is the no-
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load voltage Vi and the Thevenin resistance is called the output resistance R,. Let the full load
current be Ip . Therefore, the full load resistance Rgy is given by

|

VL T RL
l R*Ro

VL

o

Fig. 2

From the equivalent circuit, we have

=
o= FL ]y
FL [RFL+R0] ML

and the voltage regulation is given by

R
(]
VR = RFL c % 100 %
R |y
[RFL T
_ R
VR = x 100 %

FL

or WR=R, L T
VL
It is clear that the ideal power supply has zero outut resistance.

Example-1

A power supply having output resistance 1.5 supplies a full load current of 500mA to a 50Q
load. Determine:

1. percent voltage regulation of the supply
2. no load output voltage.

Solution:
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(a). Full load output voltage Ve = (500mA ) (50Q) = 25V.

YR=R, e |« 100 %
Ve

0.5
=15 =] x100%

Therefore, =30%

Fr + R
WL = [ FE < ] WL
FL

a0
(b). The no load voltage =2575V

Voltage Regulators:

An unregulated power supply consists of a transformer (step down), a rectifier and a filter. These
power supplies are not good for some applications where constant voltage is required
irrespective of external disturbances. The main disturbances are:

1. As the load current varies, the output voltage also varies because of its poor regulation.
The dc output voltage varies directly with ac input supply. The input voltage may vary
over a wide range thus dc voltage also changes.

3. The dc output voltage varies with the temperature if semiconductor devices are used.

An electronic voltage regulator is essentially a controller used along with unregulated power
supply to stabilize the output dc voltage against three major disturbances

a. Load current (I1)
b. Supply voltage (V)
c. Temperature (T)

Fig. 3| shows the basic block diagram of voltage regulator. where

V; = unregulated dc voltage.

V, =regulated dc voltage.
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Fig. 3

Since the output dc voltage Vi, depends on the input unregulated dc voltage Vi, load current I
and the temperature t, then the change AV, in output voltage of a power supply can be expressed
as follows

Vo =Vo(Vi, I, T)

Take partial derivative of Vo, we get,

A ¥ b
vy 0 a8 a4 20 AT
o S A0 LT T

i
or

AVg= Sy AV + R, Al +S; AT

I
S.U. =
LAY =
R
=0
L st
5 = 8%
AT |ave=n
all=0

Sy gives variation in output voltage only due to unregulated dc voltage. Ro gives the output
voltage variation only due to load current. St gives the variation in output voltage only due to
temperature.

The smaller the value of the three coefficients, the better the regulations of power supply. The
input voltage variation is either due to input supply fluctuations or presence of ripples due to
inadequate filtering.

Voltage Regulator:

A voltage regulator is a device designed to maintain the output voltage of power supply nearly
constant. It can be regarded as a closed loop system because it monitors the output voltage and
generates the control signal to increase or decrease the supply voltage as necessary to
compensate for any change in the output voltage. Thus the purpose of voltage regulator is to
eliminate any output voltage variation that might occur because of changes in load, changes in

137



supply voltage or changes in temperature.
Zener Voltage Regulator:

The regulated power supply may use zener diode as the voltage controlling device as shown in
fig. 4| The output voltage is determined by the reverse breakdown voltage of the zener diode.
This is nearly constant for a wide range of currents. The load voltage can be maintained constant
by controlling the current through zener.

Fig. 4

The zener diode regulator has limitations of range. The load current range for which regulation is
maintained, is the difference between maximum allowable zener current and minimum current
required for the zener to operate in breakdown region. For example, if zener diode requires a
minimum current of 10 mA and is limited to a maximum of 1A (to prevent excessive
dissipation), the range is 1 - 0.01 = 0.99A. If the load current variation exceeds 0.99A, regulation
may be lost.

Emitter Follower Regulator:

To obtain better voltage regulation in shunt regulator, the zener diode can be connected to the
base circuit of a power transistor as shown in[fig. 5] This amplifies the zener current range. It is
also known as emitter follower regulation.

Fig. 5

This configuration reduces the current flow in the diode. The power transistor used in this
configuration is known as pass transistor. The purpose of Cy, is to ensure that the variations in
one of the regulated power supply loads will not be fed to other loads. That is, the capacitor
effectively shorts out high-frequency variations.
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Because of the current amplifying property of the transistor, the current in the zenor dioide is
small. Hence there is little voltage drop across the diode resistance, and the zener approximates
an ideal constant voltage source.

Operation of the circuit:

The current through resistor R is the sum of zener current Iz and the transistor base current Iy ( =

IL/B).

IL=1;+1p

The output voltage across Ry resistance is given by
Vo=Vz— Vg

Where Vgg [1 0.7V

Therefore, Vo= constant.

The emitter current is same as load current. The current Iy is assumed to be constant for a given
supply voltage. Therefore, if I|. increases, it needs more base currents, to increase base current I,
decreases. The difference in this regulator with zener regulator is that in later case the zener
current decreases (increase) by same amount by which the load current increases (decreases).
Thus the current range is less, while in the shunt regulators, if I, increases by Al then Iz should
increase by Al / B or Iz should decrease by Al / B. Therefore the current range control is more
for the same rating zener.

The simplified circuit of the shunt regulator is shown in|fig. 6

RL
Vz
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In a power supply the power regulation is basically, because of its high internal impedance. In
the circuit discussed, the unregulated supply has resistance Rg of the order of 100 ohm. The use
of emitter follower is to reduce the output resistance and it becomes approximately.

ROZ(RZ+hie)/(1+hfe)

Where Ry represents the dynamic zener resistance. The voltage stabilization ratio Sy is
approximately

Sy=0V,/dVi=R,/(R,+R)

Sv can be improved by increasing R. This increases Vg and power dissipated in the transistor.
Other disadvantages of the circuit are.

1. No provision for varying the output voltage since it is almost equal to the zener voltage.
Change in Vggand V, due to temperature variations appear at the output since the
transistor is connected in series with load, it is called series regulator and transistor is
allow series pass transistor.

Design of Series Voltage Regulator:
shows the basic circuit of a series voltage regulator. The operation of this regulator has

been discussed in previous lecture. It consists of series (pass) transistor to control the output
voltage.

Fig. 1
The circuit can be designed taking two extreme operating conditions,

1- VS maxs IZ maxs Iload min / B
2. Vs mins IZ mins Iload max / B

We calculate R  for both conditions and since R g is constant, we equate these two expressions
as in Equation E-1.
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W,

— smax
Hi

vz _ l.""lllg min _l.""lllz

_IZma:-: +|I|:uadmin"'l ﬁ_|Zrnin +|I|:uad ma:-c"'lﬁ (E-l)

A design guideline that set Iz nmin = 0.1 I z max. Then we equate the expressions for Equation (E-1)
to obtain,

(vSmax - Vz) 0.1 1 zma *

| load max
&

| oad min
= |I"‘"fsmin B VI:'['Imax o= E ]
(E-2)

Solving for Iz max, We obtain,

| - Ill:la-:lrnin |:"""'IIZ _vsminj +|I-:-adrnax|:\""r5rnax - VZII
Zmax |'3 |:"'.,."'5min -0.1 ""'"IISmax -085 ""-"Ilzj (E-3)

We estimate the load resistance by taking the ratio of the minimum source voltage to the
maximum load current. Since R 05q 1s large and in parallel, it can be ignored. This is the worst
case since it represents the smallest load and therefore the maximum load current.

vs min

R gaq lequivalent)=F .4 (worst case) =
o mane (E-4)

The output filter capacitor size can be estimated according to the permissible output voltage
variation and ripple voltage frequency and is given by

vSmax } l"‘“'lz
&% fy R gag (equivalent)

Cr =

(E-5)

Since the voltage gain of an EF amplifier is unity, the output voltage of teh regulated power
supply is,

Vieae=Vz - Ve  (E-6)
The percent regulation of the power supply is given by

\'*"fzmax - vzmin

Soreg=—— = %100
Wz
Rl =l 7
_ Z(Im\jx Zmlnj}{ﬂjlj
z (E-7)

Voltage Regulator

The maximum power dissipated in this type of series regulator is the power dissipated in the
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internal pass transistor, which is approximately (Vs max - Vout) IL max- Hence, as the load current
increases, the power dissipated in the internal pass transistor increases. If I1..qg exceeds 0.75 A,
the IC package should be secured to a heat sink. When this is done, I .4 can increase to about
1.5 A.

We now focus our attention on the 78XX series of regulators. The last two digits of the IC part
number denote the output voltage of the device. Thus, for example, a 7808 IC package produces
an 8V regulated output. These packages, although internally complex, are inexpensive and easy
to use.

There are a number of different voltages that can be obtained from the 78 XX series 1C; they are
5,6,8,8.5,10, 12, 15, 18, and 24 V. In order to design a regulator around one of these ICs, we
need only select a transformer, diodes, and filter. The physical configuration is shown in
The ground lead and the metal tab are connected together. This permits direct attachment to
a heat sink for cooling purposes. A typical circuit application is shown in|fig. 3(c)

nt In Out
'9 | ST P i
) —
G d V.
\/ 110V g Cr T roun CLMT out
60 - HZ = -
In{1) -—L— O
Ground (2} out(3) e
(a) (b)
ON/OFE Input Output

-—I—— 7805 -

+ bt 5

T 7 to 25V /FCF CLMT N
—0

(©)
Fig. 3

The specification sheet for this IC indicates that there must be a common ground between the
input and output, and the minimum voltage at the IC input must be above the regulated output. In
order to assure this last condition, it is necessary to filter the output from the rectifier. The Cr in
[fig. 3(b)|performs this filtering when combined with the input resistance to the IC. We use an n:1
step down transformer, with the secondary winding center-tapped, to drive a full-wave rectifier.
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The minimum and maximum input voltages for the 78 XX family of regulators are shown in
Table-1.

7818 21 33

Table - 1

We use Table -1 to select the turns ratio, n, for a 78XX regulator. As a design guide, we will
take the average of Vmax and Viin of the particular IC regulator to calculate n. For example, using
a 7805 regulator, we obtain

Yo * Yimin _ 7t 29 _
2 2

16

The center tap provides division by 2 so the peak voltage out of the rectifier is 115 V2 / 2n = 16.
Therefore, n = 5. This is a conservative method of selecting the transformer ratio.

The filter capacitor, Cr, is chosen to maintain the voltage input range to the regulator as specified
in Table 8.1.

The output capacitor, Ciod, aids in isolating the effect of the transients that may appear on the
regulated supply line. Cyaq should be a high quality tantalum capacitor with a capacitance of 1.0
uF. It should be connected close to the 78 XX regulator using short leads in order to improve the
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stability performance.

This family of regulators can also be used for battery powered systems. [Fig. 3(c)|shows a battery
powered application. The value of Cr is chosen in the same manner as for the standard filter.

The 79XX series regulator is identical to the 78XX series except that it provides negative
regulated voltages instead of positive.

UNIVERSITY QUESTIONS

1.

2.

8.

9.

What is mean by depletion region?

Define the transition capacitance of a diode.

. Differentiate a PN junction diode and zener diode.

. Give the diode current equation.

. Define cutin voltage.

. What assumptions are made while analyzing the motion of an electron in an electric field?

. How do you increase the conductivity of intrinsic semiconductor?

What is Hall effect?

How do the transition region width and contact potential across a pn junction vary with the

applied bias voltage?

10. Mention the two mechanisms of breakdown in a pn junction.

11. State law of mass action.

12. Why is the mobility of electrons greater than the holes?

13. The reverse saturation current of a silicon PN junction diode is 10 pA.Calculate the diode
current for the forward —bias voltage of 0.6 V at 25 C.

14. Give the equation for diode current under reverse bias.

15. Compare LED and LCD.

16. Define the potential-energy barrier.

17. What is mean by Diffusion capacitance?
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18. Name any two material used to manufacture LEDs.
19. What is precision rectifier?

20. Find the ripple factor for a FWR with capacitor filter with the output waveform as shown in
the figure. Assume RL=100Q with capacitor C=1000uF.

21. Derive the ripple factor for a HWR and FWR .
22. Why a series resistor is necessary when a diode is forward biased?

23. List any four applications of light emitting diode.

BIG QUESTIONS

1. With the volt-ampere characteristics,explain the working principle of the diode and also
explain the static ,dynamic resistance of the diodes? (16)

2. Write a detailed note on:

1) diode switching times (6)

il)applications of diodes. (4)

iii)capacitance of diodes.(6)

3. Zener diode can be used as a voltage regulator-Justify it.(8)

4. Explain the working of a PN junction diode under various biasing conditions using the
relevant circuit sketch. (16)

5. Explain how a PN junction is formed? (8).

6. Write a note on diode capacitance.(8)

7. Write a detailed note on: LED (8)

8. Describe the conduction of current in an intrinsic semiconductor.(8)

9. Find the conductivity and resistivity of an intrinsic semiconductor at temperature of 300°k.It is
given that

Ni=2.5*1013/cm3,un=3800cm2/Sv;
up=1800 cm2/Sv,q=1.6%10-19 C (8)

10. Derive the continuity equation for a semiconductor. (10)
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11.In an N-type semiconductor ,the Fermi-level lies 0.3 Ev below the conduction band at 27 C .If
the temperature is increased to 55 C ,find the new position of the Fermi level.(6)

12. Give the theory of current components of pn junction diode.(10)

13. Determine the ac resistance for a semiconductor diode having a forward bias of 200 mV and
reverse saturation current of 1A at room temperature.(6)

14. Derive an expression for the diffusion capacitance of a pn junction diode.  (8)
15. What is zener effect ?Explain the function of a zener diode and draw its characteristics. (10)
16. Write a note on temperature dependence of breakdown voltages. (6)

17. Derive an expression for total current in a semiconductor due to drift and diffusion
phenomena.

18. What is meant by carrier life time? Discuss. (6)

19. Describe the action of the PN junction diode under forward and reverse biased conditions and
hence draw the volt amp characteristics of the diode . (10)

20. Distinguish between avalanche breakdown and zener breakdown. (8)
21.Explain the switching characteristics of PN junction diode. (8)
22. Derive an expression for the current under forward bias and reverse bias. (10)

23. The diode current is 0.6 Ma,when the applied voltage is 400 Mv 20Ma when the applied
voltage is 500Mv.Determine 1) .Assume kt/q=25Mv.

24. Explain the effect of temperature on PN junction diodes. (5)

25. Explain the use of zener diode as voltage regulator . (6)

26.With neat diagram explain the operation of LCD.

27. Discuss the V-I characteristics of P-N junction diode and zener diode.

28. Explain the operation of full wave rectifier. Also derive the expression for its average output
voltage.

29. Derive the ripple factor for FWR with capacitor filter. (10)

30.Explain in detailabout the operation of the following type of filters and derive the ripple
factor for all 1)C-filter ii) L-filter iii)LC-filter iv)CLC-filter (16)

31. Explain in detail the operation of the electronic voltage regulators.
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UNIT 2
Bipolar Junction Transistor And Its Applications

Introduction

A bipolar (junction)[transistor|(BJT) is a three-terminal electronic device constructed o
[semiconductor| material and may be used in |am01ifviné| or switching applications. Bipolar
transistors are so named because their operation involves both|electrons|and|holes| Charge flow
in a BJT is due to bidirectional|diffusion|of|charge carriers|across a junction between two regions
of different charge concentrations. This mode of operation is contrasted with wunipolar
transistors, such as|field-effect transistors| in which only one carrier type is involved in charge
flow due to [drift| By design, most of the BJT collector current is due to the flow of charges
injected from a high-concentration emitter into the base where they are [minority carriers| that
diffuse toward the collector, and so BJTs are classified as minority-carrier devices.

F PNP
C
C

F NPN
E

Schematic symbols for
PNP- and NPN-type
BJTs.
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NPN BJT with forward-biased E-B junction and reverse-biased B—C junction

An NPN transistor can be considered as twoldiodes|with a sharedlanode] In typical operation, the
base-emitter [junction|is|forward biased|and the base—collector junction is [reverse biased| In an
NPN transistor, for example, when a positive voltage is applied to the base—emitter junction, the
equilibrium between thermally generated|carriers|and the repelling electric field of the[depletion]]
becomes unbalanced, allowing thermally excited electrons to inject into the base region.
These electrons wander (or '[diffuse!) through the base from the region of high concentration
near the emitter towards the region of low concentration near the collector. The electrons in the
base are called |minority carriers|because the base is p-type which would make holes the
majority carrier|in the base.

To minimize the percentage of carriers that before reaching the collector—base
junction, the transistor's base region must be thin enough that carriers can diffuse across it in
much less time than the semiconductor's minority carrier lifetime. In particular, the thickness of
the base must be much less than the|diffusion lengthlof the electrons. The collector—base junction
is reverse-biased, and so little electron injection occurs from the collector to the base, but
electrons that diffuse through the base towards the collector are swept into the collector by the
electric field in the depletion region of the collector—base junction. The thin shared base and
asymmetric collector—emitter doping is what differentiates a bipolar transistor from two separate
and oppositely biased diodes connected in series.

Voltage, current, and charge control

The collector—emitter current can be viewed as being controlled by the base—emitter current
(current control), or by the base—emitter voltage (voltage control). These views are related by the
current—voltage relation of the base—emitter junction, which is just the usual exponential current—
voltage curve of a|p-n junction|(diode)

The physical explanation for collector current is the amount of minority-carrier charge in the
base regionlﬂ]ﬂzl Detailed models of transistor action, such as the [Gummel-Poon modell
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account for the distribution of this charge explicitly to explain transistor behavior more exactlylﬂ
The charge-control view easily handles |phototransistors| where minority carriers in the base
region are created by the absorption of 'i and handles the dynamics of turn-off, or
recovery time, which depends on charge in the base region recombining. However, because base

charge is not a signal that is visible at the terminals, the current- and voltage-control views are
generally used in circuit design and analysis.

In|analog circuit|design, the current-control view is sometimes used because it is approximately

linear. That is, the collector current is approximately BF times the base current. Some basic
circuits can be designed by assuming that the emitter—base voltage is approximately constant,
and that collector current is beta times the base current. However, to accurately and reliably
design production BJT circuits, the voltage-control (for example, m model is
require The voltage-control model requires an exponential function to be taken into account,
but when it is linearized such that the transistor can be modelled as a transconductance, as in the
[Ebers—Moll model] design for circuits such as differential amplifiers again becomes a mostly
linear problem, so the voltage-control view is often preferred. For|translinear circuits] in which
the exponential I-V curve is key to the operation, the transistors are usually modelled as voltage
controlled with [transconductance|proportional to collector current. In general, transistor level
circuit design is performed using |SPICE|or a comparable analogue circuit simulator, so model
complexity is usually not of much concern to the designer.

Turn-on, turn-off, and storage delay

The Bipolar transistor exhibits a few delay characteristics when turning on and off. Most
transistors, and especially power transistors, exhibit long base storage time that limits maximum
frequency of operation in switching applications. One method for reducing this storage time is by

using a|Baker clamp

Transistor 'alpha' and 'beta’

The proportion of electrons able to cross the base and reach the collector is a measure of the BJT
efficiency. The heavy doping of the emitter region and light doping of the base region cause
many more electrons to be injected from the emitter into the base than holes to be injected from
the base into the emitter. The |common-emitter| current gain is represented by Br or hg; it is
approximately the ratio of the DC collector current to the DC base current in forward-active
region. It is typically greater than 100 for small-signal transistors but can be smaller in transistors
designed for high-power applications. Another important parameter is the [common-base|current
gain, op. The common-base current gain is approximately the gain of current from emitter to
collector in the forward-active region. This ratio usually has a value close to unity; between 0.98
and 0.998. Alpha and beta are more precisely related by the following identities (NPN
transistor):

Ic
O —

Ie
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Structure

Simplified cross section of a planar NPN bipolar junction transistor

£

Die of a KSY34 high-frequency NPN transistor, base and emitter connected via bonded wires

A BJT consists of three differently semiconductor regions, the emitter region, the base
region and the collector region. These regions are, respectively, p type, n type and p type in a
and 7 type, p type and n type in a|[NPN transistor] Each semiconductor region is connected
to a terminal, appropriately labeled: emitter (E), base (B) and collector (C).

The base is physically located between the emitter and the collector and is made from lightly
doped, high resistivity material. The collector surrounds the emitter region, making it almost
impossible for the electrons injected into the base region to escape being collected, thus making
the resulting value of a very close to unity, and so, giving the transistor a large 3. A cross section
view of a BJT indicates that the collector—base junction has a much larger area than the emitter—
base junction.
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The bipolar junction transistor, unlike other transistors, is usually not a symmetrical device. This
means that interchanging the collector and the emitter makes the transistor leave the forward
active mode and start to operate in reverse mode. Because the transistor's internal structure is
usually optimized for forward-mode operation, interchanging the collector and the emitter makes
the values of o and P in reverse operation much smaller than those in forward operation; often
the o of the reverse mode is lower than 0.5. The lack of symmetry is primarily due to the doping
ratios of the emitter and the collector. The emitter is heavily doped, while the collector is lightly
doped, allowing a large reverse bias voltage to be applied before the collector—base junction
breaks down. The collector—base junction is reverse biased in normal operation. The reason the
emitter is heavily doped is to increase the emitter injection efficiency: the ratio of carriers
injected by the emitter to those injected by the base. For high current gain, most of the carriers
injected into the emitter—base junction must come from the emitter.

The low-performance "lateral" bipolar transistors sometimes used in [CMOS| processes are
sometimes designed symmetrically, that is, with no difference between forward and backward
operation.

Small changes in the voltage applied across the base—emitter terminals causes the current that
flows between the emitter and the collector to change significantly. This effect can be used to
amplify the input voltage or current. BJTs can be thought of as voltage-controlled
but are more simply characterized as current-controlled current sources, or current
amplifiers, due to the low impedance at the base.

Early transistors were made from[germanium]|but most modern BJTs are made from [silicon] A
significant minority are also now made from[gallium arsenide| especially for very high speed
applications (see HBT, below).

NPN

E

The symbol of an NPN bipolar junction transistor

NPN is one of the two types of bipolar transistors, consisting of a layer of Pidoped
semiconductor (the "base") between two N-doped layers. A small current entering the base is
amplified in the collector output. That is, an NPN transistor is "on" when its base is pulled high
relative to the emitter.

Most of the NPN current is carried by electrons, moving from emitter to collector as[minority
carriers|in the P-type base region. Most bipolar transistors used today are NPN, because[electron
mobility|is higher than [hole mobility|in semiconductors, allowing greater currents and faster

operation.
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PNP

=

The symbol of a PNP Bipolar Junction Transistor.

The other type of BJT is the PNP, consisting of a layer of Nidoped|semiconductor between two
layers of P-doped material. A small current leaving the base is amplified in the collector output.
That is, a PNP transistor is "on" when its base is pulled low relative to the emitter.

The arrows in the NPN and PNP transistor symbols are on the emitter legs and point in the
direction of the|conventional current|flow when the device is in forward active mode.

Al|mnemonic|device for the NPN / PNP distinction, based on the arrows in their symbols and the
letters in their names, is not pointing in for NPN and pointing in for PNPIj

Heterojunction bipolar transistor

Bands in graded heterojunction NPN bipolar transistor. Barriers indicated for electrons to move
from emitter to base, and for holes to be injected backward from base to emitter; Also, grading of

bandgap in base assists electron transport in base region; Light colors indicate|depleted regions

The

heterojunction bipolar transistor

HBT

1S an im

provement of the BJT that can handle

signals of very high frequencies up to several hundred
circuits, mostly[RF]systems[["J/JHeterojunction transistors have different semiconductors for the
elements of the transistor. Usually the emitter is composed of a larger bandgap material than the
base. The figure shows that this difference in bandgap allows the barrier for holes to inject

GHZI It is common in modern ultrafast
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backward into the base, denoted in figure as Ag,, to be made large, while the barrier for electrons
to inject into the base A, is made low. This barrier arrangement helps reduce minority carrier
injection from the base when the emitter-base junction is under forward bias, and thus reduces
base current and increases emitter injection efficiency.

The improved injection of carriers into the base allows the base to have a higher doping level,
resulting in lower resistance to access the base electrode. In the more traditional BJT, also
referred to as homojunction BJT, the efficiency of carrier injection from the emitter to the base is
primarily determined by the doping ratio between the emitter and base, which means the base
must be lightly doped to obtain high injection efficiency, making its resistance relatively high. In

addition, higher doping in the base can improve figures of merit like the |[Early voltage| by
lessening base narrowing.

The grading of composition in the base, for example, by progressively increasing the amount of
germanium in a[SiGe]transistor, causes a gradient in bandgap in the neutral base, denoted in the
figure by Aeg, providing a "built-in" field that assists electron transport across the base. That
|drift_component| of transport aids the normal diffusive transport, increasing the frequency
response of the transistor by shortening the transit time across the base.

Two commonly used HBTs are silicon—germanium and aluminum gallium arsenide, though a
wide variety of semiconductors may be used for the HBT structure. HBT structures are usually
grown by|epitaxy|techniques likel MOCVD|andMBE

Regions of operation

. B-E Junction B-C Junction
Applied voltages . ) Mode (NPN)
Bias (NPN) Bias (NPN)

E<B<C Forward Reverse Forward active
E<B>C Forward Forward Saturation
E>B<C Reverse Reverse Cut-off
E>B>C Reverse Forward Reverse-active

Bipolar transistors have five distinct regions of operation, defined by BJT junction biases.

The modes of operation can be described in terms of the applied voltages (this description
applies to NPN transistors; polarities are reversed for PNP transistors):

Forward active: base higher than emitter, collector higher than base (in this mode the collector
current is proportional to base current by B).
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o Saturation: base higher than emitter, but collector is not higher than base.

e Cut-Off: base lower than emitter, but collector is higher than base. It means the transistor
is not letting conventional current to go through collector to emitter.

e Reverse-action: base lower than emitter, collector lower than base: reverse conventional
current goes through transistor.

. B-E Junction B-C Junction
Applied voltages ] Mode (PNP)
Bias (PNP) Bias (PNP)

E<B<C Reverse Forward Reverse-active
E<B>C Reverse Reverse Cut-off
E>B<C Forward Forward Saturation
E>B>C Forward Reverse Forward active

In terms of junction biasing: ('reverse biased base—collector junction' means Vbc < 0 for NPN,
opposite for PNP)

e Forward-active (or simply, active): The base—emitter junction is forward biased and the base—
collector junction is reverse biased. Most bipolar transistors are designed to afford the greatest

common-emitter current gain, BF, in forward-active mode. If this is the case, the collector—
emitter current is approximatelyto the base current, but many times larger, for
small base current variations.

e Reverse-active (or inverse-active or inverted): By reversing the biasing conditions of the
forward-active region, a bipolar transistor goes into reverse-active mode. In this mode, the
emitter and collector regions switch roles. Because most BJTs are designed to maximize current

gain in forward-active mode, the BF in inverted mode is several (2-3 for the ordinary
germanium transistor) times smaller. This transistor mode is seldom used, usually being
considered only for failsafe conditions and some types of bipolar logic. The reverse bias
breakdown voltage to the base may be an order of magnitude lower in this region.

e Saturation: With both junctions forward-biased, a BJT is in saturation mode and facilitates high
current conduction from the emitter to the collector. This mode corresponds to a logical "on",
or a closed switch.

e Cut-off: In cut-off, biasing conditions opposite of saturation (both junctions reverse biased) are
present. There is very little current, which corresponds to a logical "off", or an open switch.

e |Avalanche breakdown|region

Although these regions are well defined for sufficiently large applied voltage, they overlap
somewhat for small (less than a few hundred millivolts) biases. For example, in the typical
grounded-emitter configuration of an NPN BJT used as a pulldown switch in digital logic, the
"off" state never involves a reverse-biased junction because the base voltage never goes below
ground; nevertheless the forward bias is close enough to zero that essentially no current flows, so
this end of the forward active region can be regarded as the cutoff region.
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Active-mode NPN transistors in circuits

Structure and use of NPN transistor. Arrow according to schematic.

The diagram opposite is a schematic representation of an NPN transistor connected to two
voltage sources. To make the transistor conduct appreciable current (on the order of 1 mA) from
C to E, Vg must be above a minimum value sometimes referred to as the cut-in voltage. The
cut-in voltage is usually about 600 mV for silicon BJTs at|room temperature|but can be different
depending on the type of transistor and its [biasing| This applied voltage causes the lower P-N
junction to 'turn-on' allowing a flow of electrons from the emitter into the base. In active mode,

the electric field existing between base and collector (caused by Vcg) will cause the majority of

these electrons to cross the upper P-N junction into the collector to form the collector current /c.
The remainder of the electrons recombine with holes, the majority carriers in the base, making a

current through the base connection to form the base current, /g. As shown in the diagram, the

emitter current, [, is the total transistor current, which is the sum of the other terminal currents

(e, I = I+ o).

In the diagram, the arrows representing current point in the direction of [conventional current|—
the flow of electrons is in the opposite direction of the arrows because electrons carry negative
[electric charge| In active mode, the ratio of the collector current to the base current is called the
DC current gain. This gain is usually 100 or more, but robust circuit designs do not depend on

155


http://en.wikipedia.org/wiki/Room_temperature
http://en.wikipedia.org/wiki/Biasing_(electronics)
http://en.wikipedia.org/wiki/Conventional_current
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/File:NPN_BJT_-_Structure_&_circuit.svg

the exact value (for example see[op-amp). The value of this gain for DC signals is referred to as
hpg, and the value of this gain for AC signals is referred to as h.. However, when there is no

citation needed

particular frequency range of interest, the symbol [3 is used

It should also be noted that the emitter current is related to Vpgg exponentially. At |room

perature] an increase in Vgg by approximately 60 mV increases the emitter current by a
factor of 10. Because the base current is approximately proportional to the collector and emitter
currents, they vary in the same way.

Active-mode PNP transistors in circuits

Structure and use of PNP transistor.

The diagram opposite is a schematic representation of a PNP transistor connected to two voltage
sources. To make the transistor conduct appreciable current (on the order of 1 mA) from E to C,
VEg must be above a minimum value sometimes referred to as the cut-in voltage. The cut-in
voltage is usually about 600 mV for silicon BJTs at [room temperature| but can be different

depending on the type of transistor and its|biasing| This applied voltage causes the upper P-N
junction to 'turn-on' allowing a flow o from the emitter into the base. In active mode, the

electric field existing between the emitter and the collector (caused by V¢E) causes the majority

of these holes to cross the lower P-N junction into the collector to form the collector current /c.
The remainder of the holes recombine with electrons, the majority carriers in the base, making a
current through the base connection to form the base current, /g. As shown in the diagram, the

emitter current, [, is the total transistor current, which is the sum of the other terminal currents

(e, g = In + o).

In the diagram, the arrows representing current point in the direction of [conventional current|—
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the flow of holes is in the same direction of the arrows because holes carry positive [electric]]
In active mode, the ratio of the collector current to the base current is called the DC
current gain. This gain is usually 100 or more, but robust circuit designs do not depend on the

exact value. The value of this gain for DC signals is referred to as /ipg, and the value of this gain
for AC signals is referred to as /. However, when there is no particular frequency range of

citation needed|

interest, the symbol [3 is used

It should also be noted that the emitter current is related to Vg exponentially. At

temperature| an increase in Vgg by approximately 60 mV increases the emitter current by a
factor of 10. Because the base current is approximately proportional to the collector and emitter
currents, they vary in the same way.

History

The bipolar point-contact transistor was [invented in December 1947] at the [Bell Telephone
[Laboratories|by|John Bardeen|and[Walter Brattain|under the direction of{William Shockley| The
junction version known as the bipolar junction transistor,|invented by Shockley in 1948] enjoyed
three decades as the device of choice in the design of discrete and|integrated circuits| Nowadays,
the use of the BJT has declined in favor omtechnology in the design of digital integrated
circuits.

Germanium transistors

The [germanium] transistor was more common in the 1950s and 1960s, and while it exhibits a
lower "cut off" voltage, typically around 0.2 V, making it more suitable for some applications, it
also has a greater tendency to exhibit|thermal runaway

Early manufacturing techniques

Various methods of manufacturing bipolar junction transistors were developecrjl

o [Point-contact transistor|— first type to demonstrate transistor action, limited commercial
use due to high cost and noise.

e |Grown junction transistor|— first type of bipolar junction transistor madeE-I Invented by
William Shockley|at|Bell Labs| Invented on June 23, 194§I™] Patent filed on June 26,

1948.

o |Alloy junction transistor!— emitter and collector alloy beads fused to base. Developed at
General Electricfand]RC in 1951.

o [Micro alloy transistor|- high speed type of alloy junction transistor. Developed at
Philc

o |Micro alloy diffused transistor|- high speed type of alloy junction transistor.
Developed at| Philco

o |Post alloy diffused transistor|- high speed type of alloy junction transistor.
Developed at|Philips

o |Tetrode transistor|- high speed variant of grown junction transistofrﬂ] or alloy junction
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transistof.™ | with two connections to base.
o [Surface barrier transistor]- high speed metal barrier junction transistor. Developed at
Philcg| ™|in 1953"°"]
e |Drift-field transistor|- high speed bipolar junction transistor. Invented by |Herbert||
[ Kroeme at the Central Bureau of Telecommunications Technology of the German
Postal Service, in 1953.
o |Diffusion transistor|]— modern type bipolar junction transistor. Prototypes{rr_ng developed at
Bell Labs in 1954.
Diffused base transistor|— first implementation of diffusion transistor.

Mesa transistor|- Developed at| Texas Instruments|in 1957.
Planar _transistor[-~ the bipolar junction transistor that made mass produced

monolithic possible. Developed by Dr. [Jean Hoern{|™| at
[Fairchild]in 1959.

« |Epitaxial transistor|— a bipolar junction transistor made using vapor phase deposition. See
epitaxy] Allows very precise control of doping levels and gradients.

Theory and modeling

In the discussion below, focus is on the NPN bipolar transistor. In the NPN transistor in what is

called active mode the base-emitter voltage V'gg and collector-base voltage Vg are positive,
forward biasing the emitter-base junction and reverse-biasing the collector-base junction. In
active mode of operation, electrons are injected from the forward biased n-type emitter region
into the p-type base where they diffuse to the reverse biased n-type collector and are swept away
by the electric field in the reverse biased collector-base junction. For a figure describing forward
and reverse bias, see the end of the article|semiconductor diodes

Large-signal models

Ebers—Moll model

ag Igp agl-p

Ebers—Moll Model for an NPN transistor

o g, I, Iz: base, collector and emitter currents
e e, Iep: collector and emitter diode currents
e oy, ai: forward and reverse common-base current gains

158


http://en.wikipedia.org/wiki/Bipolar_junction_transistor#cite_note-13
http://en.wikipedia.org/wiki/Surface_barrier_transistor
http://en.wikipedia.org/wiki/Philco
http://en.wikipedia.org/wiki/Philco
http://en.wikipedia.org/wiki/Bipolar_junction_transistor#cite_note-15
http://en.wikipedia.org/wiki/Drift-field_transistor
http://en.wikipedia.org/wiki/Herbert_Kroemer
http://en.wikipedia.org/wiki/Herbert_Kroemer
http://en.wikipedia.org/wiki/Herbert_Kroemer
http://en.wikipedia.org/wiki/Herbert_Kroemer
http://en.wikipedia.org/wiki/Herbert_Kroemer
http://en.wikipedia.org/wiki/Bipolar_junction_transistor#cite_note-17
http://en.wikipedia.org/wiki/Diffusion_transistor
http://en.wikipedia.org/wiki/Bipolar_junction_transistor#cite_note-18
http://en.wikipedia.org/wiki/Diffused_base_transistor
http://en.wikipedia.org/wiki/Mesa_transistor
http://en.wikipedia.org/wiki/Texas_Instruments
http://en.wikipedia.org/wiki/Planar_transistor
http://en.wikipedia.org/wiki/Integrated_circuit
http://en.wikipedia.org/wiki/Jean_Hoerni
http://en.wikipedia.org/wiki/Jean_Hoerni
http://en.wikipedia.org/wiki/Jean_Hoerni
http://en.wikipedia.org/wiki/Fairchild_Semiconductor
http://www.computerhistory.org/semiconductor/timeline/1960-Epitaxial.html
http://en.wikipedia.org/wiki/Epitaxy
http://en.wikipedia.org/wiki/Diode#Semiconductor_diodes
http://en.wikipedia.org/wiki/Bipolar_junction_transistor#cite_note-20
http://en.wikipedia.org/wiki/File:Ebers-Moll_model_schematic_(NPN).svg

Ebers—Moll Model for a PNP transistor.

The DC emitter and collector currents in active mode are well modeled by an approximation to the
Ebers—Moll model:

The base internal current is mainly by diffusion (see|Fick's law) and

where

e V7isthe|thermal voltage kT/ g (approximately 26 mV at 300 K = room temperature).

e g isthe emitter current
e Icisthe collector current
e QOlyisthe common base forward short circuit current gain (0.98 to 0.998)

e [gsis the reverse saturation current of the base—emitter diode (on the order of 10™ to 107"
amperes)

e Vg is the base—emitter voltage

e D, is the diffusion constant for electrons in the p-type base
e Wisthe base width

The o and forward [} parameters are as described previously. A reverse [3 is sometimes included
in the model.
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The unapproximated Ebers—Moll equations used to describe the three currents in any operating
region are given below. These equations are based on the transport model for a bipolar junction
transistor] ==

where

e cisthe collector current

e lgisthe base current

e g isthe emitter current

) BF is the forward common emitter current gain (20 to 500)
o BR is the reverse common emitter current gain (0 to 20)

e Isis the reverse saturation current (on the order of 10™*° to 10™*? amperes)

o Viis the|thermal voltage|(approximately 26 mV at 300 K = room temperature).
e Vg is the base—emitter voltage

e Vjgcis the base—collector voltage

Base-width modulation
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Main article:|Early Effect

As the applied collector—base voltage (Vcg = Vg — VBE) varies, the collector—base depletion
region varies in size. An increase in the collector—base voltage, for example, causes a greater
reverse bias across the collector—base junction, increasing the collector—base depletion region
width, and decreasing the width of the base. This variation in base width often is called the
'Early effect|" after its discoverer{James M. Early

Narrowing of the base width has two consequences:

e There s a lesser chance for recombination within the "smaller" base region.
e The charge gradient is increased across the base, and consequently, the current of minority
carriers injected across the emitter junction increases.

Both factors increase the collector or "output" current of the transistor in response to an increase
in the collector—base voltage.

In the|forward-active region| the Early effect modifies the collector current (I¢) and the forward

citation needed

common emitter current gain () as given by:

161


http://en.wikipedia.org/wiki/Depletion_width
http://en.wikipedia.org/wiki/Early_Effect
http://en.wikipedia.org/wiki/Early_effect
http://en.wikipedia.org/wiki/James_M._Early
http://en.wikipedia.org/wiki/Bipolar_junction_transistor#Regions_of_operation
http://en.wikipedia.org/wiki/Wikipedia:Citation_needed
http://en.wikipedia.org/wiki/File:Early_effect_(NPN).svg

Vi

Ty = —
Ic
where:

Vg is the collector—base voltage
V4 is the Early voltage (15 V to 150 V)

BFO is forward common-emitter current gain when VCB =0V

I'o is the output impedance

I is the collector current

Current—voltage characteristics

The following assumptions are involved when deriving ideal current-voltage characteristics of
the BJT

e Low level injection

e Uniform doping in each region with abrupt junctions

e One-dimensional current

e Negligible recombination-generation in space charge regions
e Negligible electric fields outside of space charge regions.

It is important to characterize the minority diffusion currents induced by injection of carriers.

With regard to pn-junction diode, a key relation is the diffusion equation.

d’*Apg(z) _ Apg(z)
dx? L%

A solution of this equation is below, and two boundary conditions are used to solve and find C
and C».

The following equations apply to the emitter and collector region, respectively, and the origins 0,
0', and 0" apply to the base, collector, and emitter.

Ang(z”) = A1t | 4 e/ 1B
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Anc(z') = Bie™ /"B 4 Bye™/tn

A boundary condition of the emitter is below:

The values of the constants A1 and B are zero due to the following conditions of the emitter and
collector regions as 7" — Oand " — 0.

Because A] = By = 0, the values of Ang(0") and An (0') are A, and Bs, respectively.

Expressions of Ig, and I, can be evaluated.

Because insignificant recombination occurs, the second derivative of Apg(X) is zero. There is
therefore a linear relationship between excess hole density and X.

The following are boundary conditions of App.

Substitute into the above linear relation.

163



App(z) = — (&pB(U) ;{:ﬁpB(WW x + Apg(0)

With this result, derive value of /g,

Use the expressions of Ig,, Ig,, Aps(0), and App(W) to develop an expression of the emitter
current.

Similarly, an expression of the collector current is derived.

An expression of the base current is found with the previous results.

Iy = Ig — Ic

Punchthrough

When the base—collector voltage reaches a certain (device specific) value, the base—collector
depletion region boundary meets the base—emitter depletion region boundary. When in this state
the transistor effectively has no base.The device thus loses all gain when in this state.
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Gummel-Poon charge-control model

The|Gummel-Poon modellis a detailed charge-controlled model of BJIT dynamics, which has
been adopted and elaborated by others to explain transistor dynamics in greater detail than the

terminal-based models typically do. This model also includes the dependence of transistor B-

values upon the direct current levels in the transistor, which are assumed current-independent in
the Ebers—Moll model.

Small-signal models
hybrid-pi model

h- parameter model

lzi |

= o

-

o

Generalized h-parameter model of an NPN BJT.
Replace x with e, b or c for CE, CB and CC topologies respectively.

Another model commonly used to analyze BJT circuits is the '|h—parameter|’ model, closely
related to the|hybrid-pi model|and the|y-parameter|two-port] but using input current and output
voltage as independent variables, rather than input and output voltages. This two-port network is
particularly suited to BJTs as it lends itself easily to the analysis of circuit behaviour, and may be
used to develop further accurate models. As shown, the term "x” in the model represents a
different BJT lead depending on the topology used. For common-emitter mode the various

symbols take on the specific values as:

e x ='e' because it is a common-emitter topology
e Terminal 1 = Base

e Terminal 2 = Collector

e Terminal 3 = Emitter

e ;= Base current (i)

e i, = Collector current (i)

e Vi, = Base-to-emitter voltage (Vag)

V, = Collector-to-emitter voltage (Vcg)

and the h-parameters are given by:
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e hix = hic — The input impedance of the transistor (corresponding to the emitter resistance
re).

e = hee — Represents the dependence of the transistor's /zg— Vg curve on the value of Vg.
It is usually very small and is often neglected (assumed to be zero).

e g = hg— The current-gain of the transistor. This parameter is often specified as Apg or
the DC current-gain (fpc) in datasheets.

e o = hoe— The output impedance of transistor. This term is usually specified as an
admittance and has to be inverted to convert it to an impedance.

As shown, the h-parameters have lower-case subscripts and hence signify AC conditions or
analyses. For DC conditions they are specified in upper-case. For the CE topology, an
approximate h-parameter model is commonly used which further simplifies the circuit analysis.
For this the A, and h.. parameters are neglected (that is, they are set to infinity and zero,
respectively). It should also be noted that the h-parameter model as shown is suited to low-
frequency, small-signal analysis. For high-frequency analyses the inter-electrode capacitances
that are important at high frequencies must be added.

Applications

The BJT remains a device that excels in some applications, such as discrete circuit design, due to
the very wide selection of BJT types available, and because of its high [transconductance| and
output resistance compThe BJT is also the choice for demanding analog
circuits, especially for [very-high-frequency| applications, such as [radio-frequency| circuits for
wireless systems. Bipolar transistors can be combined with MOSFETs in an integrated circuit by

using a |BiCMOS |process of wafer fabrication to create circuits that take advantage of the
application strengths of both types of transistor.

Temperature sensors

Main article:|Silicon bandgap temperature sensor

Because of the known temperature and current dependence of the forward-biased base—emitter
junction voltage, the BJT can be used to measure temperature by subtracting two voltages at two
different bias currents in a known ratio.

Logarithmic converters
Because base—emitter voltage varies as the log of the base—emitter and collector—emitter
currents, a BJT can also be used to compute and anti-logarithms. A diode can also

perform these nonlinear functions, but the transistor provides more circuit flexibility.

Vulnerabilities

Exposure of the transistor to [ionizing radiation| causes [radiation damage| Radiation causes a
buildup of 'defects’ in the base region that act as|recombination centers| The resulting reduction
in minority carrier lifetime causes gradual loss of gain of the transistor.
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Power BJTs are subject to a failure mode called [secondary breakdown] in which excessive
current and normal imperfections in the silicon die cause portions of the silicon inside the device
to become disproportionately hotter than the others. The doped silicon has a negative
[temperature coefficient] meaning that it conducts more current at higher temperatures. Thus, the
hottest part of the die conducts the most current, causing its conductivity to increase, which then
causes it to become progressively hotter again, until the device fails internally. The thermal
runaway process associated with secondary breakdown, once triggered, occurs almost instantly
and may catastrophically damage the transistor package.

If the emitter-base junction is reverse biased into avalanche (zener) mode and current flows for a
short period of time, the current gain of the BJT will be permanently degraded.

Why transistor(BJT) is called a current controlled device and why it is called a nonlinear
device?

A bipolar junction transistor (BJT) is a type of transistor. It is a three-terminal device constructed
of doped semiconductor material and may be used in amplifying or switching applications.
Bipolar transistors are so named because their operation involves both electrons and holes.

Although a small part of the transistor current is due to the flow of majority carriers, most of the
transistor current is due to the flow of minority carriers and so BJTs are classified as 'minority-
carrier' devices.

An NPN transistor can be considered as two diodes with a shared anode region. In typical
operation, the emitter—base junction is forward biased and the base—collector junction is reverse
biased. In an NPN transistor, for example, when a positive voltage is applied to the base—emitter
junction, the equilibrium between thermally generated carriers and the repelling electric field of
the depletion region becomes unbalanced, allowing thermally excited electrons to inject into the
base region. These electrons wander (or "diffuse") through the base from the region of high
concentration near the emitter towards the region of low concentration near the collector. The
electrons in the base are called minority carriers because the base is doped p-type which would
make holes the majority carrier in the base.

The base region of the transistor must be made thin, so that carriers can diffuse across it in much
less time than the semiconductor's minority carrier lifetime, to minimize the percentage of
carriers that recombine before reaching the collector—base junction. The thickness of the base
should be less than the diffusion length of the electrons. The collector—base junction is reverse-
biased, so little electron injection occurs from the collector to the base, but electrons that diffuse
through the base towards the collector are swept into the collector by the electric field in the
depletion region of the collector—base junction.

Voltage, current, and charge control

The collector—emitter current can be viewed as being controlled by the base—emitter current
(current control), or by the base—emitter voltage (voltage control). These views are related by the
current—voltage relation of the base—emitter junction, which is just the usual exponential current—
voltage curve of a p-n junction (diode).
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The physical explanation for collector current is the amount of minority-carrier charge in the
base region. Detailed models of transistor action, such as the Gummel-Poon model, account for
the distribution of this charge explicitly to explain transistor behavior more exactly. The charge-
control view easily handles photo-transistors, where minority carriers in the base region are
created by the absorption of photons, and handles the dynamics of turn-off, or recovery time,
which depends on charge in the base region recombining. However, since base charge is not a
signal that is visible at the terminals, the current- and voltage-control views are usually used in
circuit design and analysis.

In analog circuit design, the current-control view is sometimes used since it is approximately
linear. That 1s, the collector current is approximately BF times the base current. Some basic
circuits can be designed by assuming that the emitter—base voltage is approximately constant,
and that collector current is beta times the base current. However, to accurately and reliably
design production bjt circuits, the voltage-control (for example, Ebers—Moll) model is required
The voltage-control model requires an exponential function to be taken into account, but when it
is linearized such that the transistor can be modelled as a transconductance, as in the Ebers—Moll
model, design for circuits such as differential amplifiers again becomes a mostly linear problem,
so the voltage-control view is often preferred. For translinear circuits, in which the exponential
I-V curve is key to the operation, the transistors are usually modelled as voltage controlled with
transconductance proportional to collector current. In general, transistor level circuit design is
performed using SPICE or a comparable analogue circuit simulator, so model complexity is
usually not of much concern to the designer.

Biploar transistor:

A transistor is basically a Si on Ge
crystal containing three separate
regions. It can be either NPN or Emitter Collector
PNP typel[fig. 1] The middle region

is called the base and the outer two

regions are called emitter and the

collector. The outer layers although

they are of same type but their Emitter
functions cannot be changed. They

have different physical and

electrical properties.

T
3

O n

0

Base

o—

Collector

o—— p |n p ——0

) ‘ ‘ l Base
In most transistors, emitter 1s

heavily doped. Its job is to emit or
inject electrons into the base. These
bases are lightly doped and very

. . fig. 1
thin, it passes most of the emitter-
injected electrons on to the
collector. The doping level of
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collector is intermediate between
the heavy doping of emitter and the
light doping of the base.

The collector is so named because
it collects electrons from base. The
collector is the largest of the three
regions; it must dissipate more heat
than the emitter or base. The
transistor has two junctions. One
between emitter and the base and
other between the base and the
collector. Because of this the
transistor is similar to two diodes,
one emitter diode and other
collector base diode.

The depletion layers do not have the same width, because different regions have different doping
levels. The more heavily doped a region is, the greater the concentration of ions near the
junction. This means the depletion layer penetrates more deeply into the base and slightly into
emitter. Similarly, it penetration more into collector. The thickness of collector depletion layer is
large while the base depletion layer is small as shown in|fig. 2

When transistor is made, the diffusion of free electrons across the junction produces two
depletion layers. For each of these depletion layers, the barrier potential is 0.7 V for Si transistor
and 0.3 V for Ge transistor.

fig. 2

If both the junctions are forward biased using two d.c sources, as shown in free electrons
(majority carriers) enter the emitter and collector of the transistor, joins at the base and come out
of the base. Because both the diodes are forward biased, the emitter and collector currents are
large.
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If both the junction are reverse biased as shown in|ﬁ;. 3b} then small currents flows through both
junctions only due to thermally produced minority carriers and surface leakage. Thermally
produced carriers are temperature dependent it approximately doubles for every 10 degree
celsius rise in ambient temperature. The surface leakage current increases with voltage.

When the emitter diode is forward biased and collector diode is reverse biased as shown in
then one expect large emitter current and small collector current but collector current is almost as
large as emitter current.

le Ic

f.

Fig. 4

When emitter diodes forward biased and the applied voltage is more than 0.7 V (barrier
potential) then larger number of majority carriers (electrons in n-type) diffuse across the
junction.

Once the electrons are injected by the emitter enter into the base, they become minority carriers.
These electrons do not have separate identities from those, which are thermally generated, in the
base region itself. The base is made very thin and is very lightly doped. Because of this only few
electrons traveling from the emitter to base region recombine with holes. This gives rise to
recombination current. The rest of the electrons exist for more time. Since the collector diode is
reverse biased, (n is connected to positive supply) therefore most of the electrons are pushed into
collector layer. These collector elections can then flow into the external collector lead.

Thus, there is a steady stream of electrons leaving the negative source terminal and entering the
emitter region. The Vg forward bias forces these emitter electrons to enter the base region. The
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thin and lightly doped base gives almost all those electrons enough lifetime to diffuse into the
depletion layer. The depletion layer field pushes a steady stream of electron into the collector
region. These electrons leave the collector and flow into the positive terminal of the voltage
source. In most transistor, more than 95% of the emitter injected electrons flow to the collector,
less than 5% fall into base holes and flow out the external base lead. But the collector current is
less than emitter current.

Relation between different currents in a transistor:
The total current flowing into the transistor must be equal to the total current flowing out of it.
Hence, the emitter current I is equal to the sum of the collector (I¢ ) and base current (Ig). That

is,

Ig=Ic+1g

The currents directions are positive directions. The total collector current I¢ is made up of two
components.

1. The fraction of emitter (electron) current which reaches the collector ( aq I )
2. The normal reverse leakage current Ico
e

— |C 'Il:::u
g

ar Ol

o4 1S known as large signal current gain or dc alpha. It is always positive. Since collector current
is almost equal to the Iy therefore adc Ig varies from 0.9 to 0.98. Usually, the reverse leakage
current is very small compared to the total collector current.

. I
Meglecting ., l:f.d,:=|£
E

NOTE: The forward bias on the emitter diode controls the number of free electrons infected into
the base. The larger (Vgg) forward voltage, the greater the number of injected electrons. The
reverse bias on the collector diode has little influence on the number of electrons that enter the

collector. Increasing Vg does not change the number of free electrons arriving at the collector
junction layer.

The symbol of npn and pnp transistors are shown in|fig. 5
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Fig. 5
Breakdown Voltages:

Since the two halves of a transistor are diodes, two much reverse voltage on either diode can
cause breakdown. The breakdown voltage depends on the width of the depletion layer and the
doping levels. Because of the heavy doping level, the emitter diode has a low breakdown voltage
approximately 5 to 30 V. The collector diode is less heavily doped so its breakdown voltage is
higher around 20 to 300 V.

Common Base Configuration

If the base is common to the input and output circuits, it is know as common base configuration
as shown in|fig. 1

lE |C

Fig. 1

For a pnp transistor the largest current components are due to holes. Holes flow from emitter to
collector and few holes flow down towards ground out of the base terminal. The current
directions are shown in|fig. 1

(IE :IC + IB )

For a forward biased junction, Vgp is positive and for a reverse biased junction Vg is negative.
The complete transistor can be described by the following two relations, which give the input
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voltage Vg and output current I¢ in terms of the output voltage (V¢g) and input current I.
Ves = f1(Vcs, Ig)

Ic=H(Ves, Ig)
The output characteristic:

The collector current I¢ is completely determined by the input current Iy and the Vcp voltage.
The relationship is given in [fig. 2] It is a plot of Ic versus Vcp, with emitter current Iy as
parameter. The curves are known as the output or collector or static characteristics. The transistor
consists of two diodes placed in series back to back (with two cathodes connected together). The
complete characteristic can be divided in three regions.

Figure 7.2
(1). Active region:

In this region the collector diode is reverse biased and the emitter diode is forward biased.
Consider first that the emitter current is zero. Then the collector current is small and equals the
reverse saturation current I¢o of the collector junction considered as a diode.

If the forward current Iy is increased, then a fraction of Ig ie. agclg will reach the collector. In the
active region, the collector current is essentially independent of collector voltage and depends
only upon the emitter current. Because ag4c is, less than one but almost equal to unity, the
magnitude of the collector current is slightly less that of emitter current. The collector current is
almost constant and work as a current source.

The collector current slightly increases with voltage. This is due to early effect. At higher voltage
collector gathers in a few more electrons. This reduces the base current. The difference is so
small, that it is usually neglected. If the collector voltage is increased, then space charge width
increases; this decreased the effective base width. Then there is less chance for recombination
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within the base region.
(2). Saturation region:

The region to the left of the ordinate V¢ = 0, and above the I = 0, characteristic in which both
emitter and collector junction are forward biased, is called saturation region.

When collector diode is forward biased, there is large change in collector current with small
changes in collector voltage. A forward bias means, that p is made positive with respect to n,
there is a flow of holes from p to n. This changes the collector current direction. If diode is
sufficiently forward biased the current changes rapidly. It does not depend upon emitter current.

(3). Cut off region:

The region below I = 0 and to the right of Vg for which emitter and collector junctions are both
reversed biased is referred to cutoff region. The characteristics Ig = 0, is similar to other
characteristics but not coincident with horizontal axis. The collector current is same as Ico. Icro
is frequently used for Ico. It means collector to base current with emitter open. This is also
temperature dependent.

Common Base Amplifier

The common base amplifier circuit is
shown in g.l The Vg source
forward biases the emitter diode and
Ve source reverse biased collector
diode. The ac source v;, is connected
to emitter through a coupling Re Rc
capacitor so that it blocks dc. This ac

~Vee +Vee

voltage produces small fluctuation in |c | |C|

currents and voltages. The load I [
resistance Ry is also connected to

collector through coupling capacitor v, @ RL
so the fluctuation in collector base

voltage will be observed across Ry. - 2

The dc equivalent circuit is obtained
by reducing all ac sources to zero
and opening all capacitors. The dc
collector current is same as Ig and

Fig. 1
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Vg is given by
Ve = Vee - Ie Re.
These current and voltage fix the Q point. The ac equivalent circuit is obtained by reducing all dc

sources to zero and shorting all coupling capacitors. ' represents the ac resistance of the diode
as shown in|Fig. 2

Fig. 2

Fig. 3| shows the diode curve relating Ig and Vgg. In the absence of ac signal, the transistor
operates at Q point (point of intersection of load line and input characteristic). When the ac
signal is applied, the emitter current and voltage also change. If the signal is small, the operating
point swings sinusoidally about Q point (A to B).
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Fig .3

If the ac signal is small, the points A and B are close to Q, and arc A B can be approximated by a
straight line and diode appears to be a resistance given by

o= &"-.-"EIEL
e AIE kmallchange

Yee  acvolageacrossbaseandemitter

e accurrentthroughermitter

If the input signal is small, input voltage and current will be sinusoidal but if the input voltage is
large then current will no longer be sinusoidal because of the non linearity of diode curve. The
emitter current is elongated on the positive half cycle and compressed on negative half cycle.
Therefore the output will also be distorted.

r'e is the ratio of AVpg and A Ig and its value depends upon the location of Q. Higher up the Q
point small will be the value of r' e because the same change in Vg produces large change in Ig.
The slope of the curve at Q determines the value of r'c. From calculation it can be proved that.

r'e =25mV/ g
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Common Base Amplifier

Proof:

In general, the current through a diode is given by

v
— kT
I—Im(e -1

Where q is he charge on electron, V is the drop across diode, T is the temperature and K is a
constant.

On differentiating w.r.t V, we get,

q
Ay ek
dy

= KT

The value of (q / KT) at 25°C is approximately 40.

di Lok
E=4D g ekl
Therefore, =407 {1+l )
' 1 1
- =]
or, dl 40%(1+l.,) 407
dv  2amy
Therefore ac resistance of the emitter diode = I = I—m Chms

To a close approximation the small changes in collector current equal the small changes in
emitter current. In the ac equivalent circuit, the current _ic' is shown upward because if _i.'
increases, then _ic' also increases in the same direction.

Voltage gain:

Since the ac input voltage source is connected across r'.. Therefore, the ac emitter current is
given by

ie = Vin / I"e
or, Vin=1er',

The output voltage is given by Vou = 1c (Re || Rr)

177


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_12/lecture12_page2.htm

_vout _ [Rc IR

Therefore voltagegain A,
r

Yin
rc

r

=]

Under open circuit condition vey = i Re

. - . =]
Therefare, voltage gainin open circuit condition = Ay = —C

Me

Common Base Amplifier

Example-1

Find the voltage gain and output of the amplifier shown in

Fig. 4
Solution:
e=12-07 -y 37ma
The emitter dc current I E is given by b8k
C_33k|1.5k
AT B0
Therefore, emitter ac resistance = Fe '

or, Avy=56.6
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and, Vo = 1.5 x56.6 =84.9 mV

Example-2

Repeat example-1 if ac source has resistance R s = 100 W .

Solution:
The ac equivalent circuit with ac source resistance is shown in|fig. 5
Rs i ie
L
Vin %
@ - G> Rc R
Fig. 5
P = Vin . FE
1=} ' '
The emitter ac current is given by Ry +Rell) Retr
[ Yin . Vin
l. = i X R 1 1
or, ) (RS +re':|RE +R5re ; Rs +l
.'E'\V — lI'IIIZILI": - 'C rC - rG
Therefore, voltage gain of the amplifier = Vin e (RoHre) Rty
_ 33kI1.85k
v imarisza o
and, Vour=1.5x8.71 =13.1 mV
Common Emitter Configuration
Common Emitter Curves:
The common emitter configuration of BJT is shown in|fig. 1
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Fig. 1

In C.E. configuration the emitter is made common to the input and output. It is also referred to as
grounded emitter configuration. It is most commonly used configuration. In this, base current
and output voltages are taken as impendent parameters and input voltage and output current as
dependent parameters

Vee =1 (IB; VcE )

Ic =f(1Is, Vci)

Input Characteristic:

The curve between Iz and Vgg for different values of Vg are shown in‘ﬁ;. 2| Since the base
emitter junction of a transistor is a diode, therefore the characteristic is similar to diode one. With
higher values of V¢ collector gathers slightly more electrons and therefore base current reduces.
Normally this effect is neglected. (Early effect). When collector is shorted with emitter then the
input characteristic is the characteristic of a forward biased diode when Vg is zero and I is also
Zero.
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Fig. 2

Common Emitter Configuration

Output Characteristic:

The output characteristic is the curve between Vg and I¢c for various values of Ig. For fixed
value of Iz and is shown in For fixed value of I, I¢ is not varying much dependent on Vg

but slopes are greater than CE characteristic. The output characteristics can again be divided into
three parts.

Fig. 3
(1) Active Region:

In this region collector junction is reverse biased and emitter junction is forward biased. It is the
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area to the right of Vcg = 0.5 V and above Ig= 0. In this region transistor current responds most
sensitively to Ig. If transistor is to be used as an amplifier, it must operate in this region.

lg =1z +lg
SinCE, ||:=||:,:, + 04, |E
=1z, +|:tdc|[I Hg )

r1- g )l = agelp +lea

0
—_ Mg

ar [

Let,f,, = —de

1' Ildc

Sle =1+ Pge)len +Racle
R4 15 defined ascurrent gain of the transistoris givenby

)

_le-len
Bdc lB +||:|:|
If o4 1s truly constant then Ic would be independent of Vcg. But because of early effect, o
increases by 0.1% (0.001) e.g. from 0.995 to 0.996 as Vg increases from a few volts to 10V.
Then Bg. increases from 0.995 / (1-0.995) = 200 to 0.996 / (1-0.996) = 250 or about 25%. This
shows that small change in a reflects large change in . Therefore the curves are subjected to

large variations for the same type of transistors.
(2) Cut Off:

Cut off in a transistor is given by Iz = 0, Ic= Ico. A transistor is not at cut off if the base current is
simply reduced to zero (open circuited) under this condition,

Ic = Ig=Ico / ( 1-04c) = Icro

The actual collector current with base open is designated as Icgo. Since even in the neighborhood
of cut off, a 4c may be as large as 0.9 for Ge, then Ic=10 Ico(approximately), at zero base current.
Accordingly in order to cut off transistor it is not enough to reduce I to zero, but it is necessary
to reverse bias the emitter junction slightly. It is found that reverse voltage of 0.1 V is sufficient
for cut off a transistor. In Si, the a 4 is very nearly equal to zero, therefore, I¢ = Ico. Hence even
with Ig= 0, Ic= [g= Ico so that transistor is very close to cut off.

In summary, cut off means Iz = 0, I¢c = Ico, Is = -Ic = -Ico , and Vgg is a reverse voltage whose
magnitude is of the order of 0.1 V for Ge and 0 V for Si.

Reverse Collector Saturation Current Icpo:
When in a physical transistor emitter current is reduced to zero, then the collector current is

known as Icgo (approximately equal to Ico). Reverse collector saturation current Icgo also varies
with temperature, avalanche multiplication and variability from sample to sample. Consider the
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circuit shown in|fig. 4] Vgp is the reverse voltage applied to reduce the emitter current to zero.

I =0, Is =-IcBo
If we require, Vgg =- 0.1 V

Then - VBB + ICBO RB <-0.1V

™ Vee

Vol o= v

Fig. 4

If Rg =100 K, Icgo = 100 m A, Then Vg must be 10.1 Volts. Hence transistor must be capable
to withstand this reverse voltage before breakdown voltage exceeds.

(3).Saturation Region:

In this region both the diodes are forward biased by at least cut in voltage. Since the voltage Vg
and Vpc across a forward is approximately 0.7 V therefore, Vcg = Ve + Vg = - Ve + Vpg is
also few tenths of volts. Hence saturation region is very close to zero voltage axis, where all the
current rapidly reduces to zero. In this region the transistor collector current is approximately
given by Vce / R ¢ and independent of base current. Normal transistor action is last and it acts
like a small ohmic resistance.

Common Emitter Configuration
Large Signal Current Gain 4. :-

The ratio 1./ I is defined as transfer ratio or large signal current gain b,
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|
Bdc = |£
B
Where Ic is the collector current and Iy is the base current. The b, is an indication if how well
the transistor works. The typical value of b, varies from 50 to 300.

In terms of h parameters, b 4. is known as dc current gain and in designated hg (b 4o = hs).
Knowing the maximum collector current and b,. the minimum base current can be found which
will be needed to saturate the transistor.

| _ II""'III:I: - II"'"III:E(Eatj _ |
Cimaxl — R— — ICi=at)
C
| _ lE(satj
Bimint — —=—
[min] Bdc

This expression of by is defined neglecting reverse leakage current (Ico).

Taking reverse leakage current (Ico) into account, the expression for the by, can be obtained as
follows:

byc in terms of aq. is given by

_ G
B-:Ic 1'%-:
|I2'|I2III
|E — ll:'lctl

1_||:'||:|:| le -l +leq
le
_le-leg

Since, [CO = ICBO

"By :lc _lcan
o]
lB +||:B|:|

Cut off of a transistor means Ig = 0, then Ic= Icpo and Ig = - Icpo. Therefore, the above
expression bg. gives the collector current increment to the base current change form cut off to I
and hence it represents the large signal current gain of all common emitter transistor.
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Biasing Techniques for CE Amplifiers

Biasing Circuit Techniques or Locating the Q - Point:
Fixed Bias or Base Bias:

In order for a transistor to amplify, it has to be properly biased. This means forward biasing the
base emitter junction and reverse biasing collector base junction. For linear amplification, the
transistor should operate in active region ( If Ig increases, I¢ increases, Vcg decreases
proportionally).

The source Vpgp, through a current limit resistor Rg forward biases the emitter diode and V¢
through resistor R¢ (load resistance) reverse biases the collector junction as shown in|fig. 1

Re

Re Vi

Ves

Fig. 1

The dc base current through Rp is given by

Is =(Vse - VBe) / Rp

or VBE = VBB - IB RB

Normally Vg is taken 0.7V or 0.3V. If exact voltage is required, then the input characteristic ( I
vs V) of the transistor should be used to solve the above equation. The load line for the input
circuit is drawn on input characteristic. The two points of the load line can be obtained as given
below

For Iz=0, VBe= Vgs.

and For VBE = 0, IB = VBB/ RB.

The intersection of this line with input characteristic gives the operating point Q as shown in

fig. 2{ If an ac signal is connected to the base of the transistor, then variation in Vgg is about
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Q - point. This gives variation in Ig and hence Ic.

Fig. 2

Biasing Techniques for CE Amplifiers
In the output circuit, the load equation can be written as
Vce = Vee- Ie Re

This equation involves two unknown V¢g and I¢ and therefore can not be solved. To solve this
equation output characteristic ( [cvs V¢g) is used.

The load equation is the equation of a straight line and given by two points:
Ic=0, Vee= Vee
& Vce =0, Ic=Vee/ Re

The intersection of this line which is also called dc load line and the characteristic gives the
operating point Q as shown in|fig. 3

186


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_14/lecture14_page2.htm

Fig. 3

The point at which the load line intersects with Ig = 0 characteristic is known as cut off point. At
this point base current is zero and collector current is almost negligibly small. At cut off the
emitter diode comes out of forward bias and normal transistor action is lost. To a close
approximation.

Vck ( cut off) = Ve (approximately).

The intersection of the load line and Iz = Igmax) characteristic is known as saturation point . At
this point Ig= Igmax), Ic= Ic(sar)- At this point collector diodes comes out of reverse bias and again
transistor action is lost. To a close approximation,

Icsan) ® Voo / Re(approximately ).

The Ipgsar 1s the minimum current required to operate the transistor in saturation region. If the I
is less than Ip (sar), the transistor will operate in active region. If Ig > Ig (sar) 1t always operates in

saturation region.

If the transistor operates at saturation or cut off points and no where else then it is operating as a
switch is shown in|fig. 4
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Fig. 4

Vie = Ig Rpt Vg

Ig= (VBB — Vg ) / Rg

If Ig> Ig(sat), then it operates at saturation, If Ig = 0, then it operates at cut off.

If a transistor is operating as an amplifier then Q point must be selected carefully. Although we
can select the operating point any where in the active region by choosing different values of Rp
& Rc but the various transistor ratings such as maximum collector dissipation P c(max) maximum
collector voltage Vcmax) and Icmax) & VBEmax) limit the operating range.

Once the Q point is established an ac input is connected. Due to this the ac source the base
current varies. As a result of this collector current and collector voltage also varies and the

amplified output is obtained.

If the Q-point is not selected properly then the output waveform will not be exactly the input
waveform. i.e. It may be clipped from one side or both sides or it may be distorted one.

Biasing Techniques for CE Amplifiers

Example-1

Find the transistor current in the circuit shown in|fig. 5 if Ico= 20nA, B =100.
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Solution:

For the base circuit, 5 =200 x IB + 0.7

o =22 =0 0215maA 5ic
Therefore, 200k
le 10V
Since Ico << I, therefore, Ic =B Ig =2.15 mA 200K 1Ig —_
—AAAAA—>—

From the collector circuit, Vcg = 10-3x2.15=3.55V L4

T

|/

Since, Vcg = Ve + Vie
Thus, Vg =3.55-0.7=2.55V Fig. 5

Therefore, collector junction is reverse biased and
transistor is operating in its active region.

Example - 2

If a resistor of 2K is connected in series with emitter in
the circuit as shown in find the currents. Given
Ico=20 nA, B =100.

Solution:
IE:IB+IC:IB+ 100 IB: 101 IB
For the base circuit, 5=200x Ig + 0.7 + 2k x 101 Ig

I =ﬂ=D.D1D?mA

B
Therefore, 402k

Since Ico << I, therefore, Ic = Blg = 1.07 mA

From the collector circuit, Vecg = 10-3 x 1.07-0.7-2x Fig. 6

101 x 0.0107=3.93 V

Therefore collector junction is reverse biased and
transistor is operating in its active region.
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Example - 3

Repeat the example-1 if Rp is replaced by 50k.

Solution:

The circuit is shown in|fig. 7

Since the base resistance is reduced, the base current must
have increased and there is a possibility that the transistor
has entered into saturation region.

Assuming transistor is operating in its saturation region,

VBE (sat)™ 0.8 Vand VCE (sat) = 0.2V

lg :ﬂ:ﬂﬂﬁﬂﬂm.ﬂk
Therefore, Ok
1o=10-02 _3 567 ma,
and 3k Fig. 7

The minimum base current required for operating the
transistor in saturation region is

iy = % =0.03267mé

Since Ig > Igmin), therefore, transistor is operating in its
saturation region.

Example - 4

Repeat the example-2 if Rp is replaced by 50k.

Solution:

The circuit is shown in|fig. 8

Since the base resistance is reduced, the base current must 3V
have increased and there is a possibility that the transistor =
has entered into saturation region.

Assuming transistor is operating in its saturation region, Fie. 8
ig.
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£ =800y +0.8+2 x(ly +Hg)
10= 3l +0.2+2 x (g +lg)

Solving these equations, we get,
Ic = 1.96mA and Iz = 0.0035mA

The minimum base current required for operating the
transistor in saturation region is

_le o

Since I B < B(min) , therefore, transistor is operating in
its active region and not in saturation. The base and the
collector currents can be recalculated assuming the
transistor to be in active region.

For the base circuit, 5=50x Iz + 0.7 + 2k x 101 Ig

=207 07 ima

Therefore, "k
Ic=1.7ImA

From the collector circuit, Vecg = 10-3x 1.71 -0.7 -2 x
101 x0.0171 =0.716 V

Stability of Operating Point
Let us consider three operating points of transistor operating in common emitter amplifier.
1. Near cut off

2. Near saturation
3. Inthe middle of active region

If the operating point is selected near the cutoff region, the output is clipped in negative half cycle as shown in fig. 1
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Fig. 1

If the operating point is selected near saturation region, then the output is clipped in positive
cycle as shown in|fig. 2

Fig. 2 Fig. 3

If the operating point is selected in the middle of active region, then there is no clipping and the

output follows input faithfully as shown in If input is large then clipping at both sides will
take place. The first circuit for biasing the transistor is CE configuration is fixed bias.

In biasing circuit shown in[fig. 4(a)] two different power supplies are required. To avoid the use
of two supplies the base resistance Rp is connected to V¢ as shown in|fig. 4(b)

192


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_15/lecture15_page1.htm
http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_15/lecture15_page1.htm
http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_15/lecture15_page1.htm
http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_15/lecture15_page1.htm

gRa Rc Vee

T

Fig. 4(a) Fig. 4(b)

Now V¢ is still forward biasing emitter diode. In this circuit Q point is very unstable. The base
resistance Rp is selected by noting the required base current Iz for operating point Q.

Iz =(Vecc—VBe ) /Rp
Voltage across base emitter junction is approximately 0.7 V. Since V¢ is usually very high
1.e. IB = Vcc/ RB

Since Iy 1s constant therefore it is called fixed bias circuit.

Biasing
Stability of quiescent operating point:

Let us assume that the transistor is replaced by an other transistor of same type. The Bq. of the
two transistors of same type may not be same. Therefore, if B4, increases then for same I, output
characteristic shifts upward. If B4, decreases, the output characteristic shifts downward. Since I
is maintained constant, therefore the operating point shifts from Q to Q; as shown in The
new operating point may be completely unsatisfactory.

Therefore, to maintain operating point stable, Ig should be allowed to change so as to maintain
Ve & ¢ constant as B4 changes.
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Fig. 5

A second cause for bias instability is a variation in temperature. The reverse saturation current
changes with temperature. Specifically, Ico doubles for every 10°C rise in temperature. The
collector current I¢ causes the collector junction temperature to rise, which in turn increases Ico.
As a result of this growth Ico, Ic will increase ( Bac Is + (1+ B 4 ) Ico ) and so on. It may be
possible that this process goes on and the ratings of the transistors are exceeded. This increase in
Ic changes the characteristic and hence the operating point.

Stability Factor:

The operating point can be made stable by keeping Ic and Vg constant. There are two
techniques to make Q point stable.

1. stabilization techniques
2. compensation techniques

In first, resistor biasing circuits are used which allow Iz to vary so as to keep Ic relatively
constant with variations in Bqc , Ico and Vgg.

In second, temperature sensitive devices such as diodes, transistors are used which provide
compensating voltages and currents to maintain the operating point constant.

To compare different biasing circuits, stability factor S is defined as the rate of change of
collector current with respect to the Ico, keeping B4. and Vg constant

S:alc/alco

If S is large, then circuit is thermally instable. S cannot be less than unity. The other stability
factors are, 0 Ic / O PBac and O Ic / 0 Vgg. The bias circuit, which provide stability with Ico, also
show stability even if  and Vggchanges.

Ice=Bals+ T+ P da) Ico
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Differentiating with respect to Ic,

Ay, (1+Bye)
a5

. — 1+Bdc

1-B, —b
Bdc ah:

= |3-:Ic

In fixed bias circuit, Iz & I¢ are independent. Therefore de andS=1+ Bac. If B 4=100, S =
101, which means Icincreases 101 times as fast as Ico. Such a large change definitely operate the
transistor in saturation.

Biasing Techniques

Emitter Feedback Bias:

Fig. 1} shows the emitter feedback bias circuit. In this circuit, the voltage across resistor Rg is
used to offset the changes in bg.. If bge increases, the collector current increases. This increases
the emitter voltage which decrease the voltage across base resistor and reduces base current. The
reduced base current result in less collector current, which partially offsets the original increase
in bg.. The feedback term is used because output current ( I¢) produces a change in input current
(Ig ). Rg is common in input and output circuits.

Re Rc

Vee

Re

Fig. 1
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In this case

Weop =lgRp +Vee HIgRE

Since IE = IC + IB

Ay _ R

A, R, +R.

Therefore,

5= 1+Bae ]{{(1+ﬁdcj

=
1+ E
|3dc[RB+RE

In this case, S is less compared to fixed bias circuit. Thus the stability of the Q point is better.

Further,
_ Yoo - Ve
IE - | ||:
Rg+—2
|3|:Ic

If I¢ is to be made insensitive to B4, than

Rg

di:

Fge==

Rg cannot be made large enough to swamp out the effects of B4, without saturating the transistor.
Collector Feedback Bias:

In this case, the base resistor is returned back to collector as shown in [figl 2| If temperature
increases. Pqc increases. This produces more collectors current. As I¢ increases, collector emitter
voltage decreases. It means less voltage across R and causes a decrease in base current this
decreasing I¢, and compensating the effect of Pgc.
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+ Vec
Re

AAAA
VYV

Re

Fig. 2
In this circuit, the voltage equation is given by
Wee =g+ lg) R+l Ry +ge

Circuit is stiff sensitive to changes in B4.. The advantage is only two resistors are used.

Then,

Ay _ =
A Rp + R
Therefore,

o= 1 I;ﬁdc < 1+ﬁ|dqc
L 1+f =&
Ry +R¢ Fg

= T+Pg.

It is better as compared to fixed bias circuit.

Further,
| Yoo Ve
SR ~
Ro+ 2

Edc

Circuit is still sensitive to changes in B4.. The advantage is only two resistors are used.
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Biasing Techniques
Voltage Divider Bias:

If the load resistance Rc¢ is very small, e.g. in a transformer coupled circuit, then there is no
improvement in stabilization in the collector to base bias circuit over fixed bias circuit. A circuit
which can be used even if there is no dc resistance in series with the collector, is the voltage
divider bias or self bias. [fig. 3

The current in the resistance Rg in the emitter lead causes a voltage drop which is in the direction
to reverse bias the emitter junction. Since this junction must be forward biased, the base voltage
is obtained from the supply through R, R, network. If Ry, = R; || R, equivalent resistance is very
— very small, then Vg voltage is independent of [co and [ Ic / 9 Ico ® 0. For best stability R; &
R, must be kept small.

* Vee
% R Re
c
B
o
E
% R; RE
Fig. 3

If Ic tends to increase, because of Ico, then the current in R¢ increases, hence base current is
decreased because of more reverse biasing and it reduces I .

To analysis this circuit, the base circuit is replaced by its thevenin's equivalent as shown in|fig. 4
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Rc

R
® Vee

Re

Fig. 4

Thevenin's voltage is

Y= _ 2
R +R, “F
R.R

R 1042

bR +R;

Ry, is the effective resistance seen back from the base terminal.
W=l By e+l +: 1R
If Vg is considered to be independent of I, then

g Pe
3l Rg +Re
o= 1+|3-:Ic
1+ Edc EE
Fg +Re

If R% S0 then S —1
[=]

If R% e then S (140,,).
[

The smaller the value of Ry, the better is the stabilization but S cannot be reduced be unity.

Hence I¢ always increases more than Ico. If Ry is reduced, then current drawn from the supply
increases. Also if Rg is increased then to operate at same Q-point, the magnitude of V¢ must be
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increased. In both the cases the power loss increased and reduced h.
In order to avoid the loss of ac signal because of the feedback caused by Rg, this resistance is

often by passed by a large capacitance (> 10 m F) so that its reactance at the frequency under
consideration is very small.

Biasing Techniques

Emitter Bias:

shown the emitter bias circuit. The circuit gets this name because the negative supply Vg
is used to forward bias the emitter junction through resistor Rg. Vc still reverse biases collector

junction. This also gives the same stability as voltage divider circuit but it is used only if split
supply is available.

+Vee

—  Vece Rc

Fig. 5

In this circuit, the voltage equation is given by
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lg Rg +%pg He Rg="ee

I I
therefore, | =_5 =_E
i ﬁdc ﬁdc
e - W
and IE:_H_EE BE
Re+_E
|3-:Ic

Iflz arlgistobe independent of B then Rg 2e R

di

W - W
and then l|g=—EE_BE
Re
Thisshownthat emitter isvirtually at ground potential.
Yee =Yoo le Fe

Mormally Ry isselected lessthan 0.01 By.Fe

Biasing Techniques

Example-1

Determine the Q-point for the CE amplifier given in ifRi=15KQand Rg=7K Q. A
2N3904 transistor is used with B = 180, Rg = 100Q and R¢ = Rjp,g = 1K Q . Also determine the
Poui(ac) and the dc power delivered to the circuit by the source.

Vec=5V

C e
C—Pon =
l Vout
+
C = 0o
R(oad

A

..|}_
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Fig. 1
Solution:

We first obtain the Thevenin equivalent.

= 1500
Whp = ———“op = E=0882 v
" " R,+R, " 1500+7000
= :ﬁ:y}q Pen]
and Ry + Ry

Vg ~Wee . 0.882-07
leq = = =170 maA,
" T Rp/B+Rp  1240/180+100 m

Note that this is not a desirable Q-point location since Vgp is very close to Vgg. Variation in Vgg
therefore significantly change Ic.We find R,c = Rc¢ || Rijpas= 500 W and Ry = R¢ + Rg =1.1KQ.
The value of Vg representing the quiescent value associated with I¢q is found as follows,

Yepn = ¥oolog Fye =8- (170103 (11 %107 = 313 v

Then

Ve = Vogg +log Rye = 313 + (1.7 % 10°%) (500) = 3.98 v

Since the Q-point is on the lower half of the ac load line, the maximum possible symmetrical
output voltage swing is

2(lea -0) (Re |l Rigag ) =2 (1.70x107) (600) = 1.70 % capeak
The ac power output can be calculated as

1. 1 1000
P lac) = E"zﬁd Ripad = 5[1 F0 %107 ¢ il

2
] ¥ 1000 = 0367 mvy

The power drawn from the dc source is given by

2
Vec =11.4 mvy

Pl'"ttn: (d'::l = |I:I]v|:|: * R1 + RE

The power loss in the transistor is given by

]

transistor

=Vogg leg =313 V1170 mA =532 mW
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The Q-point in this example is not in the middle of the load line so that output swing is not as
great as possible. However, if the input signal is small and maximum output is not required, a
small Ic can be used to reduce the power dissipated in the circuit.

Biasing Techniques

Moving Ground Around:

Ground is a reference point that can be moved around. e.g. consider a collector feedback bias
circuit. The various stages of moving ground are shown in|fig. 2

Fig. 2
Biasing a pnp Transistor:

The biasing of pnp transistor is done similar to npn transistor except that supply is of opposite
polarity The various biasing circuits of pnp transistor are shown in|fig. 3
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Fig. 3

Example 2:

For the circuit shown in|fig. 4} calculate Ic and Vg

Solution: o
+30V
Vultageacrnaﬂknhmresiatur=%XSD=1El‘v“ % 1K 2K
Therefore,
I #lg= 1ol =53 = 4 65mA
Therefare, .= 465 = 3k =13.95%
arefore, v, = Vout
2k 3k

Fig. 4
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Small Signal CE Amplifiers
Small Signal CE Amplifiers:

CE amplifiers are very popular to amplify the small signal ac. After a transistor has been biased
with a Q point near the middle of a dc load line, ac source can be coupled to the base. This
produces fluctuations in the base current and hence in the collector current of the same shape and
frequency. The output will be enlarged sine wave of same frequency.

The amplifier is called linear if it does not change the wave shape of the signal. As long as the
input signal is small, the transistor will use only a small part of the load line and the operation
will be linear.

On the other hand, if the input signal is too large. The fluctuations along the load line will drive
the transistor into either saturation or cut off. This clips the peaks of the input and the amplifier is
no longer linear.

The CE amplifier configuration is shown in|fig. 1

O+Vcce
§R1 Rc Cc
Vi

Rs ©s AN ‘i
— WA €

Ru

Fig. 1

The coupling capacitor (Cc ) passes an ac signal from one point to another. At the same time it
does not allow the dc to pass through it. Hence it is also called blocking capacitor.
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vin

Fig. 2

For example in[fig. 2] the ac voltage at point A is transmitted to point B. For this series reactance
Xc should be very small compared to series resistance Rs. The circuit to the left of A may be a
source and a series resistor or may be the Thevenin equivalent of a complex circuit. Similarly Ry,
may be the load resistance or equivalent resistance of a complex network. The current in the loop
is given by

Yin
JiRs +R ) +3E

= Yin

JRT +%2

1

wol=—

As frequency increases, I:[ 2Tr'rE] decreases, and current increases until it reaches to its
maximum value vi, / R. Therefore the capacitor couples the signal properly from A to B when
Xc<< R. The size of the coupling capacitor depends upon the lowest frequency to be coupled.
Normally, for lowest frequency X¢ < 0.1R is taken as design rule.

The coupling capacitor acts like a switch, which is open to dc and shorted for ac.

The bypass capacitor Cy is similar to a coupling capacitor, except that it couples an ungrounded
point to a grounded point. The C, capacitor looks like a short to an ac signal and therefore
emitter is said ac grounded. A bypass capacitor does not disturb the dc voltage at emitter because
it looks open to dc current. As a design rule X¢p, < 0.1Rg at lowest frequency.

Small Signal CE Amplifiers
Analysis of CE amplifier:
In a transistor amplifier, the dc source sets up quiescent current and voltages. The ac source then

produces fluctuations in these current and voltages. The simplest way to analyze this circuit is to
split the analysis in two parts: dc analysis and ac analysis. One can use superposition theorem for
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analysis .
AC & DC Equivalent Circuits:

For dc equivalent circuit, reduce all ac voltage sources to zero and open all ac current sources
and open all capacitors. With this reduced circuit shown in dc current and voltages can be
calculated.

+Vce
O

Fig. 3

For ac equivalent circuits reduce dc voltage sources to zero and open current sources and short
all capacitors. This circuit is used to calculate ac currents and voltage as shown in|fig. 4

Rs
— MWW~
R1§ R2 §Rc § R

OV

Fig. 4

The total current in any branch is the sum of dc and ac currents through that branch. The total
voltage across any branch is the sum of the dc voltage and ac voltage across that branch.

Phase Inversion:

Because of the fluctuation is base current; collector current and collector voltage also swings
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above and below the quiescent voltage. The ac output voltage is inverted with respect to the ac
input voltage, meaning it is 180° out of phase with input.

During the positive half cycle base current increase, causing the collector current to increase.
This produces a large voltage drop across the collector resistor; therefore, the voltage output
decreases and negative half cycle of output voltage is obtained. Conversely, on the negative half
cycle of input voltage less collector current flows and the voltage drop across the collector
resistor decreases, and hence collector voltage increases we get the positive half cycle of output
voltage as shown inlfig. 5

Fig. 5

Analysis of CE amplifier

AC Load line:

Consider the dc equivalent circuit|fig. 1
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+Vee

Fig. 1
Assuming I¢c = Ic(approx), the output circuit voltage equation can be written as

Wiee = Yoo - Io(Re +RE)

kY LY
and lo=-—LtE 4+_ CC
R-+Rg R:+Rg
_ Yoo
Yee =k TraRe

and Iz =0, %eg =Ver

1

The slop of the d.c load line is  Fe *Fe

When considering the ac equivalent circuit, the output impedance becomes R || Ry which is less
than (Rc +RE).

In the absence of ac signal, this load line passes through Q point. Therefore ac load line is a line
of slope (-1 / ( Rc || Rr) ) passing through Q point. Therefore, the output voltage fluctuations will
now be corresponding to ac load line as shown in Under this condition, Q-point is not in
the middle of load line, therefore Q-point is selected slightly upward, means slightly shifted to
saturation side.
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Fig. 2

Analysis of CE amplifier
Voltage gain:

To find the voltage gain, consider an unloaded CE amplifier. The ac equivalent circuit is

shown in[fig. 3] The transistor can be replaced by its collector equivalent model i.e. a
current source and emitter diode which offers ac resistance r'e.

+Vce

(_O .
=S .
Vin R1 Rz

~ —_ _ — —_—

Fig. 3
The input voltage appears directly across the emitter diode.

Therefore emitter current i, = Vi, / r'e.
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Since, collector current approximately equals emitter current and ic = i. and Vo = - i Rc (The
minus sign is used here to indicate phase inversion)

Further voue = - (Vin Re) / 1'e

Therefore voltage gain A = vou / vin =-Rc / 1'e

The ac source driving an amplifier has to supply alternating current to the amplifier. The
input impedance of an amplifier determines how much current the amplifier takes from

the ac source.

In a normal frequency range of an amplifier, where all capacitors look like ac shorts and
other reactance are negligible, the ac input impedance is defined as

Zin™ Vin/ lin
Where viy, iin are peak to peak values or rms values
The impedance looking directly into the base is symbolized zi, pasey @and is given by
Z inbase) = Vin / 1p ,
Since,v ijp = 1 I'e
»bibr
Zin (base) = b T'e.

From the ac equivalent circuit, the input impedance zj, is the parallel combination of R4,
Rand b r'e.

Zin=Ri||Ry || b1’

The Thevenin voltage appearing at the output is

Vout = A Vin

The Thevenin impedance is the parallel combination of R¢c and the internal impedance
of the current source. The collector current source is an ideal source, therefore it has an

infinite internal impedance.

Zout = RC .

The simplified ac equivalent circuit is shown in|fig. 4
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B

R1||Rz||Br'e @ AVin Vout

v

<
MWW

Fig. 4

h-Parameters
Small signal low frequency transistor Models:

All the transistor amplifiers are two port networks having two voltages and two currents. The
positive directions of voltages and currents are shown in|fig. 1

i i2
+ — +
Vi Amplifier V2 ﬁ
Fig. 1

Out of four quantities two are independent and two are dependent. If the input current i, and
output voltage v, are taken independent then other two quantities i, and v; can be expressed in
terms of 1; and V.

vy =1 (g vz)
g =15 {Iy,v7)

The equations can be written as

wy=hyy by +hyg v
b =hgy iy +heg vg

where hyi, hj2, hy; and hy, are called h-parameters.

—_ "y
by =—
|
vy =0
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= h; = input impedance with output short circuit to ac.

_
hu—r
z

k=0

=h, = fraction of output voltage at input with input open circuited or reverse voltage gain with
input open circuited to ac (dimensions).

_ly
h21—i—
i

wa = ]
= h¢ = negative of current gain with output short circuited to ac.

The current entering the load is negative of I,. This is also known as forward short circuit current
gain.

hizz =ii
1li=0

= h, = output admittance with input open circuited to ac.

If these parameters are specified for a particular configuration, then suffixes e,b or c are also
included, e.g. hs ,h i, are h parameters of common emitter and common collector amplifiers

Using two equations the generalized model of the amplifier can be drawn as shown in|fig. 2

i1 h1 iz
— MW <
+

V4 h42V2 C’\P <¢ hasi4 h22 V2

Fig. 2
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h-Parameters
The hybrid model for a transistor amplifier can be derived as follow:
Let us consider CE configuration as show in The variables, ig, ic ,vc, and vp represent total

instantaneous currents and voltages i and v¢ can be taken as independent variables and vg, I¢c as
dependent variables.

Fig. 3
vg = fi (iz ,vc )
Ic=f (18, vc).

Using Taylor 's series expression, and neglecting higher order terms we obtain.

MB:%L fiy + % v

B C t iB

mE:Zi Biy + j:_? B ¢
B by o cli

The partial derivatives are taken keeping the collector voltage or base current constant. The A vg,
A ve, A i, A ic represent the small signal (incremental) base and collector current and voltage
and can be represented as vy ,i ,Vc ,lc.
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.-."."h = hie iB+ hre Vi
e = hg g+ hy vy

where
N :ﬂ = _EIII'IIBL - h :_af1 EIIIIIIB
(1] . . 1 ne
dig v, i X & i il iy
hie :ﬂ = aﬁ o = G = M
Jig Ve dig Ve - i cli,

ib hie Ic
+ —»AAN— < +
h..Vc [ hteib
~ ®
Vo ( hoe |y,
Fig. 4

h-Parameters
AeTEPUIVATIOV O M| — TOLPOAUETEPT:

To determine the four h-parameters of transister amplifier, input and output characteristic are
used. Input characteristic depicts the relationship between input voltage and input current with
output voltage as parameter. The output characteristic depicts the relationship between output
voltage and output current with input current as parameter.[Fig. 5] shows the output
characterisitcs of CE amplifier.

h :ﬂ _ gz -ligy
T o
BV, bz b
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Fig. §

The current increments are taken around the quiescent point Q which corresponds to iz = Ig and
to the collector voltage Vg = Ve

a]-] al.'\"llc IB

The value of h,. at the quiescent operating point is given by the slope of the output characteristic
at the operating point (i.e. slope of tangent AB).

hj. is the slope of the appropriate input on|fig. 6| at the operating point (slope of tangent EF at Q).

h _%: .ﬂ:‘-.-"la

— - oz - Vi
L

\""IIEE B l."‘"IIC1

lg
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Fig. 6

A vertical line on the input characteristic represents constant base current. The parameter hre can
be obtained from the ratio (Vg,— V g1 ) and (Veo— V ¢ ) for at Q.

Typical CE h-parametersof transistor 2N 1573 are given below:

h;e = 1000 ohm.
he=2.5*%10-4
hfe:50

hoe=25mA/V

h-parameters

Analysis of a transistor amplifier using h-parameters:

To form a transistor amplifier it is only necessary to connect an external load and signal source
as indicated in|fig. 1|and to bias the transistor properly.

Rs ﬂ’ i1
+
* Two port *
Vs > v active Va ZL
% | Network |
z Yo

Fig. 1
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Consider the two-port network of CE amplifier. Rg is the source resistance and Z; is the load
impedence h-parameters are assumed to be constant over the operating range. The ac equivalent
circuit is shown in [fig. 2] (Phasor notations are used assuming sinusoidal voltage input). The
quantities of interest are the current gain, input impedence, voltage gain, and output impedence.

i le |

NONOIETREE D

2

+
—0)

<
)

oL
~

Fig. 2
Current gain:

For the transistor amplifier stage, A; is defined as the ratio of output to input currents.

L _ -l .
A= L=E (=00 =)
b b

IC: hfelb * h-:-e """Illc
Vo= L =1Ly
g lc =hfe |b+ h-:-e E'lc zL:I
Ic - hfe
N P
A= e
1+h,. 2,

Input Impedence:

The impedence looking into the amplifier input terminals ( 1,1') is the input impedence Z;
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Iy
""'"'Ib hie|b+hre~""{:
Yooop e e
|b L] 2 Ib
=h _hre |ch
e

LI =h, +h, AT,

=h - hre hfe zL
® +h,, 7,
T=hy - e e

, _ 1
T, . (since ¥ —z—j

h-parameters

Voltage gain:

The ratio of output voltage to input voltage gives the gain of the transistors.

Output Admittance:

It is defined as
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ol
|c = hialh +h-:ne l"""l::
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e
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""‘"I:: Rs +hie

e
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Yoltage amplification takinginto account source impedance (Rgis given by
g =e=Ye + Y

— W,

= "II‘II'I = s ::z.
W ""'"Ils ""‘"Ilt. ""-"Ils [ b HT5+ i |]

7
=A,, !
VT HR,
AL
L +H,

A, is the voltage gain for an ideal voltage source (R, = 0).

ls

fig. 3
Is
' -

Consider input source to be a current source Is in parallel with a resistance Rg as shown in

Zi

Fig. 3

In this case, overall current gain As is defined as

220


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_27/lecture27_page2.htm

:-Ii*li ]:h:]:g*RS
I, I R +4;

R.+%4
IfR, ==, AL —=4A

h-parameters

To analyze multistage amplifier the h-parameters of the transistor used are obtained from
manufacture data sheet. The manufacture data sheet usually provides h-parameter in CE
configuration. These parameters may be converted into CC and CB values. For example hrC
in terms of CE parameter can be obtained as follows.

htn
b Ic

Vee hreVe +@ <¢> hrele g hoe \i

Fig. 4
For CE transistor configuaration
Ve = hie Ip + hye Vee

Ic=hf I+ hoe Vee

The circuit can be redrawn like CC transistor configuration as shown in|fig. 5

Vbc = hie Ib + hrc Vec

Ic = hfe Ib + hoe Vec
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b
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h _ e -l +e)
L ST :
bl =0 b =0 Fig. 5
=-(1+hs)

h-parameters

Example - 1

For the circuits shown in|fig. 1| (CE-CC configuration) various h-parameters are given

hie=2K, he=50,he=6*10"* h,=25mA/V.

hiCZZK, hfe:'sl’ hre: 1, hoc:25 mA/V.

o+Vce
Rc: % 5K
Rs
Vs 1K
% Rez=5k
Sz O =VEee
Fig. 1
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The small signal model of the transistor amplifier is shown in|fig. 2.

Fig. 2

In the circuit, the collector resistance of first stage is shunted by the input impedence of last
stage. Therefore the analysis is started with last stage. It is convenient; to first compute current
gain, input impedence and voltage gain. Then output impedence is calculated starting from first
stage and moving towards end.
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T+h, I,  1+25*10% *5*107
= 4573

R iz = hic+hrc AiEEL
= 2*10° +1* 45 3*5%10°
= 228 5K (highinputimpedence)

R =Rei IR
5785

= _ =459k
E+228 5

_ he -50
T+h,e By 1+25710% *49+10°
=44 5

A=

Riy =h, +h ARy
=2-6*10**44.5%49
=187k

Yoltage gain of first stage is
ARy _-445740
TRy, a7
=116k
hfe hre
hi. +R.

s0*6*10°
2H10° +1710°
=15*10%mho

1

= ___=bBh7K
ol '-.I,rc'1
Rllﬂ :R.ﬂ ” R.ﬂ
=£6.7]I5

=4 B5k

A

1I"'f-:-1 :hne -

=25+10% -

R

The effective source resistance R's; for the second stage is Ro; || R¢i . Thus Rg, =R'g; = 4.65K
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Frequency response

\"FI:IZ = DE_H
hi +F g2
—95+10% . -51)0(1]
2*10° +4 5+ 10°
=?Juﬂuﬂﬁg
1
=1 TE_1300
R'oz =Rz IRz
=0.13||5K
=12711

Overall current gain of the amplifier is A; and is
given by

h1
—_ leE *lbi * Ic1

T ] lc:
b2 cl b1

lhz +
:'Aiz-ﬂ Aoy

e % Riz

The equivalent circuit of the amplifier is shown in
From the circuit it is clear that the current i is

divided into two parts.

Fig.3
Therefore,

ba Py
lt Rei+Riz

and

=0.99*(-115)
=115
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Overall voltage gain of the amplifier is given by

W, R.
Boe=_0=p it
YN, YRR,
187
=.115% 2"
T.87 +1
=753

h-parameters
Simplified common emitter hybrid model:

In most practical cases it is appropriate to obtain approximate values of A v, A ; etc rather than
calculating exact values. How the circuit can be modified without greatly reducing the accuracy.
[Fig. 4]shows the CE amplifier equivalent circuit in terms of h-parameters Since 1 / h,. in parallel
with Ry is approximately equal to Ry if 1 / hoe >> Ry then h,. may be neglected. Under these
conditions.

IC = hfe IB .

hre Ve = hre Ie R = hre hee Iy Re .

hie

'c Vc

heeVe @ <¢ hiele 1/hoe RL

Rs
Vs

Fig. 4

Since h f.h . = 0.01, this voltage may be neglected in comparison with h ;. I, drop across h .
provided Ry is not very large. If load resistance Ry is small than hoe and h;. can be neglected.
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A= z-h
T, R, e
Ry = by

szﬂ'ﬂ R _ he Ry

Output impedence seems to be infinite. When V¢ = 0, and an external voltage is applied at the
output we fined I, = 0, I ¢ = 0. True value depends upon Rg and lies between 40 K and 80K.

On the same lines, the calculations for CC and CB can be done.

CE amplifier with an emitter resistor:

The voltage gain of a CE stage depends upon hg. This transistor parameter depends upon
temperature, aging and the operating point. Moreover, hg may vary widely from device to

device, even for same type of transistor. To stabilize voltage gain A v of each stage, it should be
independent of hg. A simple and effective way is to connect an emitter resistor R, as shown in

fig. 5| The resistor provides negative feedback and provide stabilization.

+Vee

Fig. 5

An approximate analysis of the circuit can be made using the simplified model.

227


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/BASIC-ELECTRONICS/lecturers/lecture_28/lecture28_page3.htm

bl

Current gain & ===- = =-
b ly
=-h,,

It isunaffected by the addition of R .

Input resistance is givenhby

Rizﬂ

I

= hie II:- +|:1+hfe:| II:- Re
ly

=hi = (T+he 1 R,

The input resistance increasesby (1+hg )R,

'ﬂ"'iRL — 'hﬁ RL
F; h +{1+hg IR,

A=

Clearly,the addition of B, reducesthe valtage gain.
If (1+hg, IR, ==h, andhg, =1
then
he R Ry
VTR, R

Subject to above approximation A v is completely stable. The output resistance is infinite for the
approximate model.

Opto Coupler:

It combines a LED and a photo diode in a single package as shown i LED radiates the light depending on the current

through LED. This light fails on photo diode and this sets up a reverse current. The advantage of an opto coupler is the electrical
isolation between the input and output circuits. The only contact between the input and output is a beam of light. Because of this,
it is possible to have an insulation resistance between the two circuits of the order of thousands of mega ohms. They can be used

to isolate two circuits of different voltage levels.

Fig. 6
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TRANSISTOR BIAS STABILITY

BJT: Bipolar Junction Transistors:

Bipolar transistor|amplifiers|must be properly[biased|to operate correctly. In circuits made with
individual devices (discrete circuits), biasing networks consisting of [resistors| are commonly
employed. Much more elaborate biasing arrangements are used in [integrated circuits| for
example,|bandgap voltage references|and|current mirrors

Bias circuit requirements:

For analog circuit operation, the Q-point is placed so the transistor stays injactive mode|(does not
shift to operation in the saturation region or cut-off region) when input is applied. For digital
operation, the Q-point is placed so the transistor does the contrary - switches from "on" to "off"
state. Often, Q-point is established near the center of active region of transistor characteristic to
allow similar signal swings in positive and negative directions. Q-point should be stable. In
particular, it should be insensitive to variations in transistor parameters (for example, should not
shift if transistor is replaced by another of the same type), variations in temperature, variations in
power supply voltage and so forth. The circuit must be practical: easily implemented and cost-
effective.

Load line:

The concept of load line is very important in understanding the working of a transistor. It is
defined as the locus of operating points on the output characteristics of the transistor. It is the line
on which the operating point moves when ac signal is applied to the transistor.

The dc load line gives the value of I; and Vg corresponding to zero signal conditions. The ac
load line gives the value of Ic and Vg when ac signal is applied. AC load line is steeper than the
dc load line but the two intersect at the Q-point determined by biasing dc voltages and
currents. AC load line takes into account the ac load resistance while dc load line considers only
the dc load resistance.

Q Point:

The |operating point|of a device, also known as bias point, quiescent point, or Q-point, is the
point on the output characteristics that shows the collector—emitter voltage (Vce) and the
collector current (Ic) with no input signal applied. The term is normally used in connection with
devices such as|transistors

For |bipolar junction transistors|the bias point is chosen to keep the transistor operating in the
active mode, using a variety of [circuit techniques| establishing the Q-point DC voltage and
current. A small signal is then applied on top of the Q-point bias voltage, thereby either
modulating|or switching the current, depending on the purpose of the circuit.
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The quiescent point of operation is typically near the middle of DC The process of
obtaining certain DC collector current at a certain DC collector voltage by setting up operating
point is called biasing.

After establishing the operating point, when input signal is applied, the output signal should not
move the transistor either to saturation or to cut-off. However, this unwanted shift still might
occur, due to the following reasons:

1. Parameters of transistors depend on junction temperature. As junction temperature
increases, leakage current due to minority charge carriers (Icgo) increases. As Icpo
increases, Icpo also increases, causing an increase in collector current I¢. This produces
heat at the collector junction. This process repeats, and, finally, Q-point may shift into the
saturation region. Sometimes, the excess heat produced at the junction may even burn the
transistor. This is known as|thermal runaway|

2. When a transistor is replaced by another of the same type, the Q-point may shift, due to
changes in parameters of the transistor, such as current gain () which varies slightly for
each unique transistor.

To avoid a shift of Q-point, bias-stabilization is necessary. Various [biasing circuits|can be used
for this purpose.

VARIOUS METHODS FOR TRANSISTOR BIASING

Fixed bias
Collector-to-base bias
Voltage divider bias
Emitter bias

b=

230


http://en.wikipedia.org/wiki/Load_line_(electronics)
http://en.wikipedia.org/wiki/Thermal_runaway
http://en.wikipedia.org/wiki/Bipolar_transistor_biasing

1)Fixed bias (base bias):

This form of biasing is also called base bias. In the example image on the right, the single power
source (for example, a battery) is used for both collector and base of transistor, although separate
batteries can also be used.
In the given circuit,

Vee = 1R + Vie
Therefore,

Is = (Vce - Vie)/Rp

For a given transistor, Vy. does not vary significantly during use. As V¢c is of fixed value, on
selection of Rp, the base current I is fixed. Therefore this type is called fixed bias type of circuit.

Also for given circuit,
Vee =1cRe + Vee
Therefore,

Vee = Vee - IcRe
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The |—ﬁcomon-emi et current gainjof a transistor is an important parameter in circuit design, and
is specified on the data sheet for a particular transistor. It is denoted as 3 on this page.

Because Ic=fls

we can obtain I¢ as well. In this manner, operating point given as (Vcg,Ic) can be set for given
transistor.

Merits:
o It is simple to shift the operating point anywhere in the active region by merely changing
the base resistor (Rp).
e A very small number of components are required.

Demerits:

e The collector current does not remain constant with variation in temperature or power
supply voltage. Therefore the operating point is unstable.

e Changes in Vi, will change I and thus cause Rg to change. This in turn will alter the gain
of the stage.

e When the transistor is replaced with another one, considerable change in the value of f3
can be expected. Due to this change the operating point will shift.

2)Collector-to-base bias:

(IC+Ib) +Vcc

—
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This configuration employs mwmlq to prevent [thermal runaway] and stabilize the
operating point. In this form of biasing, the base resistor RB s connected to the collector instead
of connecting it to the DC source Vcc. So any thermal runaway will induce a voltage drop across
the R resistor that will throttle the transistor's base current.

If Ve 1s held constant and temperature increases, then the collector current /; increases. However,
a larger I, causes the voltage drop across resistor R, to increase, which in turn reduces the voltage
across the base resistor R,. A lower base-resistor voltage drop reduces the base current 7, which
results in less collector current /.. Because an increase in collector current with temperature is
opposed, the operating point is kept stable.

Merits:

e Circuit stabilizes the operating point against variations in temperature and [ (ie.
replacement of transistor)

Demerits:
e In this circuit, to keep /. independent of B, the following condition must be met:
which is the case when

e As B-value is fixed (and generally unknown) for a given transistor, this relation can be
satisfied either by keeping R, fairly large or making Ry, very low.

o If R, is large, a high V. is necessary, which increases cost as well as precautions
necessary while handling.

o If Ry is low, the reverse bias of the collector—base region is small, which limits the
range of collector voltage swing that leaves the transistor in active mode.

o The resistor Ry causes an[AC]feedback, reducing the[voltage gain]of the amplifier. This
undesirable effect is a trade-off for greater|Q-point|stability.
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3)Voltage divider bias

+Vcc

The voltage divider is formed using external resistors R; and R,. The voltage across R, forward
biases the emitter junction. By proper selection of resistors R; and R,, the operating point of the
transistor can be made independent of B. In this circuit, the voltage divider holds the base voltage
fixed independent of base current provided the divider current is large compared to the base
current. However, even with a fixed base voltage, collector current varies with temperature (for
example) so an emitter resistor is added to stabilize the Q-point, similar to the above circuits with
emitter resistor.

Merits:

o Unlike above circuits, only one dc supply is necessary.
e Operating point is almost independent of 3 variation.
e Operating point stabilized against shift in temperature.

Demerits:

e As B-value is fixed for a given transistor, this relation can be satisfied either by keeping
Rg fairly large, or making R;||R, very low.

o If Rg is of large value, high Vcc is necessary. This increases cost as well as
precautions necessary while handling.

e IfR; || Ry is low, either R; is low, or R, is low, or both are low. A low R; raises
V3 closer to V¢, reducing the available swing in collector voltage, and limiting
how large Rc can be made without driving the transistor out of active mode. A
low R, lowers Vi, reducing the allowed collector current. Lowering both resistor
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values draws more current from the power supply and lowers the input resistance
of the amplifier as seen from the base.

e AC as well as DC feedback is caused by Rg, which reduces the AC voltage gain of the
amplifier. A method to avoid AC feedback while retaining DC feedback is discussed
below.

4)Emitter bias:

“Vee

When a split supply (dual power supply) is available, this biasing circuit is the most effective,
and provides zero bias voltage at the emitter or collector for load. The negative supply Vg is
used to forward-bias the emitter junction through Rg. The positive supply V¢ is used to reverse-
bias the collector junction. Only two resistors are necessary for the common collector stage and
four resistors for the common emitter or common base stage.

We know that,

Vg - VE= Vi

If Rp is small enough, base voltage will be approximately zero. Therefore emitter current is,

It = (VEE - Vie)/Rg

The operating point is independent of f§ if Rg >> Rgp/P
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Merit:

Good stability of operating point similar to voltage divider bias.
Demerit:

This type can only be used when a split (dual) power supply is available.

Stability Factor:

The degree of success achieved in stabilizing I¢ in the face of variations in Ico is expressed in
terms of stability factor S and it is defined as the rate of change of I¢ w.r.t. Ico, keeping B and
VgEg constant.

Le. S =dl./dl, at constant B and Vg (or Ip)

From above expression it is obvious that smaller is the value of S, higher is the stability. It is
desirable to have as low stability factor as possible so as to achieve greater thermal stability. The
ideal value of S is unity (because I¢ includes Ico) but it is never possible to achieve it in practice.

Stability Factor in case of CB circuit,

S =dl/dl, = d(BIg + Ieo)/dleo 0+1 orS=1
Stability factor in case of CE circuit

S =dly/dl, = d[BIz + (1+ B) I,])/dl, 1+ B taking I constant.
Stabilization:

It is desirable that once selected, the operating (or Q) point should remain stable i.e. the
operating point should not shift its position owing to change in temperature etc. Unfortunately it
is not possible in practice unless special efforts are made to achieve it. The maintenance of the
operating point stable is called the stabilization.

The stabilization of operating point is essential because of
a) Temperature dependence of I¢
(b) Individual variations and

(c) Thermal runaway.
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With the increase in temperature, the collector leakage current Ico, the current gain B tend to
increase and Vpg required to produce a given collector current I¢tends to decrease. Thus increase
in temperature tends to cause increase in Ic.

The value of B and Vg are not exactly the same for any two transistors even of the same type. So
when a transistor is replaced by another one (even of the same type) the operating point (zero
signals I¢ and V¢g) is shifted.

The collector current Ic, being equal to B Ig + (1+ B ) Ico, increases with the increase in
temperature. This leads to increased power dissipation with further increase in temperature.
Being a cumulative process, it can lead to thermal runaway resulting in burn out of the transistor.

However, if by some modification, I¢ is made to fall with increase in temperature automatically,
then decrease in the term B can be made to neutralize the increase in the term (1 +B ) Ico,
thereby keeping Ic almost constant. This will achieve thermal stability resulting in bias stability.

The biasing network associated with the transistor should fulfill the requirements of (i) ensuring
proper zero signal collector current, (ii) ensuring Vcg not falling below 0.5 V for Ge transistors
and 1 V for Si transistors at any instant and (ii1) ensuring stabilization of operating point (zero
signal Ic and V)

Bias Compensation techniques:
Diode Compensation:

In the previous section, we looked at how four
parameters (VCC, VBE, ICBO, and [1) can
affect the total collector current and,
therefore, the Q-point of the amplifier. Diode
compensation is a technique that is used to
reduce the Q-point variations by selecting a
diode that has temperature characteristics
similar to the transistor. To make sure that the
diode and transistor have the same
temperature characteristics, we can use a BJT
with the same specifications as the amplifier
transistor that is diode-connected. This simply
involves shorting the collector to the base as
shown in the figure to the right for an npn
BIJT (this can also be done with pnp BJTs). As
a reminder, the diode symbol and the model
for the forward biased silicon diode are also
shown to the right — remember that the current flows in the direction of the arrow and that, unless
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an ideal diode is specified, the diode forward resistance and turn-on voltage must be included in
all calculations.

The diode is connected in the base circuit of
the amplifier as shown in Figure 7.9a,
reproduced to the right. The addition of the
diode in this manner allows temperature
compensation since the VON of the diode
varies in the same fashion as the VBE of the
transistor. If the transistors used in the
amplifier and to construct the diode are
matched, the diode characteristics and base-
emitter junction characteristics will be the
same. Under these circumstances, variations
in VBE due to changes in bias parameters will
effectively be significantly reduced or
cancelled.

Sensistor & Thermistor Compensation:

Sensistor is a|resistor|whose resistance changes with|temperature

The resistance increases [exponentially|with temperaturg[1]] that is the|temperature coefficient|is
positive (eg. 0.7% per degree|Celsius)|[2]

Sensistors are used in|electronic circuits|for compensation of temperature influence or as sensors
of temperature for other circuits|[3]

Sensistors are made by using [semiconducting|silicon|and in their operation are similar to
type|thermistors
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2MARKS

1.Why do we choose q point at the center of the loadline?

The operating point of a transistor is kept fixed usually at the center of the active region
in order that the input signal is well amplified. If the point is fixed in the saturation region or the
cut off region the positive and negative half cycle gets clipped off respectively.

2. Name the two techniques used in the stability of the q point .explain.

Stabilization technique: This refers to the use of resistive biasing circuit which
allows IB to vary so as to keep IC relatively constant with variations in Ico,3, and VBE.
Compensation techniques: This refers to the use of temperature sensitive devices such as
thermistors diodes. They provide compensating voltages &currents to maintain operating
point constant.

3. List out the different types of biasing.

1 ) Voltage divider bias

2 ) Base bias

3 ) Emitter feed back bias
4 ) Collector feedback bias

5. What do you meant by thermal runway?

Due to the self heating at the collector junction, the collector current rises. This
causes damage to the device. This phenomenon is called thermal runway.

6. Why is the transistor called a current controlled device?
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The output characteristics of the transistor depend on the input current. So the
transistor is called a current controlled device.

7. Define current amplification factor?

It is defined as the ratio of change in output current to the change in input current at
constant other side voltage.

8. What are the requirements for biasing circuits?
The q point must be taken at the Centre of the active region of the output

characteristics.

9. When does a transistor act as a switch?
The transistor acts as a switch when it is operated at either cutoff region or saturation
region

10. What is biasing?
To use the transistor in any application it is necessary to provide sufficient voltage

and current to operate the transistor. This is called biasing.

11. What is operating point?
For the proper operation of the transistor a fixed level of current and voltages are

required. This values of currents and voltages defined at a point at which the transistor
operate is called operating point.

12. What is stability factor?

Stability factor is defined as the rate of change of collector current with respect to
the rate of change of reverse saturation current.

13. What is d.c load line?
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The d.c load line is defined as a line on the output characteristics of the transistor
which gives the value of Ic & Vce corresponding to zero signal condition.

14. What are the advantages of fixed bias circuit?

This is simple circuit which uses a few components. The operating point can be
fixed any where on the Centre of the active region

15. Explain about the various regions in a transistor?

The three regions are active region saturation region cutoff region.

16. Explain about the characteristics of a transistor?
Input characteristics: it is drawn between input voltage & input current while keeping
output voltage as constant.

Output characteristics: It is drawn between the output voltage &output current while
keeping input current as constant.

UNIT III

Field Effect Transistor And Its Applications

Field Effect Transistor:

The field effect transistor is a semiconductor device, which depends for its operation on the
control of current by an electric field. There are two of field effect transistors:

1. JFET (Junction Field Effect Transistor)
2. MOSFET (Metal Oxide Semiconductor Field Effect Transistor)

241



The FET has several advantages over conventional transistor.

1. In a conventional transistor, the operation depends upon the flow of majority and
minority carriers. That is why it is called bipolar transistor. In FET the operation
depends upon the flow of majority carriers only. It is called unipolar device.

2. The input to conventional transistor amplifier involves a forward biased PN

junction with its inherently low dynamic impedance. The input to FET involves a

reverse biased PN junction hence the high input impedance of the order of M-

ohm.

It is less noisy than a bipolar transistor.

It exhibits no offset voltage at zero drain current.

It has thermal stability.

It is relatively immune to radiation.

kW

The main disadvantage is its relatively small gain bandwidth product in comparison with
conventional transistor.

Operation of FET:

Consider a sample bar of N-type semiconductor. This is called N-channel and it is electrically
equivalent to a resistance as shown in|fig. 1

Fig. 1

Ohmic contacts are then added on each side of the channel to bring the external connection. Thus
if a voltage is applied across the bar, the current flows through the channel.

The terminal from where the majority carriers (electrons) enter the channel is called source
designated by S. The terminal through which majority carriers leaves the channel is called drain
and designated by D. For an N-channel device, electrons are the majority carriers. Hence the
circuit behaves like a dc voltage Vps applied across a resistance Rps. The resulting current is the
drain current Ip. If Vpg increases, Ip increases proportionally.

Now on both sides of the n-type bar heavily doped regions of p-type impurity have been formed
by any method for creating pn junction. These impurity regions are called gates (gatel and gate2)
as shown in|fig. 2
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Both the gates are internally connected and they
are grounded yielding zero gate source voltage
(Vgs =0). The word gate is used because the
potential applied between gate and source
controls the channel width and hence the
current.

As with all PN junctions, a depletion region is
formed on the two sides of the reverse biased
PN junction. The current carriers have diffused
across the junction, leaving only uncovered
positive ions on the n side and negative ions on
the p side. The depletion region width increases
with the magnitude of reverse bias. The
conductivity of this channel is normally zero
because of the unavailability of current carriers.

The potential at any point along the channel
depends on the distance of that point from the
drain, points close to the drain are at a higher
positive potential, relative to ground, then points
close to the source. Both depletion regions are
therefore subject to greater reverse voltage near
the drain. Therefore the depletion region width Fig. 2
increases as we move towards drain. The flow of
electrons from source to drain is now restricted
to the mnarrow channel between the no
conducting depletion regions. The width of this
channel determines the resistance between drain
and source.

Field Effect Transistor

Consider now the behavior of drain current Ip vs drain source voltage Vps. The gate source
voltage is zero therefore Vgs= 0. Suppose that Vps is gradually linearly increased linearly from
0V. Ip also increases.
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Since the channel behaves as a semiconductor
resistance, therefore it follows ohm's law. The region
is called ohmic region, with increasing current, the
ohmic voltage drop between the source and the
channel region reverse biased the junction, the
conducting portion of the channel begins to constrict
and Ip begins to level off until a specific value of
Vps is reached, called the pinch of voltage Vp.

At this point further increase in Vps do not produce
corresponding increase in Ip. Instead, as Vpg
increases, both depletion regions extend further into
the channel, resulting in a no more cross section, and
hence a higher channel resistance. Thus even though,
there is more voltage, the resistance is also greater
and the current remains relatively constant. This is
called pinch off or saturation region. The current in
this region is maximum current that FET can Fig. 3
produce and designated by Ipss. (Drain to source
current with gate shorted).

As with all pn junctions, when the reverse voltage exceeds a certain level, avalanche breakdown
of pn junction occurs and Ip rises very rapidly as shown in|fig. 3

Consider now an N-channel JFET with a reverse gate source voltage as shown in|fig. 4

Drain
Gate _+]
=
z4 Source 3
7-2_ Vas
-+
Fig. 4 Fig. 5

The additional reverse bias, pinch off will occur for smaller values of | Vps |, and the maximum
drain current will be smaller. A family of curves for different values of Vgs(negative) is shown

m|fig. 5

Suppose that Vgs= 0 and that due of Vpg at a specific point along the channel is +5V with
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respect to ground. Therefore reverse voltage across either p-n junction is now 5V. If Vgg is
decreased from 0 to —1V the net reverse bias near the point is 5 - (-1) = 6V. Thus for any fixed
value of Vps, the channel width decreases as Vs is made more negative.

Thus Ip value changes correspondingly. When the gate voltage is negative enough, the depletion
layers touch each other and the conducting channel pinches off (disappears). In this case the
drain current is cut off. The gate voltage that produces cut off is symbolized Vggs(off) . It is same
as pinch off voltage.

Since the gate source junction is a reverse biased silicon diode, only a very small reverse current
flows through it. Ideally gate current is zero. As a result, all the free electrons from the source go
to the drain i.e. Ip = Is. Because the gate draws almost negligible reverse current the input
resistance is very high 10's or 100's of M ohm. Therefore where high input impedance is
required, JFET is preferred over BJT. The disadvantage is less control over output current i.e.
FET takes larger changes in input voltage to produce changes in output current. For this reason,
JFET has less voltage gain than a bipolar amplifier.

Biasing the Field Effect Transistor
Transductance Curves:

The transductance curve of a JFET is a graph of output current (Ip) vs input voltage (Vgs) as
shown in|fig. 1

Fig. 1

By reading the value of Ip and Vs for a particular value of Vps, the transductance curve can be
plotted. The transductance curve is a part of parabola. It has an equation of
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3
lp=lnss|1- Ve
Yas0m

Data sheet provides only Ipss and Vgs(off) value. Using these values the transductance curve can
be plotted.

Biasing the FET:

The FET can be biased as an amplifier. Consider the common source drain characteristic of a
JFET. For linear amplification, Q point must be selected somewhere in the saturation region. Q
point is selected on the basis of ac performance i.e. gain, frequency response, noise, power,
current and voltage ratings.

Gate Bias:

Fig. 2} shows a simple gate bias circuit.

Ro
Ro
w» —W—
D +Voo
Re

Ra

@
3 ll [+
Y
<
o
3 o
3
@

Ves =

Fig. 2

Separate Vgs supply is used to set up Q point. This is the worst way to select Q point. The reason
i1s that there is considerable variation between the maximum and minimum values of FET
parameters e.g.

Ipss Vs(off)
Minimum 4mA 2V
Maximum 13mA -8V

This implies that the minimum and maximum transductance curves are displaced as shown in |
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Gate bias applies a fixed voltage to the gate.
This fixed voltage results in a Q point that is
highly sensitive to the particular JFET used. For
instance, if Vgs= -1V the Q point may very
from Q; to Q; depending upon the JFET
parameter is use.

At Qy, Ip=0.016 (1 - (1/8))* = 12.3 mA
At Qs, Ip=0.004 (1-(1/2))* = 1 mA.

The variation in drain current is very large.

Fig. 3

Biasing the Field Effect Transistor
Self Bias:

shows a self bias circuit another way to bias a FET.
Only a drain supply is used and no gate supply. The idea
is to use the voltage across Rg to produce the gate source — MA—Voo
reverse voltage.

Ra

This is a form of a local feedback similar to that used
with bipolar transistors. If drain current increases, the +
voltage drop across Rgs increases because the Ip Rg Rs
increases. This increases the gate source reverse voltage ~—
which makes the channel narrow and reduces the drain
current. The overall effect is to partially offset the
original increase in drain current. Similarly, if Ip
decreases, drop across Rg decreases, hence reverse bias
decreases and Ip increases.

Fig. 4

Since the gate source junction is reverse biased, negligible gate current flows through R and so
the gate voltage with respect to ground is zero.

VG= 0;

The source to ground voltage equals the product of the drain current and the source resistance.
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\Vs&=IpRs.

The gate source voltage is the difference between the gate voltage and the source voltage.
Vs =Vs—Vs=0-1IpRg

Vs = -Ip Rs.

This means that the gate source voltage equals the negative of the voltage across the source
resistor. The greater the drain current, the more negative the gate source voltage becomes.

Rearranging the equation:

Ip =-Vgs / Rs

The graph of this equation is called self base line a shown in|Fig. 5

Fig. 5

Biasing the Field Effect Transistor
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The operating point on transductance curve is the
intersection of self bias line and transductance curve.
The slope of the line is (-1 / Rg). If the source resistance
is very large (-1 / Rs is small) then Q-point is far down
the transductance curve and the drain current is small.
When Rg is small, the Q point is far up the transductance
curve and the drain current is large. In between there is
an optimum value of Rg that sets up a Q point near the
middle of the transductance curve.

The transductance curve varies widely for FET (because
of variation in Ipss and Vgs(off)) as shown in The
actual curve may be in between there extremes. A and B
are the optimum points for the two extreme curves. To
find the optimum resistance Rs, so that Q-point is correct
for all the curves, A and B points are joined such that it
passes through origin.
o : Fig. 6

The slope of this line gives the resistance value Rs( Vs
= -Ip Rg). The current Iq is such that I, > I > Ig. Here A,
Q and B all points are in straight line.

Consider the case where a line drawn to pass between points A and B does not pass through the
origin. The equation Vgs = - Ip Rg is not valid. The equation of this line is Vgs = Vg — Ip Rs.

Such a bias relationship may be obtained by adding a fixed bias to the gate in addition to the
source self bias as shown in|fig. 7

Fig. 7

In this circuit.
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Vs =RsIg+ Vgs +1Ip Rg
Since Rs I = 0;
Vsg = Vags T Ip Rs

or Vgs=Vge—IpRs

Biasing the Field Effect Transistor
Voltage Divider Bias :

The biasing circuit based on single power supply is shown in This 1s similar to the voltage
divider bias used with a bipolar transistor.

+Vob +Vbbp
Ro
% B Ro
Ry

il ‘Iz VT1H
Rz Rs ‘ Rs

Fig. 1

The Thevenin voltage Vry applied to the gate is

R
YIS 5—5—

The Thevenin resistance is given as

=)=
= = 2 M
™R +R,

The gate current is assumed to be negligible. Vry is the dc voltage from gate to ground.
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Wi =Was Ty (heglecting 1)
SNy = Woy =g

The drain current ID is given by

I = WTh - Vs
ul RS
and the dc voltage from the drain to ground is Vp = Vpp — Ip Rp.

If Vg 1s large enough to swamp out Vgs the drain current is approximately constant for any
JFET as shown infig. 2

Fig. 2

There is a problem in JFET. In a BJT, Vpg is approximately 0.7V, with only minor variations
from one transistor to other. In a FET, Vs can vary several volts from one JFET to another. It is
therefore, difficult to make Vry large enough to swamp out Vgs. For this reason, voltage divider
bias is less effective with, FET than BJT. Therefore, Vgs is not negligible. The current increases
slightly from Q2 to Q1. However, voltage divider bias maintains Ip nearly constant.

Consider a voltage divider bias circuit shown in|fig. 3

Wasiming = -1, Yosgman = -9V «+30V
"".'"ITH =158%

I _ o Ta-F1
Dimin) = 7 ER

15-(-5
Ingmae = ?5(|f<:|: 267 mé,

Difference in Ip (min) and Ip max) 1S less 1MQ % 7.5K

Vb (max)y =30-2.13%47=20V

=213 mA

VD (min) =30-2.67*%4.7=175V
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Fig. 3

Biasing the Field Effect Transistor
Current Source Bias:

This is another way to produce solid Q point. The aim is to produce a drain current that is
independent of Vgs. Voltage divider bias and self bias attempt to do this by swamping out of

variations in Vgs.

Using two power supplies:

The current source bias can be used to make Ip constant|fig. 4

Fig. 4
The bipolar transistor is emitter biased; its collector current is given by
IC = (VEE — VBE ) / RE

Because the bipolar transistor acts like a current source, it forces the drain current to equal the
bipolar collector current.

ID = IC
Since I¢ is constant, both Q points have the same value of drain current. The current source

effectively wipes out the influence of Vgs. Although Vs is different for each Q point, it no
longer influences the value of drain current.
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Using One power supply:

When only a positive supply is available, the circuit

: ) +Vop
shown 1n can be used to set up a constant drain
current. R1 Rp

In this case, the bipolar transistor is voltage divider
biased. Assuming a stiff voltage divider, the emitter and
collector currents are constant for all bipolar transistors. Ra
This forces the FET drain current equal the bipolar
collector current. V1H v

= F: Voo
R1 +R2 Rz Re
= YTH - VeE
Re
Since Wiy isconstant, Iz is also constant
| =1 =l =constant Fig. 5§

Biasing the Field Effect Transistor
Transductance:

The transductance of a FET is defined as

alp

Wolt
o P o fts

9n =

g =0

Because the changes in Ip and Vgs are equivalent
to ac current and voltage. This equation can be
written as

The unit of g;,, is mho or siemems. Fig. 6

Typical value of g, is 2000 m A / V.

The value of g,, can be obtained from the transductance curve as shown in|fig. 6

If A and B points are considered, than a change in Vs produces a change in Ip. The ratio of Ip
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and Vs is the value of g,, between A and B points. If C and D points are considered, then same
change in Vgs produces more change in Ip. Therefore, gy, value is higher. In a nutshell, g, tells
us how much control gate voltage has over drain current. Higher the value of g, the more
effective is gate voltage in controlling gate current. The second parameter rq is the drain
resistance.

y =Y (ry isnegligible)
l4 gszn

FET a amplifier
Similar to Bipolar junction transistor. JFET can also be used as an amplifier. The ac equivalent
circuit of a JFET is shown in|fig. 1

Gate Drain
t Ras ros
\IGg‘\‘ ‘nggs

J Source
Fig. 1

The resistance between the gate and the source Rgs is very high. The drain of a JFET acts like a
current source with a value of g, V. This model is applicable at low frequencies.

From the ac equivalent model

. Wis
lg = ngQE +
T4

When i, =0, Vi - ~ Oy
g=

The amplification factor p for FET is defined as

- Yz

—= SR Ol
Yasli =0

H
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When Vs = 0, gn has its maximum value. The maximum value is designated as g,

Again consider the equation,

i

L
I =1lpss |1- EE
GSiofh
dl W -1
G% GE(at) GEof)
Urry = 2lpgs 1- Yasg
Vl:;scl:ufrj ""'"IIGS(l:-ﬂj
_ _ _ 2lpss
When  Vgs =0, 0n = gng = y
G
Vs
Om = 9mo |1
m mao l"""'IGs(.;.fﬁ

As Vgs increases, gm decreases linearly.

'2|DSS

Wi Sioff =

mo

Measuring Ipss and gm, Vs can be determined

FET as amplifier

Fig. 2} shows a common source amplifier.
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Fig. 2

When a small ac signal is coupled into the gate it produces variations in gate source voltage. This
produces a sinusoidal drain current. Since an ac current flows through the drain resistor. An
amplified ac voltage is obtained at the output. An increase in gate source voltage produces more
drain current, which means that the drain voltage is decreasing. Since the positive half cycle of
input voltage produces the negative half cycle of output voltage, we get phase inversion in a CS
amplifier.

The ac equivalent circuit is shown in|fig. 3

6,) VGE Ry || Rz % G)gmvgs Ro vtn

Fig. 3
The ac output voltage is
Vout = = 8m V gs RD

Negative sign means phase inversion. Because the ac source is directly connected between the
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gate source terminals therefore ac input voltage equals
Vin = Vgs

The voltage gain is given by

szl""nutz_ 4m Fo
Yin
Au,= unloadedvaltage gain

The further simplified model of the amplifieris shown in|fig. 4

Ro
Vin — A A ,\ A f_. Vout

ZIn (\/ AVin

Fig. 4

Zin 1s the input impedance. At low frequencies, this is parallel combination of R|| R;|| Rgs. Since
Rgs is very large, it is parallel combination of R; & Rj. A Vi, is output voltage and Rp is the
output impedance.

FET as amplifier
Because of nonlinear transductance curve, a JFET distorts large signals, as shown in|fig. 5

Given a sinusoidal input voltage, we get a non-sinusoidal output current in which positive half
cycle is elongated and negative cycle is compressed. This type of distortion is called Square law
distortion because the transductance curve is parabolic.
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+Vob

Ri1 % Ro (_.

-

‘J_'VWV‘

¢

rs

R% g—_l_

Rs

Fig. 5 Fig. 6

This distortion is undesirable for an amplifier. One way to minimize this is to keep the signal
small. In that case a part of the curve is used and operation is approximately linear. Some times
swamping resistor is used to minimize distortion and gain constant. Now the source is no longer
ac ground as shown in|fig. 6

The drain current through rs produces an ac voltage between the source and ground. If rg is large
enough the local feedback can swamp out the non-linearity of the curve. Then the voltage gain
approaches an ideal value of Rp / rs.

Since Rgs approaches infinity therefore, all the drain current flows through rs producing a
voltage drop of g, Vs rs. The ac equivalent circuit is shown in|fig. 7

S

0

Ras
AAAAA ro Vour

(N
)
X
?

-
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""'95 +im ""'gs- Iz~ ¥in =0

Yin :“+ grnrs:l ""'gs

Yot = 8m HIII '""gs

A = “Om HI:I = 'RD
T+, Te r5+%m

The voltage gain reduces but voltage gain is less effective by change in g, rs must be greater
than 1/ gn, only then

R
Ve =- r_D
5
JFET Applications

Example-1:

Determine gm for an n-channel JFET with characteristic curve shown inffig. 1

Fig. 1
Solution:
We select an operating region which is approximately in the middle of the curves; that is,

between vgs = -0.8 V and vgs = -1.2 V; ip = 8.5mA and ip = 5.5 mA. Therefore, the
transductance of the JFET is given by

=7 A ma

b g =C0n Stant

— "I:"jl:l
O, A g
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Design of JFET amplifier:

To design a JFET amplifier, the Q point for the dc bias current can be determined graphically.
The dc bias current at the Q point should lie between 30% and 70% of Ipss. This locates the Q
point in the linear region of the characteristic curves.

The relationship between ip and vgs can be plotted on a dimensionless graph (i.e., a normalized
curve) as shown in|fig. 2

Fig. 2

The vertical axis of this graph is ip / Ipss and the horizontal axis is vgs / Vp. The slope of the
curve is gm.

A reasonable procedure for locating the quiescent point near the center of the linear operating
region is to select Ipg = Ipss / 2 and Vgsq = 0.3Vp. Note that this is near the midpoint of the
curve. Next we select vps = Vpp / 2. This gives a wide range of values for vy that keep the
transistor in the pinch —off mode.

The transductance at the Q-point can be found from the slope of the curve of fig.2 and is given
by

141 Ipgs
Hrm —""'"IIF
Example-2

Determine g m for a JFET where Ipss =7 mA, Vp =-3.5 V and Vpp = 15V. Choose a reasonable
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location for the Q-point.
Solution:
Let us select the Q-point as given below:

log :"3%:3.5 M,
Yhao :%:?.5 Y

Vieg =0.3% = -108Y

The transconductance, gn, is found from the slope of the curve at the point ip / Ipss = 0.5 and
vgs / Vp=0.3. Hence,

O, = 1—'4L'”33 =2840 uQ
P

JFET Applications
JEFT as Analog Switch:

JFET can be used as an analog switch as shown in It is the major application of a JFET.
The idea is to use two points on the load line: cut off and saturation. When JFET is cut off, it is
like an open switch. When it is saturated, it is like a closed switch.

Voo
Ro
f—-0O
Ves O—»
Fig. 3 Fig. 4

When Vs =0, the JFET is saturated and operates at the upper end of the load line. When Vs is
equal to or more negative than Vgg(off) , it is cut off and operates at lower end of the load line
(open and closed switch).This is shown in|fig. 4
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Only these two points are used for operation when used as a switch. The JFET is normally
saturated well below the knee of the drain curve. For this reason the drain current is much
smaller than Ipss .

FET as a Shunt Switch:

FET can be used as a shunt switch as shown in When Von=0, the JFT is saturated and the
switch is closed When Vo is more negative FET is like an open switch. The equivalent circuit
is also shown in|fig. 5

Fig. 5
FET as a series switch:

JFET can also be used as series switch as shown in When control is zero, the FET is a
closed switch. When V,,= negative, the FET is an open switch. It is better than shunt switch.

O- O
Vin Vout
Vout
Fig. 6
Multiplexing:

One of the important application of FET is in analog multiplexer. Analog multiplexer is a circuit
that selects one of the output lines as shown in When control voltages are more negative
all switches are open and output is zero. When any control voltage becomes zero the input is
transmitted to the output.
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Fig. 7

Circuit symbols

A variety of symbols are used for the MOSFET. The basic design is generally a line for the
channel with the source and drain leaving it at right angles and then bending back at right angles
into the same direction as the channel. Sometimes three line segments are used for|enhancement||
and a solid line for depletion mode. Another line is drawn parallel to the channel for the
gate.

The bulk connection, if shown, is shown connected to the back of the channel with an arrow
indicating PMOS or NMOS. Arrows always point from P to N, so an NMOS (N-channel in P-
well or P-substrate) has the arrow pointing in (from the bulk to the channel). If the bulk is
connected to the source (as is generally the case with discrete devices) it is sometimes angled to
meet up with the source leaving the transistor. If the bulk is not shown (as is often the case in IC
design as they are generally common bulk) an inversion symbol is sometimes used to indicate
PMOS, alternatively an arrow on the source may be used in the same way as for bipolar
transistors (out for nMOS, in for pMOS).

Comparison of enhancement-mode and depletion-mode MOSFET symbols, along with [JFET
symbols (drawn with source and drain ordered such that higher voltages appear higher on the
page than lower voltages):
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For the symbols in which the bulk, or body, terminal is shown, it is here shown internally
connected to the source. This is a typical configuration, but by no means the only important
configuration. In general, the MOSFET is a four-terminal device, and in integrated circuits many
of the MOSFETs share a body connection, not necessarily connected to the source terminals of
all the transistors.

MOSFET operation

Switch |:| g

I

Example application of an N-Channel MOSFET. When the switch is pushed the LED lights up
Late: +V;

a—=Dnide
s—|nversion Layer n
Depletion Layer M,

+—Bulk Holes p & Ny, -

Body: Gnd

Metal-oxide—semiconductor structure on P-type silicon

Metal-oxide—semiconductor structure
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A traditional metal-oxide—semiconductor (MOS) structure is obtained by growing a layer of

silicon_dioxide] (B[PJ) on top of a silicon substrate and depositing a layer of metal or
polycrystalline siIicon| (the latter is commonly used). As the silicon dioxide is a
material, its structure is equivalent to a planar with one of the electrodes replaced by a
semiconductor.

When a voltage is applied across a MOS structure, it modifies the distribution of charges in the
semiconductor. If we consider a P-type semiconductor (with N, the density of| p the
density of holes; p = N, in neutral bulk), a positive voltage, Vg, from gate to body (see figure)
creates a [depletion layer| by forcing the positively charged holes away from the gate-
insulator/semiconductor interface, leaving exposed a carrier-free region of immobile, negatively
charged acceptor ions (see[doping (semiconductor)). If Vg3 is high enough, a high concentration
of negative charge carriers forms in an inversion layer located in a thin layer next to the
interface between the semiconductor and the insulator. Unlike the MOSFET, where the inversion
layer electrons are supplied rapidly from the source/drain electrodes, in the MOS capacitor they
are produced much more slowly by thermal generation through |carrier generation and||

[recombination| centers in the depletion region. Conventionally, the gate voltage at which the
volume density of electrons in the inversion layer is the same as the volume density of holes in
the body is called the[threshold voltage

This structure with P-type body is the basis of the N-type MOSFET, which requires the addition
of an N-type source and drain regions.

MOSFET structure and channel formation

E
Cross section of an NMOS without channel formed: OFF state
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=
Cross section of an NMOS with channel formed: ON state

A metal-oxide—semiconductor field-effect transistor (MOSFET) is based on the modulation of
charge concentration by a MOS capacitance between a body electrode and a gate electrode
located above the body and insulated from all other device regions by a gate dielectric layer
which in the case of a MOSFET is an oxide, such as silicon dioxide. If dielectrics other than an
oxide such as silicon dioxide (often referred to as oxide) are employed the device may be
referred to as a metal-insulator—semiconductor FET . Compared to the MOS capacitor,
the MOSFET includes two additional terminals (source and drain), each connected to individual
highly doped regions that are separated by the body region. These regions can be either p or n
type, but they must both be of the same type, and of opposite type to the body region. The source
and drain (unlike the body) are highly doped as signified by a '+' sign after the type of doping.

If the MOSFET is an n-channel or nMOS FET, then the source and drain are 'n+' regions and the
body is a 'p' region. As described above, with sufficient gate voltage, holes from the body are
driven away from the gate, forming an inversion layer or n-channel at the interface between the p
region and the oxide. This conducting channel extends between the source and the drain, and
current is conducted through it when a voltage is applied between source and drain.

For gate voltages below the threshold value, the channel is lightly populated, and only a very
small[subthreshold leakage|current can flow between the source and the drain.

If the MOSFET is a p-channel or pMOS FET, then the source and drain are 'p+' regions and the
body is a 'n' region. When a negative gate-source voltage (positive source-gate) is applied, it
creates a p-channel at the surface of the n region, analogous to the n-channel case, but with
opposite polarities of charges and voltages. When a voltage less negative than the threshold
value (a negative voltage for p-channel) is applied between gate and source, the channel
disappears and only a very small subthreshold current can flow between the source and the drain.

The source is so named because it is the source of the charge carriers (electrons for n-channel,
holes for p-channel) that flow through the channel; similarly, the drain is where the charge
carriers leave the channel.

The device may comprise a Silicon On Insulator (SOI) device in which a Buried OXide (BOX) is
formed below a thin semiconductor layer. If the channel region between the gate dielectric and a
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Buried Oxide (BOX) region is very thin, the very thin channel region is referred to as an Ultra
Thin Channel (UTC) region with the source and drain regions formed on either side thereof in
and/or above the thin semiconductor layer. Alternatively, the device may comprise a
SEMiconductor On Insulator (SEMOI) device in which semiconductors other than silicon are
employed. Many alternative semicondutor materials may be employed.

When the source and drain regions are formed above the channel in whole or in part, they are
referred to as Raised Source/Drain (RSD) regions.

Modes of operation

The operation of a MOSFET can be separated into three different modes, depending on the
voltages at the terminals. In the following discussion, a simplified algebraic model is used that is
accurate only for old technology. Modern MOSFET characteristics require computer models that
have rather more complex behavior.

For an enhancement-mode, n-channel MOSFET, the three operational modes are:

Cutoff, subthreshold, or weak-inversion mode
When Vgs < Vin:
where Vj, is the|thresho|d voltage|of the device.
According to the basic threshold model, the transistor is turned off, and there is no
conduction between drain and source. In reality, the|BoItzmann distribution|of electron
energies allows some of the more energetic electrons at the source to enter the channel
and flow to the drain, resulting in a subthreshold current that is an exponential function of
gate—source voltage. While the current between drain and source should ideally be zero
when the transistor is being used as a turned-off switch, there is a weak-inversion current,
sometimes called|subthresho|d Ieakagel
In weak inversion the current varies exponentially with gate-to-source bias Vgs as given
approximately by[ﬁ%

1::5_1:

1 DR I one nV
where Ipy = current at Vs = V;, and the slope factor 7 is given by
n=1+ CD / Cox,
with Cp = capacitance of the|depletion layer|and Cox = capacitance of the oxide layer. In
a long-channel device, there is no drain voltage dependence of the current once Vpg > >
Vr, but as channel length is reduced [drain-induced barrier Iowering|introduces drain
voltage dependence that depends in a complex way upon the device geometry (for
example, the channel doping, the junction doping and so on). Frequently, threshold
voltage Vi, for this mode is defined as the gate voltage at which a selected value of
current Ipg occurs, for example, Ipp = 1 pA, which may not be the same Vy,-value used in
the equations for the following modes.
Some micropower analog circuits are designed to take advantage of subthreshold
conductionlf i By working in the weak-inversion region, the MOSFETs in these
circuits deliver the highest possible transconductance-to-current ratio, namely: g, / Ip =1
/ (nVr), almost that of a bipolar transistor@
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The subthreshold depends exponentially upon threshold voltage, introducing a
strong dependence on any manufacturing variation that affects threshold voltage; for
example: variations in oxide thickness, junction depth, or body doping that change the
degree of |drain-induced barrier lowering| The resulting sensitivity to fabricational
variations complicates optimization for leakage and performance
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MOSFET drain current vs. drain-to-source voltage for several values of Vigs — Vi the boundary
between linear (Ohmic) and saturation (active) modes is indicated by the upward curving
parabola.
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Cross section of a MOSFET operating in the saturation (active) region; channel exhibits pinch-
off near drain
Triode mode or linear region (also known as the ohmic modeIEH%
When Ves > Vi and Vps < (Vs - Vin)
The transistor is turned on, and a channel has been created which allows current to flow
between the drain and the source. The MOSFET operates like a resistor, controlled by the
gate voltage relative to both the source and drain voltages. The current from drain to
source is modeled as:
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W V2
Ip = pnCor— | (Vas — Vin)Vbs — s

L 2
where L, is the charge-carrier effective mobility, W is the gate width, L is the gate length
and C,, is the gate oxide capacitance per unit area. The transition from the exponential
subthreshold region to the triode region is not as sharp as the equations suggest.

Saturation or active mod

When Vs > Vinand Vps > (Vs - Vin )
The switch is turned on, and a channel has been created, which allows current to flow
between the drain and source. Since the drain voltage is higher than the gate voltage, the
electrons spread out, and conduction is not through a narrow channel but through a
broader, two- or three-dimensional current distribution extending away from the interface
and deeper in the substrate. The onset of this region is also known as pinch-off to
indicate the lack of channel region near the drain. The drain current is now weakly
dependent upon drain voltage and controlled primarily by the gate—source voltage, and
modeled very approximately as:

nCoe W
Ip= “TE(VGS — 1’1.&}2 (1 + /‘\VDS} .

The additional factor involving A, the |[channel-length modulation| parameter, models
current dependence on drain voltage due to the |Early effect] or channel length
modulation. According to this equation, a key design parameter, the MOSFET

transconductance is:
__2lp 2

9m = Vgs—Vip ~ Vew,
where the combination V,, = Vgs - Vi 1s called the overdrive Voltage Another key
design parameter is the MOSFET output resistance 7o given by:

Tour = v+
Alp

dIps
Ops

Touwt 1S the inverse of ggs where aVDS. Vps is the expression in saturation
region.

If A is taken as zero, an infinite output resistance of the device results that leads to
unrealistic circuit predictions, particularly in analog circuits.

As the channel length becomes very short, these equations become quite inaccurate. New
physical effects arise. For example, carrier transport in the active mode may become
limited by|ve|ocitv saturation| When velocity saturation dominates, the saturation drain
current is more nearly linear than quadratic in Vgs. At even shorter lengths, carriers
transport with near zero scattering, known as quasi{ballistic transport] In addition, the
output current is affected by|drain-induced barrier lowering|of the threshold voltage.
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Darlington transistor

Circuit diagram of a Darlington pair using NPN transistors

In |electronics} the Darlington transistor (often called a Darlington pair) is a compound
structure consisting of two|bipolar transistors|(either integrated or separated devices) connected
in such a way that the current amplified by the first transistor is amplified further by the second
one.'[] This configuration gives a much higher [current]gain]| (written B, h¢, or hg) than each
transistor taken separately and, in the case of integrated devices, can take less space than two
individual transistors because they can use a shared collector. Integrated Darlington pairs come
packaged singly in transistor-like packages or as an array of devices (usually eight) in an

integrated circuit

The Darlington configuration was invented by [Bell Laboratories|engineer |Sidney Darlington|in
1953. He the idea of having two or three transistors on a single chip, sharing a

collector

A similar configuration but with transistors of opposite type (NPN and PNP) is the
sometimes called the "complementary Darlington."

Behaviour

A Darlington pair behaves like a single transistor with a high current gain (approximately the
product of the gains of the two transistors). In fact, integrated devices have three leads (B, C and
E), broadly equivalent to those of a standard transistor.

A general relation between the compound current gain and the individual gains is given by:

_-SDarIingtﬂn = _.31 . _.32 + _.31 + _.'32

If #; and f, are high enough (hundreds), this relation can be approximated with:
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_-'L;Darlingtﬂn ~= -31 : -32

A typical modern device has a current gain of 1000 or more, so that only a small base current is
needed to make the pair switch on. However, this high current gain comes with several
drawbacks.

One drawback is an approximate doubling of base-emitter voltage. Since there are two junctions
between the base and emitter of the Darlington transistor, the equivalent base-emitter voltage is
the sum of both base-emitter voltages:

Vee = Veer + Ve = 2Veg

For silicon-based technology, where each Vgg; 1s about 0.65 V when the device is operating in
the active or saturated region, the necessary base-emitter voltage of the pair is 1.3 V.

Another drawback of the Darlington pair is its increased saturation voltage. The output transistor
is not allowed to saturate (i.e. its base-collector junction must remain reverse-biased) because its
collector-emitter voltage is now equal to the sum of its own base-emitter voltage and the
collector-emitter voltage of the first transistor, both positive quantities in normal operation. (In

symbols, Vcea = Ver2 T Vgl so Vo > Vpg; always.) Thus the saturation voltage of a
Darlington transistor is one Vgg (about 0.65 V in silicon) higher than a single transistor
saturation voltage, which is typically 0.1 - 0.2 V in silicon. For equal collector currents, this
drawback translates to an increase in the dissipated power for the Darlington transistor over a
single transistor.

Another problem is a reduction in switching speed, because the first transistor cannot actively
inhibit the base current of the second one, making the device slow to switch off. To alleviate this,
the second transistor often has a resistor of a few hundred ohms connected between its base and
emitter terminallel This resistor provides a low impedance discharge path for the charge
accumulated on the base-emitter junction, allowing a faster transistor turn-off.

The Darlington pair has more phase shift at high frequencies than a single transistor and hence
can more easily become unstable with{negative feedback|(i.e., systems that use this configuration
can have poor|phase margin|due to the extra transistor delay).

Darlington pairs are available as integrated packages or can be made from two discrete
transistors; Q; (the left-hand transistor in the diagram) can be a low power type, but normally Q>
(on the right) will need to be high power. The maximum collector current [¢(max) of the pair is
that of Q,. A typical integrated power device is the 2N6282, which includes a switch-off resistor
and has a current gain of 2400 at [c=10A.

A Darlington pair can be sensitive enough to respond to the current passed by skin contact even
at safe voltages. Thus it can form the input stage of a touch-sensitive switch.

FET BIASING:
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Unlike BJTs, thermal runaway does not occur with FETs, as already discussed in our blog.

However, the wide differences in maximum and minimum [transfer characteristics|make ID

levels unpredictable with simple fixed-gate bias voltage. To obtain reasonable limits on
quiescent drain currents ID and drain-source voltage VDS, source resistor and potential divider
bias techniques must be used. With few exceptions, MOSFET bias circuits are similar to those

used for[JFETp. Various FET biasing circuits are discussed below:

Fixed Bias.

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

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

The gate-source voltage Vgs is then

Vgs =-vg—vs=—ves—0=—Vgg
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The drain -source current I, is then fixed by the gate-source voltage as determined by equation.

This current then causes a voltage drop across the drain resistor Rp and is given as Vgp = Ip

RD and output voltage, Vout= VDD — ID RD

Self-Bias:

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

Since no gate current flows through the reverse-biased gate-source, the gate current I = 0 and,
therefore,vg =i Rg =0

The gate-source voltage is then
VGS:VG-VSZO—IDRS:—IDRS

So voltage drop across resistance R, provides the biasing voltage Vg, and no external source is
required for biasing and this is the reason that it is called self-biasing.
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The operating point (that is zero signal Ip and Vps) can easily be determined from equation and
equation given below :

Vbs=Vpp —Ip (Rp + Ry)

Thus dc conditions of JFET amplifier are fully specified. Self biasing of a JFET stabilizes its
quiescent operating point against any change in its parameters like transconductance. Let the
given JFET be replaced by another JFET having the double conductance then drain current will
also try to be double but since any increase in voltage drop across R, therefore, gate-source
voltage, Vgs becomes more negative and thus increase in drain current is reduced.

Potential-Divider Biasing:

fet-potential-divider-biasing

A slightly modified form of dc bias is provided by the circuit shown in figure. The resistors Rg
and Rgy form a potential divider across drain supply Vpp. The voltage V, across Rg, provides
the necessary bias. The additional gate resistor Rg from gate to supply voltage facilitates in
larger adjustment of the dc bias point and permits use of larger valued Rs.
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The gate is reverse biased so that I = 0 and gate voltage
V6=V2=(Vpp/RG1+Ra2) *Raa

And

Vs =vg—Vvs= Vg-Ip R

The operating point can be determined as

Ip = (V2—Vas)/ Rs

And

Vbs = Vpp — Ip (Rp + Rs)

MOSFET-Metal Oxide Semiconductor Field Effect Transistor:

Transistor,

MOSFET-Schematic symbol

Metal-oxide-semiconductor field-effect transistor (MOSFET) is an important semiconductor
device and is widely employed in many circuit applications. Since it is constructed with the gate
terminal insulated from the channel, it is sometimes called insulated gate FET (IGFET). Like, a
a MOSFET is also a three terminal (source, gate and drain) device and drain current in it is
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also controlled by gate bias. The operation of MOSFET is similar to that of JFET. It can be
employed in any of the circuits covered for the JFET and, therefore, all the equations apply
equally well to the MOSFET and JFET in amplifier connections. However, MOSFET has lower
capacitance and input impedance much more than that of a JFET owing to small leakage current.
In case of a MOSFET the positive voltage may be applied to the gate and still the gate current
remains zero.

MOSFETs are of two types namely
(1) Enhancement type MOSFET or E-MOSFET and
(11) Depletion enhancement MOSFET or DE-MOSFET.

In the depletion-mode construction a channel is physically constructed and a current between
drain and source is due to voltage applied across the drain-source terminals. The enhancement
MOSFET structure has no channel formed during its construction. Voltage is applied to the gate,
in this case, to develop a channel of charge carriers so that a current results when a voltage is
applied across the drain-source terminals.

Advantages of FET over BJT are:
a) No minority carriers

b) High input impedance

c¢) Itis a voltage controlled device

d) Better thermal stability

Effect of Source and Drain Series Resistance

e The analysis so far neglects the effects of the source/drain series resistance, and the entire voltage is
assumed to drop along the channel.

e However, for modern day MOSFETS, this effect cannot be ignored, due to smaller diffusion cross-sections
and smaller drain currents.

Yy and Yo

e  The extrinsic (measured) voltages Was and Vs can be related to the intrinsic (device) voltages
by the following equations:

Wy = W — DR G20
and
o = W — IplRs + Ry 15.28)
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where Rs and Ry are the source and drain resistances respectively.

Om (= Alpfdes)

e  The extrinsic transconductance is related to the intrinsic transconductance

gmo (= BlodEyg) by

an
= 5,29
T+0..F. + 0. +Ry)

Om

where 3d0 (= 8lnf3Vp) is the intrinsic drain conductance.

e Similarly, the extrinsic drain conductance 94 (= 81p/8Y0s) is related to the intrinsic drain conductance
o by

UNIT IV
AMPLIFIERS AND OSCILLATORS

Differential amplifier

A differential amplifier is a type of!electronic ampliﬁer|that multiplies the difference between
two inputs by some constant factor (the differential|{gain).

Differential amplifier symbol

The inverting and non-inverting inputs are distinguished by "—" and "+" symbols (respectively)
placed in the amplifier triangle. Vs and Vg are the power supply voltages; they are often
omitted from the diagram for simplicity, but of course must be present in the actual circuit.
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Differential Amplifiers:

Differential amplifier is a basic building block of an op-amp. The function of a differential
amplifier is to amplify the difference between two input signals.

How the differential amplifier is developed? Let us consider two emitter-biased circuits as shown
in|fig. 1

Fig. 1

The two transistors Q; and Q, have identical characteristics. The resistances of the circuits are
equal, i.e. Rg; = R g2, Rci = R 2 and the magnitude of +V¢c is equal to the magnitude of —Vgg.
These voltages are measured with respect to ground.

To make a differential amplifier, the two circuits are connected as shown in The two +V¢c
and —Vgg supply terminals are made common because they are same. The two emitters are also
connected and the parallel combination of Rg; and Rg; is replaced by a resistance Rg. The two
input signals v; & v, are applied at the base of Q; and at the base of Q. The output voltage is
taken between two collectors. The collector resistances are equal and therefore denoted by R¢ =
Rci1 = Rea.

Ideally, the output voltage is zero when the two inputs are equal. When v, is greater then v, the
output voltage with the polarity shown appears. When v, is less than v, the output voltage has
the opposite polarity.

The differential amplifiers are of different configurations.

The four differential amplifier configurations are following:

1. Dual input, balanced output differential amplifier.
2. Dual input, unbalanced output differential amplifier.
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3. Single input balanced output differential amplifier.
4. Single input unbalanced output differential amplifier.

Fig. 2

These configurations are shown in and are defined by number of input signals used and the way an output
voltage is measured. If use two input signals, the configuration is said to be dual input, otherwise it is a single input
configuration. On the other hand, if the output voltage is measured between two collectors, it is referred to as a
balanced output because both the collectors are at the same dc potential w.r.t. ground. If the output is measured at
one of the collectors w.r.t. ground, the configuration is called an unbalanced output.

A multistage amplifier with a desired gain can be obtained using direct connection between successive stages of
differential amplifiers. The advantage of direct coupling is that it removes the lower cut off frequency imposed by the
coupling capacitors, and they are therefore, capable of amplifying dc as well as ac input signals.
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Dual Input, Balanced Output Differential Amplifier:

The circuit is shown in fig. 1, v; and v, are the two inputs, applied to the bases of Q; and Q;
transistors. The output voltage is measured between the two collectors C; and C, , which are at
same dc potentials.

D.C. Analysis:

To obtain the operating point (Icc and Vcgq) for differential amplifier dc equivalent circuit is
drawn by reducing the input voltages v; and v, to zero as shown in|fig. 3

? +Vce

Q2

Rsz

~Vee
Fig. 3

The internal resistances of the input signals are denoted by Rg because Rs;= Rs;. Since both
emitter biased sections of the different amplifier are symmetrical in all respects, therefore, the
operating point for only one section need to be determined. The same values of Icq and Vcgq can
be used for second transistor Q.

Applying KVL to the base emitter loop of the transistor Q;.

Fg lp +%pe +2 Ig Rg =g

But I = le and | =g

de
e = . = VEE - VBE
CE T T ZRg +Rg Ty,
Ypp = 0.BY for 3 and 02%for 5,

(E-1)

F _ . . . .
Generally —= << 2Rg because Ry istheinternalresistance of input signal.

de
e =1.= l"""IIEE 'l"""IIBE
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The value of Rg sets up the emitter current in transistors Q; and Q, for a given value of Vgg. The
emitter current in Q; and Q, are independent of collector resistance Rc.

The voltage at the emitter of Q, is approximately equal to -Vgg if the voltage drop across R is
negligible. Knowing the value of I¢ the voltage at the collector Vcis given by

Ve=Vce—Ic Re
and Vcg = Ve — Vg
=Vce—Ic Re+ Vg
Veg=Vee+ Vee—IcRe  (E-2)

From the two equations Vcgq and Icq can be determined. This dc analysis applicable for all types
of differential amplifier.

Example - 1

The following specifications are given for the dual input, balanced-output differential amplifier
of fig.1:

RC =272 kQ, RB =47 kQ, Rinl = Rin2 =50Q , +VCC = IOV, -VEE =-10 V, Bdc =100 and VBE =

0.715V.
Determine the operating points (Icq and Vcgq) of the two transistors.

Solution:
The value of Icq can be obtained from equation (E-1).

""‘"IIEE B ""'"IlBE
R.
2R+ Mg

leg =1g =

di:

__10-0715
9 4k +5'%DD

The voltage Vcgq can be obtained from equation (E-2).

= 0.988mA

Yeea™ Yoo * Vee “Rile
=10 +0.715 - (2.2k0) {0 955mA)
=854y

The values of Icq and Vcgq are same for both the transistors.
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Dual Input, Balanced Output Difference Amplifier:

The circuit is shown in [fig. 1]vi and v, are the two inputs, applied to the bases of Q; and Q,
transistors. The output voltage is measured between the two collectors C; and C,, which are at
same dc potentials.

Fig. 1

A.C. Analysis :

In previous lecture dc analysis has been done to obtain the operatiing point of the two transistors.
To find the voltage gain A4 and the input resistance R; of the differential amplifier, the ac

equivalent circuit is drawn using r-parameters as shown in [fig. 2] The dc voltages are reduced to
zero and the ac equivalent of CE configuration is used.
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Fig. 2

Since the two dc emitter currents are equal. Therefore, resistance r'c; and r's; are also equal and
designated by r'. . This voltage across each collector resistance is shown 180° out of phase with
respect to the input voltages v; and v,. This is same as in CE configuration. The polarity of the
output voltage is shown in Figure. The collector C, is assumed to be more positive with respect
to collector C; even though both are negative with respect to to ground.

Applying KVL in two loops 1 & 2.

vy =Ry by Fiag re Hlly Fig JRE
¥y TRygp by Figg My + iy +ip JRE

Substituting current relations,

i|:1=i‘="—1 Iz = IE—E
B P

l.""lll1: Rﬁm ie1 +rle ie1 +RE I:ie1+ ieE:I

Fes o , .
Wy=—L iy 1 ey +RE (laq +lez)

Again, assuming Rg; / b and Rg; / b are very small in comparison with Rg and r.' and therefore
neglecting these terms,

(e +Re) ey + Relez = vy
Reig +{ry+Rel iz =¥,
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Solving these two equations, i.; and i., can be calculated.

{r +Rgjvy- Rpwvy
=
! (" +Rg) - RE
B

[rle +RE:|"."2 - RE Wy

[r'e +Re)F - Ri

lez =

The output voltage Vo is given by
Vo= Ve - Vi

=-Rcic2 - (-Re icr)

= Re (ic1 - ic2)

= Re (ler - 1e2)

Substituting ie1, & 1e; in the above expression

(re +Rel’ -RE  (r. +Re)’ -Rg
_Rplvy-vy)ir, -2Rg)
" 2R )

=R (re +RelVi-Rehe [t +RglVs -Rg
l""-:- C

Therefore v, :T—C(‘*“r‘"z:' (E-1)

&

Thus a differential amplifier amplifies the difference between two input signals. Defining the
difference of input signals as vq4 = v; — v, the voltage gain of the dual input balanced output
differential amplifier can be given by

S
(E-2)

Differential Input Resistance:

Differential input resistance is defined as the equivalent resistance that would be measured at
either input terminal with the other terminal grounded. This means that the input resistance Rj
seen from the input signal source v, is determined with the signal source v, set at zero. Similarly,
the input signal v, is set at zero to determine the input resistance Rj, seen from the input signal
source v,. Resistance Rg; and Rs; are ignored because they are very small.
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W
R =~
b1

w, =0
_ L
ie1"fB 3 =0
Substituting i,

— Brle(rle +2HE:I
Ry =————
t's +Rg
Since Rg =1,
e +2Rg >> 2R
or 'y +RegrrRE
Ry =2pr (E-3)

Similarly,
Fip = EL
bz by =0
1
=V
iE2 ! B "."1 =0
Riz =21, (E-4)

The factor of 2 arises because the r.' of each transistor is in series.

To get very high input impedance with differential amplifier is to use Darlington transistors.
Another ways is to use FET.

Output Resistance:

Output resistance is defined as the equivalent resistance that would be measured at output
terminal with respect to ground. Therefore, the output resistance Ro; measured between collector
C; and ground is equal to that of the collector resistance R¢. Similarly the output resistance Roa
measured at C, with respect to ground is equal to that of the collector resistor Rc.

R01 = R02 = RC (E—S)
The current gain of the differential amplifier is undefined. Like CE amplifier the differential

amplifier is a small signal amplifier. It is generally used as a voltage amplifier and not as current
or power amplifier.
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Difference Amplifiers

A dual input, balanced output difference amplifier circuit is shown in|fig. 1

Fig. 1
Inverting & Non — inverting Inputs:
In differential amplifier the output voltage vo is given by
Vo V2)

When V2 = 0, Vo = Ad Vi
&when vi=0,vo=-Agv

|
£
~
=<

|

Therefore the input voltage v; is called the non inventing input because a positive voltage v,
acting alone produces a positive output voltage vo. Similarly, the positive voltage v, acting alone
produces a negative output voltage hence v, is called inverting input. Consequently B; is called
noninverting input terminal and B, is called inverting input terminal.

Common mode Gain:

A common mode signal is one that drives both inputs of a differential amplifier equally. The
common mode signal is interference, static and other kinds of undesirable pickup etc.

The connecting wires on the input bases act like small antennas. If a differential amplifier is
operating in an environment with lot of electromagnetic interference, each base picks up an
unwanted interference voltage. If both the transistors were matched in all respects then the
balanced output would be theoretically zero. This is the important characteristic of a differential
amplifier. It discriminates against common mode input signals. In other words, it refuses to
amplify the common mode signals.
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The practical effectiveness of rejecting the common signal depends on the degree of matching
between the two CE stages forming the differential amplifier. In other words, more closely are
the currents in the input transistors, the better is the common mode signal rejection e.g. If v; and
v, are the two input signals, then the output of a practical op-amp cannot be described by simply

VOZAd(Vl_VZ)

In practical differential amplifier, the output depends not only on difference signal but also upon
the common mode signal (average).

Va= (Vi —Vq)
and ve =% (vi +v2)
The output voltage, therefore can be expressed as
Vo=Ai1vitAWw

Where A; & A; are the voltage amplification from input 1(2) to output under the condition that
input 2 (1) is grounded.

SMygE vt E'l.l'd , "."2="."|:'§"."d
substituting ' & %, in output voltage equation
1 1
v = A |:""'I2+j“d:| + Ay Iﬁf.;;-ivd:l

1
= (B-Ag) vy (A A Ve
= Agvg + Ay
The voltage gain for the difference signal is A4 and for the common mode signal is Ac.
The ability of a differential amplifier to reject a common mode signal is expressed by its

common mode rejection ratio (CMRR). It is the ratio of differential gain A4 to the common mode
gain Ac.

A
CWMRR = 4=
A P
1%
wo = AW, 1+ 15
u] dd[ Fll"v"ld]

Date sheet always specify CMRR in decibels CMRR = 20 log CMRR.

Therefore, the differential amplifier should be designed so that r is large compared with the ratio
of the common mode signal to the difference signal. If r = 1000, v¢ = ImV, v¢= 1 m V, then
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It is equal to first term. Hence for an amplifier with r = 1000, a 1m V difference of potential
between two inputs gives the same output as ImV signal applied with the same polarity to both
inputs.

Dual Input, Unbalanced Output Differential Amplifier:

In this case, two input signals are given however the output is measured at only one of the two-
collector w.r.t. ground as shown in[fig. 2] The output is referred to as an unbalanced output
because the collector at which the output voltage is measured is at some finite dc potential with
respect to ground..

Fig. 2

In other words, there is some dc voltage at the output terminal without any input signal applied.
DC analysis is exactly same as that of first case.

le = |om = ""'"IIEE""""'IBE
Y TR+ R, 7R,
Yeen = Yoot Wee - looRc

AC Analysis:
The output voltage gain in this case is given by

) R
"&H:_D: c

d 2 rle
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The voltage gain is half the gain of the dual input, balanced output differential amplifier. Since at
the output there is a dc error voltage, therefore, to reduce the voltage to zero, this configuration is
normally followed by a level translator circuit.

Differential amplifier with swamping resistors:

By using external resistors R'g in series with each emitter, the dependence of voltage gain on
variations of ' can be reduced. It also increases the linearity range of the differential amplifier.

shows the differential amplifier with swamping resistor R'e. The value of R'g is usually
large enough to swamp the effect of r'.

Fig. 3

H1 |B +l"-.-"IBE +HIE|E +2 RE |E=l"\'"IEE

Riles v +R 1o+ 2Rl =V
ﬁdc

Fromthe equation |z canbe obtained as
| = VeE - VoE
® RE+2Rg +R; / Pas
Ween = Veo t Yee - leo R

Re
fe +RE
Theinput resistance isgiven by Ry, = Ry = 2p (v, +R'g)

The new voltage gain isgiven by Ay =

The output resistance with or without R'g isthe same i.e.
Ry =Rg1=R¢
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Biasing of Differential Amplifiers
Constant Current Bias:

In the dc analysis of differential amplifier, we have seen that the emitter current Iz depends upon
the value of bg.. To make operating point stable Iz current should be constant irrespective value
Ofbdc.

For constant Ig, Rg should be very large. This also increases the value of CMRR but if Rg value
is increased to very large value, Ig (quiescent operating current) decreases. To maintain same
value of Ig, the emitter supply Veg must be increased. To get very high value of resistance Rg
and constant Ig, current, current bias is used.

Figure 5.1
shows the dual input balanced output differential amplifier using a constant current bias.
The resistance Rg is replace by constant current transistor Q3. The dc collector current in Qs is

established by R;, R,, & Rg.

Applying the voltage divider rule, the voltage at the base of Q3 is
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2
Ver = o O
Yer T Vaeo Ve
. VIR,
R, +R, EE BE:
IEIE3 = ||:3 ""‘"IIEE":""""IIEEJ
Re
F
B YeE - [R1 *‘292] YEE - VhE
Re

Because the two halves of the differential amplifiers are symmetrical, each has half of the current

Ics.
R
VEE h [ : \"'IIIEEI h ""'"IIEIES
IE1=IE'.'-.' :lﬂz R1 +R2
7 IRg

The collector current, I¢; in transistor Qs is fixed because no signal is injected into either the
emitter or the base of Qs.

Besides supplying constant emitter current, the constant current bias also provides a very high
source resistance since the ac equivalent or the dc source is ideally an open circuit. Therefore, all

the performance equations obtained for differential amplifier using emitter bias are also valid.

As seen in Ig expressions, the current depends upon Vggs. If temperature changes, Vgg changes
and current Iz also changes. To improve thermal stability, a diode is placed in series with

resistance R;as shown in|fig. 2
lcs
-Vee L.

Q3 R1 1
AV |
R2 Vo T \ Vo

Re
L R «% R:

O (Vee - Vo) * R1
-Vee Ri+R2

+ Vb
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Fig. 2

This helps to hold the current Ig; constant even though the temperature changes. Applying KVL
to the base circuit of Qs.

R
(vee - Vo) = +1R +4p = Vpes +lsFE
1t

where %p isthe diodevoltage. Thus,

1 F F
lgs = { Vee o——*Vp =——=— - Voe }

- Re Ry +R; Ry +R;
If R, andR_are so chosen that
REERE o = VeEs
then,
|, = 1_ VeeP
Ry Ry +R;

Therefore, the current I3 is constant and independent of temperature because of the added diode
D. Without D the current would vary with temperature because Vgg3 decreases approximately by
2mV/° C. The diode has same temperature dependence and hence the two variations cancel each
other and Ig3 does not vary appreciably with temperature. Since the cut — in voltage Vp of diode
approximately the same value as the base to emitter voltage Vpgs of a transistor the above
condition cannot be satisfied with one diode. Hence two diodes are used in series for Vp. In this
case the common mode gain reduces to zero.

Some times zener diode may be used in place of diodes and
resistance as shown in[fig. 3] Zeners are available over a wide

lca
range of voltages and can have matching temperature I ,
coefficient g ;3'
° 5
The voltage at the base of transistor Qg is le
R2
Vs = Wz - VEe
Vez = Ve Vem — Ia Re
=%z - Ve - Vi
1= Mey - - Veg)
.. |E3 - —R 'VEE
E
_ ¥z~ Yam )
Re Fig. 3

The value of R, is selected so that I, » 1.2 Izmin) Where Iz is the minimum current required to
cause the zener diode to conduct in the reverse region, that is to block the rated voltage V.
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R, = WeE - Ve
I3
Where by = 1.2 bz

Current Mirror:

The circuit in which the output current is forced to equal the input current is said to be a current
mirror circuit. Thus in a current mirror circuit, the output current is a mirror image of the input
current. The current mirror circuit is shown in|fig. 4

I2 | Ves le3
> > r s Q3 |lc=I2
Y lcs Y Ig4
R2
Q4
? Re
_— ya
<
AE———
J) -VEE
Fig. 4

Once the current I is set up, the current Ic3 is automatically established to be nearly equal to I.
The current mirror is a special case of constant current bias and the current mirror bias requires
of constant current bias and therefore can be used to set up currents in differential amplifier
stages. The current mirror bias requires fewer components than constant current bias circuits.

Since Q3 and Q4 are identical transistors the current and voltage are approximately same
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|
c3 4

L =1_+1
c4

Generallyﬁd i large ennugh,therefnre% iz small
o]
do

For satisfactory operation two identical transistors are necessary.

Oscillators

Oscillators:
An oscillator may be described as a source of alternating voltage. It is different than amplifier.

An amplifier delivers an output signal whose waveform corresponds to the input signal but
whose power level is higher. The additional power content in the output signal is supplied by the
DC power source used to bias the active device.

The amplifier can therefore be described as an energy converter, it accepts energy from the DC
power supply and converts it to energy at the signal frequency. The process of energy conversion
is controlled by the input signal, Thus if there is no input signal, no energy conversion takes
place and there is no output signal.

The oscillator, on the other hand, requires no external signal to initiate or maintain the energy
conversion process. Instead an output signals is produced as long as source of DC power is
connected.| Fig. 1] shows the block diagram of an amplifier and an oscillator.
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Singnal Singnal Singnal

Ie » op opP
— Amplifier —> Oscillator "

" "

Oscillators may be classified in terms of their output waveform, frequency range, components, or
circuit configuration.

Fig. 1

If the output waveform is sinusoidal, it is called harmonic oscillator otherwise it is called
relaxation oscillator, which include square, triangular and saw tooth waveforms.

Oscillators employ both active and passive components. The active components provide energy
conversion mechanism. Typical active devices are transistor, FET etc.

Passive components normally determine the frequency of oscillation. They also influence
stability, which is a measure of the change in output frequency (drift) with time, temperature or
other factors. Passive devices may include resistors, inductors, capacitors, transformers, and
resonant crystals.

Capacitors used in oscillators circuits should be of high quality. Because of low losses and
excellent stability, silver mica or ceramic capacitors are generally preferred.

An elementary sinusoidal oscillator is shown in[fig. 2| The inductor and capacitors are reactive
elements i.e. they are capable of storing energy. The capacitor stores energy in its electric
field. Whenever there is voltage across its plates,and the inductor stores energy in its magnetic
field whenever current flows through it. Both C and L are assumed to be loss less. Energy can be
introduced into the circuit by charging the capacitor with a voltage V as shown in As long
as the switch S is open, C cannot discharge and so i=0 and V=0.

Fig. 2
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Now S is closed at t = t,, This means V rises from 0 to V, Just before closing inductor current
was zero and inductor current cannot be changed instantaneously. Current increases from zero
value sinusoidally and is given by

. c .t
=% = sin—
VL e

The capacitor losses its charge and energy is simply transferred from capacitor to inductor
magnetic field. The total energy is still same. At t = t;, all the charge has been removed from the
capacitor plates and voltage reduces to zero and at current reaches to its maximum value. The
current for t> t; charges C in the opposite direction and current decreases. Thus LC oscillation
takes places. Both voltage and current are sinusoidal though no sinusoidal input was applied. The

1
f=
frequency of oscillation is 2mLC

The circuit discussed is not a practical oscillator because even if loss less components were
available, one could not extract energy with out introducing an equivalent resistance. This would
result in damped oscillations as shown in|fig. 3

Fig. 3

These oscillations decay to zero as soon as the energy in the tank is consumed. If we remove too
much power from the circuit, the energy may be completely consumed before the first cycle of
oscillations can take place yielding the over damped response.

It is possible to supply energy to the tank to make up for all losses (coil losses plus energy
removed), thereby maintaining oscillations of constant amplitude.

Since energy lost may be related to a positive resistance, it follows that the circuit would gain
energy if an equivalent negative resistance were available. The negative resistance, supplies
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whatever energy the circuit lose due to positive resistance. Certain devices exhibit negative
resistance characteristics, an increasing current for a decreasing voltage. The energy supplied by
the negative resistance to the circuit, actually comes from DC source that is necessary to bias the
device in its negative resistance region.

Another technique for producing oscillation is to use positive feedback considers an amplifier
with an input signal vi, and output vp as shown in|fig. 4

Vl n+ Verror | A vo

+

Vi

Fig. 4

The amplifier is inverting amplifier and may be transistorized, or FET or OPAMP. The output is
180° out of phase with input signal vo= -A vin.(A is negative)

Now a feedback circuit is added. The output voltage is fed to the feed back circuit. The output of
the feedback circuit is again 180° phase shifted and also gets attenuated. Thus the output from
the feedback network is in phase with input signal vi, and it can also be made equal to input
signal.

If this is so, V¢ can be connected directly and externally applied signal can be removed and the
circuit will continue to generate an output signal. The amplifier still has an input but the input is
derived from the output amplifier. The output essentially feeds on itself and is continuously

regenerated. This is positive feedback. The over all amplification from vi, to v¢is 1 and the total
phase shift is zero. Thus the loop gain A B is equal to unity.

AR =100

When this criterion is satisfied then the closed loop gain is infinite. i.e. an output is produced
without any external input.

Vo = A Verror
=A(vin+vf)
:A(Vin+BVO)

or (I-AB)vo=A Vi
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¥y
v, (- AR

or
WhenA [3 = 1, VO/Vin: o0
The criterion A B =1 is satisfied only at one frequency.This is known as backhausen criterion.

The frequency at which a sinusoidal oscillator will operate is the frequency for which the total
phase shift introduced, as the signal proceeds form the input terminals, through the amplifier and
feed back network and back again to the input is precisely zero or an integral multiple of 2p.
Thus the frequency of oscillation is determined by the condition that the loop phase shift is zero.

Oscillation will not be sustained, if at the oscillator frequency, A B <1 or A B>1 . show the
output for two different contions A <1 and A B >1.

Fig. §

If AP is less than unity then AP vi, is less than vi,, and the output signal will die out, when the
externally applied source is removed. If AP>1 then A b viyis greater than vi, and the output
voltage builds up gradually. If A B = 1, only then output voltage is sine wave under steady state
conditions.

In a practical oscillator, it is not necessary to supply a signal to start the oscillations. Instead,
oscillations are self-starting and begin as soon as power is applied. This is possible because of
electrical noise present in all passive components.

Therefore, as soon as the power is applied, there is already some energy in the circuit at f,, the
frequency for which the circuit is designed to oscillate. This energy is very small and is mixed
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with all the other frequency components also present, but it is there. Only at this frequency the
loop gain is slightly greater than unity and the loop phase shift is zero. At all other frequency the
Barkhausen criterion is not satisfied. The magnitude of the frequency component f, is made
slightly higher each time it goes around the loop. Soon the f, component is much larger than all
other components and ultimately its amplitude is limited by the circuits own non-lineareties
(reduction of gain at high current levels, saturation or cut off). Thus the loop gain reduces to
unity and steady stage is reached. If it does not, then the clipping may occur.

Practically, AP is made slightly greater than unity. So that due to disturbance the output does not
change but if AB = 1 and due to some reasons if AP decreases slightly than the oscillation may
die out and oscillator stop functioning. In conclusion, all practical oscillations involve:

e An active device to supply loop gain or negative resistance.

e A frequency selective network to determine the frequency of oscillation.

e Some type of non-linearity to limit amplitude of oscillations.
Example - 1
The gain of certain amplifier as a function of frequency is A (jo) = -16 x 10° / jo. A feedback
path connected around it has B(j ® ) = 10° / (20 x 10’ + jo ). Will the system oscillate? If so, at

what frequency ?

Solution:

%zl—m }{1EIE] 10° _ -16 10
fo J[210% )| jwf2 x10° +joo)

To determine, if the system will oscillate, we will first determine the frequency, if any, at which

The loop gain is

the phase angle of ABLE = ZAB) equals to 0° or a multiple of 360°. Using phasor algebra, we have

_ g
o=sap= 20X | 46 10+ L(1ju)+ £ 1

jol2 0 10° + ju) [2 %107 +jmf

= -180° -90° - 2arctan| —% -
2 %10
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Earctan[ @ - ] =o0°
This expression will equal -360° if 210

arctan © - = 450
2 %10
or m =1
[2}{1D3]

ar w=2 % 10° radss

Thus, the phase shift around the loop is -360° at @ = 2000 rad/s. We must now check to see if the
gain magnitude |A B| = 1 at ® =2 x 10°. The gain magnitude is

I%IZ‘_ —15}{3109. 2‘: |16 x 10°]
‘J&J(E}HD +jw) ‘ |J.:a||(2 }{1D3+jw:|’2
16 % 10°

] wl(z x10°) +aﬁ]

Substituting © = 2 x 10°, we find

3 16 310"
23 10%(4 «10% + 4 x10%)

[

Thus, the Barkhausen criterion is satisfied at ® = 2 x 10° rad/s and oscillation occurs at that
frequency (2 x 10° / 2 =318 .3 Hz).

Harmonic Oscillators

According to Barkhausen criterion, a feedback type oscillator, having AB as loop gain, works if
AP is made slightly greater than unity. As discussed in previous lectures, all practical oscillations
involve:

e An active device to supply loop gain or negative resistance.
e A frequency selective network to determine the frequency of oscillation.

e Some type of non-linearity to limit amplitude of oscillations.

Harmonic Oscillator:

One feedback type harmonic oscillator circuit is shown in|fig. 1
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+Vce
+Vce

VWA
&

— C1

'\

Fig. 1 Fig. 2

The dc equivalent circuit is shown in|fig. 2] The dc operating point is set by selecting Vcc, R
and Rg. The ac equivalent circuit is also shown in|fig. 3

Fig. 3

The transformer provides 180° phase shift to ensure positive feedback so that at the desired
frequency of oscillation, the total phase shift from vj, to vy is made equal to 0° and magnitudes
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are made equal by properly selecting the turns ratio. Rg also controls and stabilizes the gain
through negative feedback. C, and the transformers equivalent inductance make up a resonant
circuit that determines the frequency of oscillation.

C, is used to block dc (Otherwise the base would be directly tied to V) through the low dc
resistance of transformer primary. C; has negligible reactance at the frequency of oscillation,
therefore it is not apart of the frequency-determining network, the same applies to Co.

In this circuit, there is an active device suitably biased to provide necessary gain. Since the active
device produces loop phase shift 180° (from base to collector), a transformer in the feedback
loop provides an additional 180° to yield to a loop phase shift of 0°. The feedback factor is
equivalent to the transformer's turns ratio. There is also a turned circuit, to determine the
frequency of oscillation.

The load is in parallel with C, and the transformer. If the load is resistive, which is usually the
case, the Q of the tuned circuit and the loop gain are both affected, this must be taken into
account when determining the minimum gain required for oscillation. If the load has a capacitive
component, then the value of C, should be reduced accordingly.

The RC Phase Shift Oscillator:

At low frequencies (around 100 KHz or less), resistors are usually employed to determine the
frequency oscillation. Various circuits are used in the feedback circuit including ladder network.

Fig. 4

A block diagram of a ladder type RC phase shift oscillation is shown in It consists of three
resistor R and C capacitors. If the phase shift through the amplifier is 180°, then oscillation may
occur at the frequency where the RC network produces an additional 180 phase shift.

302


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/Analog%20circuits/lecturers/lecture_22/lecture22_page2.htm

To find the frequency of oscillation, let us neglect the loading of the phase shift network. Writing
the KV equations,

1
Moo=
e

WR - ihXe + (4-hIR =0

Iz -k - jh A+ (k-KkJR =0
(3-1)R - jl¥o+v, =0
=

"R

I . 4 .
2 = & @R-Ke)= =X @R - jX¢)
Rz

I, = % {QR- KO [:_:] +w<}

7 2_.
:_[SR XC JMKC}W

RE

B . IRT-HE AR KC g .
-V =-(R- ) { = Vit 5 (2R -j%e)

3R*- R XE- j4R*Hc- 3 RPXE - ARME ) + 2R7- JRPXC
R3

g = WX (

Y o R?
W R- BRMi- BjR™M+jXi

. 1
tingw=— t
putting X ¢ = —, we ge

Y i
o

RE .
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For phase shift equal to 1800 between Vy and Vo, imaginary term of Vy / Vo must be zero.

: Y
| BIR _ g

w3|33 ) Al
wrn? = 1_
ER*
= !
RCAE
1

Therefore, 2TRCB

This is the frequency of oscillation. Substituting this frequency in Vi / Vo expression.

E = Ra = _ l = ﬁ
o R7-ER.GR? 29
This showsthat 180% phase shift from %o to “xcan be obtainedif

_ 1
2rRCE
andthe gain of it feedback circuit hbecomes %9.

In order to ensure the oscillation, initially |AB| >1 and under study state AP =1. This means the
gain of the amplifier should be initially greater than 29 (so that AR >1) and under steady stat

conditions it reduces to 29.

This oscillator can be realized using FET amplifier as shown in [fig. 5] The feedback circuit is

same as discussed above.

R
+Vce
R e
> ¢ ¢ ¢ Ve Vo
T Y} '
Rs = = o
I R R

Fig. 6

O
O
O

o e
™~
——
™~

-~
T
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The input impedance of FET is very high so that there is no loading of the feedback circuit. In
this circuit, the feedback is voltage series feedback.

VX =VG5 +Vs or V(}s = Vx -V

The same circuit can be realizing using OPAMP. The circuit is shown in The input
impedance is very high and there is no overloading of feedback circuit. The OPAMP is
connected in an inverting configuration and drives three cascaded RC sections. The inverting
amplifier causes a 180° phase shift in the signal passing through it. RC network is used in the
feedback to provide additional 180° phase shift. Therefore, the total phase shift in the signal, of a
particular frequency, around the loop will equal 360° and oscillation will occur at that frequency.
The gain necessary to overcome the loss in the RC network and bring the loop gain up to 1 is
supplied by the amplifier. The gain is given by

=

Yo o Re

=

x

Note that input resistor to the inverting amplifier is also the last resistor of the RC feedback
network.

Example -1:
Design a RC phase shift oscillator that will oscillate at 100 Hz.
Solution:

An RC phase shift oscillator using OPAMP is shown in OPAMP is used as an inverting amplifier and provides
180° phase shift. RC network is used in the feedback to provide additional 180° phase shift.

37.7kQ _ R

Wi
1.3kQ

VWV \ 05uF 0.5uF 05pF
|{ I{ 1{

v / ¢ It i

_|_— 1.3kQ 1.3k

Fig. 7

For an RC phase shift oscillator the frequency is given by

1
f=100Hz = ———
z 2mf5 RC
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Let C=0.5 puF. Then

) 1
R= 1o (27 B (05 107

=1300%

Therefore, R= 29 R =29 (1300Q) = 37.7 kQ.

The completed circuit is shown in R is made adjustable so the loop gain can be set
precisely to 1.

Example - 2

For the network shown in|fig. 8 prove that

Wi 1

v, 3 +)(wRC- /uRC)

This network is used with an OPAMP to form an oscillator. Show that the frequency of
oscillation is f=1 /2nRC and the gain must exceed 3.

Solution:

To find the frequency of oscillation, let us neglect the loading of the phase shift network. Writing
the KV equations,

V=1, R (E-1)
1

W= — E-2

= w E-2)

v = R -l 1) % (E-3)

Gl L e b Ke + LR =0 (E-4)

From equation (E-3),
.= (¥ 'J_lz}{c:) Fig. 8
(R )
Substituting I; in equation (E-4),.
Lo - {vo - jha¥e }
POR-ZE | R

Solving this equation we get,
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iy
- "

l, = - Y,
: RT3Rj¥ -% If °
C C

Therefore, from equation (E-1),

QR X
! C

i
v RI- 3jR¥ - ¥ 2
u} C C

. k4 o= L
Putting @l we get,

v 1

f
W 3 +j[RuC-1/Ru C)
0

For phase shift equal to 180° between vf and v,, imaginary term of v¢ / v, must be zero.
Therefore,

1

wRC - —— =10
wRC

Aot =

R

] =L

RC

fo_ 1

2mRC

This shows that 0° phase shift from v, to v¢can be obtained if

1

2mRC

and the gain of the feedback circuit becomes 1/3. Therefore, oscillation takes place if the gain of
the amplifier exceeds 3.

Transistor Phase Shift Oscillator:
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At low frequencies (around 100 kHz or less), resistors and capacitors are usually employed to
determine the frequency of oscillation. [Fig. 1]shows transistorized phase shift oscillator circuit
employing RC network. If the phase shift through the common emitter amplifier is 180°, then the
oscillation may occur at the frequency where the RC network produces an additional 180° phase
shift.

Since a transistor is used as the active element, the output across R of the feedback network is

shunted by the relatively low input resistance of the transistor, because input diode is a forward
biased diode

Q +Vee

Fig. 1

Hence, instead of employing voltage series feedback, voltage shunt feedback is used for a
transistor phase shift oscillator. The load resistance Ry is also connected via coupling capacitor.
The equivalent circuit using h-parameter is shown in|fig. 2

Fig. 2
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For the circuit, the load resistance Ry may be lumped with R¢ and the effective load resistance
becomes R'L(= Rc¢ || RL). The two h-parameters of the CE transistor amplifier, h,. and h,. are
neglected.

The capacitor C offers some impedance at the frequency of oscillation and, therefore, it is kept as
it is, while the coupling capacitor behaves like ac short. The input resistance of the transistor is
Ri=h;.. Therefore the resistance Rjs is selected such that R=R;+R;=R3+h;.. This choice makes the
three R C selections alike and simplifies the calculation. The effect of biasing resistor R; , Ry, &
Rgon the circuit operation is neglected.

Since this is a voltage shunt feedback, therefore instead of finding Vr /Vo, we should find the
current gain of the feedback loop.

The simplified equivalent circuit is shown in|fig. 3

Fig. 3

Applying KVL,
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hfeleIL +RI|_|1 +}{|:|1 +R|:|1 - |2:| =0
ROl -la ) +5 ol +R1s -131=0

1

IRT 4N +4R XL
=

Shy Ty R HRLHR+R) Iz - (2R +X 0, =0

RE

| h, R, R?

b ZRT+RY K -3 RPRL-XD RL-ARRX-3RT-R OKE-4RTH-IRY X -XE-4RXE

h, R, R
R BRY M- 5R KA GR\RT- 4 RRHC- HA-R HE

1 I
he R\ R
[(R¥-5R Xg-3RR*-RLXE](Real+[-BR* Xg- 4 RRX¢- XE](Imaginary)

Since I35 and I, must be in phase to satisfy Barkhausen criterion, therefore

lnag =0
- BR¥M - 4RR\ Ho- ¥ =0

-1

2 [
(BR?- 4RR\ =

1
f=
2mC B RY +4R R,

=2rrr:;ﬂ ‘JLH 4[ R%]

Also initially I3 > I, therefore, for oscillation to start,
he R R?> [[R?- SRXE- 3R\ R - R XL
>[- R*- B8R [-BR*- 4R R ]- 3R\ R*- RU[-BR*-4R H'L]]
hy RUR? »[29R° 23R R\ +4RR'{}

R 4R
he »429 D423+ 200

310



Therefore, the two conditions must be satisfied for oscillation to start and sustain.

Example - 1

(a). Show that the OPAMP phase shifter shown in|fig. 4

W, _1-jwRC
W 1+juRC

(b) Cascade two identical phase shifters of the type sown in Complete the loop with an
inverting amplifier. Show that the system will oscillate at the frequency f= 1/ 2nRC provided
that the amplifier gain exceeds unity.

(c) Show that the circuit produces two quadrature sinusoids (sine wave differing in phase by
90°).

R4

R4

Vi Vo

_;[c

Fig. 4
Solution:

(a)The voltage the non-inverting terminal input of the OPAM is given by

- 1
Wy = = 'JJ':EC Yo where Xp :E

Since the differential input voltage of OPAMP is negligible small, therefore, the voltage at the
inverting terminal is also given by

- e

R-jxe

Vo=

The input impedance of the OPAMP is very large, therefore,
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Wi-¥a Wy,
Ry Ry

or Vi - 2V2 = -Vo

Substituting v, in above equation, we get,

s

) Vo=,

i R'jxc i o

ar, m'\.ﬂ; :."-.‘,-"l:I
R -

Substituting X, we get

W, _1-juRC
W 1+ juRC
o Yy _(1-jmRC) - juRC)
' W, 1+(wRCY
o EJ-EijC-[wRC]E
' U 1+({wRCYH
W, |_ A1~ (@RC))? ++-2uRCY

' 1+(wRCY

Therefore,

and the phase angle between Vo and V; is given by

(2wRC)
1- (wRC)?
or ¢ =-2tan (wRC)

tang =

The magnitude of Vo / Vj is unity for all frequencies and the phase shift provided by this circuit
is 0° for R = 0 and —180° for R —> infinity.

(b). If two such phase shifters are connected in cascade and an inverting amplifier with gain B is
connected in the feedback loop, then the net loop gain becomes

Loop gain = Gain of phase shifter 1 x Gain of phase shifter 2 x 3
=1x1xp

=B

Therefore, the oscillation takes place if gain B =1, but it is kept >1 so that the losses taking place
in the amplifier can be compensated.
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The total phase shift around the loop is given by
total phase shift = -2 tan” (oRC) - 2 tan” (@RC) + 180°
Further, for oscillation to take place the net phase shift around the loop would be 0°. Therefore,

-2tan™ (WRC) - 2 tan” (WRC) + 180° =0
or wRC =1
or f=1/2nR C

(c). The phase shift provided by amplifier in the feedback path is 180°, therefore, the phase shift
provided by the phase shifters should also be 180° to have 360° or 0° phase shift. Thus ,the phase
shift provided by the individual shifter will be 90° as both are identical. Therefore, the sine wave
produces by two phase shifters are 90° apart and the circuit produces two quadrature sinusoids.

Wien Bridge Oscillator:

The Wien Bridge oscillator is a standard oscillator circuit for low to moderate frequencies, in the
range SHz to about 1MHz. It is mainly used in audio frequency generators.

The Wien Bridge oscillator uses a feedback circuit
called a lead lag network as shown in|fig. 1

At very low frequencies, the series capacitor looks
open to the input signal and there is no output signal.

At very high frequencies the shunt capacitor looks R c
shorted, and there is no output. In between these 0_\/\/\/\/\, | < o)
extremes, the output voltage reaches a maximum ! Voiur

value. The frequency at which the output is YW
maximized is called the resonant frequency. At this

frequency, the feedback fraction reaches a maximum R C ;:
value of 1/3.
At very low frequencies, the phase angle is positive, O O

and the circuit acts like a lead network. On the other
hand, at very high frequencies, the phase angle iSFig. 1
negative, and the circuit acts like a lag network. In
between, there is a resonant frequency f; at which the
phase angle equals 0°.

The output of the lag lead network is

313


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/Analog%20circuits/lecturers/lecture_24/lecture24_page1.htm

o - R[]
ot T - - in
R-jic + RIGHE)

R Xe
= R-JK_CjR}{C l"""lin
R-jMp+—x
FOR -G
l."""::n.rt = 2 .- J R}{Eg E l.""";n
R¥- 2jR¥L- X5- jRX,
iR X
(R*- X&) j3R¥%c) "
v, IRKe[(RT-XD) +i(BRX )]
v (RT-XE) - J(3RXc)?
v, _ RXe{3RXc-j(R-XE))
W

n (R*-XE)" - j3RX )
The gain of the feedback circuit is given by

Yot _ R Xe
) R
R X.

§ R +nd- 2RI +oRIE
R X¢

2
R X
Rx fo+ 2t

1
2
9+ R X
. R

The phase angle between V,c and Viyis given by

[
3R We

l}‘:c -R I
= tan’ /é AE
3

g = tan™!
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These equations shows that maximum value of gain occurs at X¢ = R, and phase angle also
becomes 0°. This represents the resonant frequency of load lag network.[Fig. 2] shows the gain
and phase vs frequency.

R:
27 C
T
f T =T
Fig. 2

How Wien Bridge Oscillator Works:

shows a Wien Bridge oscillator. The operational amplifier is used in a non-inverting
configuration, and the lead-lag network provides the feedback. Resistors Rrand R; determine the
amplifier gain and are selected to make the loop gain equal to 1. If the feedback circuit
parameters are chosen properly, there will be some frequency at which there is zero phase shift
in the signal fed back to non inverting terminal. Because the amplifier is non inverting, it also
contributes zero phase shift, so the total phase shift around the loop is 0 at that frequency, as
required for oscillation.

The oscillator uses positive and negative feedback. The positive feedback helps the oscillations
to build up when the power is turn on. After the output signal reaches the desired level the
negative feedback reduces the loop gain is 1. The positive feedback is through the lead lag
network to the non-inverting input. Negative feedback is through the voltage divider to the
inverting input.
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Fig. 3

At power up, the tungsten lamp has a low resistance, and therefore, negative feedback is less. For
this, reason, the loop gain AB is greater than 1, and oscillations can build up at the resonant
frequency f;. As the oscillations build up, the tungsten lamp heats up slightly and its resistance
increases. At the desired output level the tungsten lamp has a resistance R'. At this point

."EI".EL= 1+§—1 =1+£=3

2 R

Since the lead lag network has a gain (=B) of 1/3, the loop gain AB equals unity and than the
output amplitude levels off and becomes constant. The frequency of oscillation can be adjusted
by selecting R and C as

1
f=
To2mfle

The amplifier must have a closed loop cut off frequency well above the resonant frequency, f..
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Fig. 4

shows another way to represent Wein Bridge oscillator. The lead lag network is the left
side of the bridge and the voltage divider is the right side. This ac bridge is called a Wein Bridge.
The error voltage is the output of the Wein Bridge. When the bridge approaches balance, the
error voltage approaches zero.

Example -1:

Design a Wien-bridge oscillator that oscillates at 25 kHz.

Solution:

Let C; =C; =0.001 puF. Then, the frequency of oscillation is given by,

1

f=25%10° Hz ? —gp—
27R (107°F)

R = 31 —— = 63660
27(25 % 10° Hz) (10°°F)

or,

Let R; = 10 KQ. Then,

Ry _
R =2
or, Rf=20KQ
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Tuned Oscillator:
A variety of oscillator circuits can be built using LC tuned circuits. A general form of tuned

oscillator circuit is shown in[fig. 1] Tt is assumed that the active device used in the oscillator has
very high input resistance such as FET, or an operational amplifier.

1

Z2

-

Z1

Fig. 1 Fig. 2

shows linear equivalent circuit ofusing an amplifier with an open circuit gain —A,

and output resistance Ro. It is clear from the topology of the circuit that it is voltage series
feedback type circuit.

The loop gain of the circuit —AP can be obtained by considering the circuit to be a feedback
amplifier with output taken from terminals 2 and 3 and with input terminals 1 and 3. The load
impedance Z; consists of Z, in parallel with the series combination of Z; and Z3. The gain of the
the amplifier without feedback will be given by

= ML
I +R,

The feedback circuit gain is given by

T, +Z,

Therefore, the loop gain is given by
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AL I

AR = _
L +R, Z1+i;
= _ "&'v E1
1+H_.3' I +Z,
yif}
- "E"'xr z1
1+ Ro(Z,+Z+43) I, +Z,
Loy +13)
Ay Ly Ly

Lyl + L) +R I + 4, +1y)

If the impedances are pure reactances (either inductive or capacitive), then Z; = jX;, Z,= jX; and
Z3: JX3 Then

Ay Ay g
JRG G 3y +3 g ) - R+

AR =

For the loop gain to be real (zero phase shift around the loop),

X1+X2+X3:0

R
S Hg g +25)
— "'E"'U }{1

G’{1 +K3:I
- "'&'v }{1

and A1

Therefore, the circuit will oscillate at the resonant frequency of the series combination of X, X,
and X3. Since —A B must be positive and at leat unity in magnitude, then X; and X, must have
the same sign (A, is positive).In other words, they must be the same kind of reactance, either
both inductive or both capacitive.

The Colpitts Oscillator:

Wein bridge oscillator is not suited to high frequencies (above 1MHz). The main problem is the
phase shift through the amplifier.

The alternative is an LC oscillator, a circuit that can be used for frequencies between 1MHz and
500MHz. The frequency range is beyond the frequency limit of most OPAMPs. With an
amplifier and LC tank circuit, we can feedback a signal with the right amplitude and phase is
feedback to sustain oscillations.|Fig. 3] shows the circuit of colpitts oscillator.
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Cs

I{
A}

° +Vcc
vz E
-
9

RZ C:z
Re % — T

Fig. 3 Fig. 4

The voltage divider bias sets up a quiescent operating point. The circuit then has a low frequency
voltage gain of r. / r'c where 1, is the ac resistance seen by the selector. Because of the base and
collector lag networks, the high frequency voltage gain is less then r. / r'e.

shows a simplified ac equivalent circuit. The circulating or loop current in the tank flows
through C; in series with C,. The voltage output equals the voltage across C,. The feedback
voltage vr appears across C,. This feedback voltage drives the base and sustains the oscillations
developed across the tank circuit provided there is enough voltage gain at the oscillation
frequency. Since the emitter is at ac ground the circuit is a CE connection.

Most LC oscillators use tank circuit with a Q greater than 10. The Q of the feedback circuit is
given by

Because of this, the approximate resonant frequency is

1
fi = ——
T Zmfc

This is accurate and better than 1% when Q is greater than 1%. The capacitance C is the
equivalent capacitance the circulation current passes through. In the Colpitts tank the circulating
current flows through C; in series with C,.

Therefore C=C G/ (C+Cy)
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The required starting condition for any oscillator is A B > 1 at the resonant frequency or A > 1/ f.
The voltage gain A in the expression is the gain at the oscillation frequency. The feedback gain 3
is given by

B=vi/ Vour= Xc1 / X2
Because same current flow through C; and C,, therefore
B:C1/C2; A>1/V; A>C,;/C,

This is a crude approximation because it ignores the impedance looking into the base. An exact
analysis would take the base impedance into account because it is in parallel with C, .

With small B, the value of A is only slightly larger than 1/B. and the operation is approximately
close A. When the power is switched on, the oscillations build up, and the signal swings over
more and more of ac load line. With this increased signal swing, the operation changes from
small signal to large signal. As this happen, the voltage gain decreases slightly. With light
feedback the value of AP can decreases to 1 without excessive clapping.

With heavy feedback, the large feedback signal drives the base into saturation and cut off. This
charges capacitor C; producing negative dc clamping at the base and changing the operation
from class A to class C. The negative damping automatically adjusts the value of AP to 1.

Example - 1

Design a Colpitts oscillator that will oscillate at 100 kHz.

Solution:

Let us choose R} = Ry=5 kQ and C =0.001 pF. From the frequency expression,

2 2
L= Teim 7 Ty ==, ©amH
2AMIC  (2F(100 x10°HZP [0.001 x 10°F)

The quality factor (Q) of the LC circuit is given by:

1nF
=5k =22
5 mH
Hartley Oscillator:

Fig. 5| shows Hartley oscillator when the LC tank is resonant, the circulating current flows
through L, in series with L,. Thus, the equivalent inductance is L =L, + L,.
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Fig. 5
In the oscillator, the feedback voltage is developed by the inductive voltage divider, L; & L,.

Since the output voltage appears across L; and the feedback voltage across L,, the feedback
fraction is

B=V/Vou=Xr2/ X1 =Lo/ Ly

As usual, the loading effect of the base is ignored. For oscillations to start, the voltage gain must
be greater than 1/ B. The frequency of oscillation is given by

t = 1
' 22 LC

Similarly, an opamp based Hartley oscillator circuit is shown in|fig. 6
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Fig. 6

Crystal Oscillator:

Some crystals found in nature exhibit the piezoelectric effect i.e. when an ac voltage is applied
across them, they vibrate at the frequency of the applied voltage. Conversely, if they are
mechanically pressed, they generate an ac voltage. The main substances that produce this
piezoelectric effect are Quartz, Rochelle salts, and Tourmaline.

Rochelle salts have greatest piezoelectric activity, for a given ac voltage, they vibrate more than
quartz or tourmaline. Mechanically, they are the weakest they break easily. They are used in
microphones, phonograph pickups, headsets and loudspeakers.

Tourmaline shows the least piezoelectric activity but is a strongest of the three. It is also the most
expensive and used at very high frequencies.

Quartz is a compromise between the piezoelectric activity of Rochelle salts and the strength of
tourmaline. It is inexpensive and easily available in nature. It is most widely used for RF
oscillators and filters.

The natural shape of a quartz crystal is a hexagonal prism with pyramids at the ends. To get a
useable crystal out of this it is sliced in a rectangular slap form of thickness t. The number of
slabs we can get from a natural crystal depends on the size of the slabs and the angle of cut.

Fig. 1

For use in electronic circuits, the slab is mounted between two metal plates, as shown in In
this circuit the amount of crystal vibration depends upon the frequency of applied voltage. By
changing the frequency, one can find resonant frequencies at which the crystal vibrations reach a
maximum. Since the energy for the vibrations must be supplied by the ac source, the ac current is
maximized at each resonant frequency. Most of the time, the crystal is cut and mounted to
vibrate best at one of its resonant frequencies, usually the fundamental or lowest frequency.
Higher resonant frequencies, called overtones, are almost exact multiplies of the fundamental
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frequency e.g. a crystal with a fundamental frequency of 1 MHz has a overtones of 2 MHz, 3
MHz and so on. The formula for the fundamental frequency of a crystal is

f=K/t.

where K is a constant that depends on the cut and other factors, t is the thickness of crystal, f is
inversely proportional to thickness t. The thinner the crystal, the more fragile it becomes and the
more likely it is to break because of vibrations. Quartz crystals may have fundamental frequency
up to 10 MHz. To get higher frequencies, a crystal is mounted to vibrate on overtones; we can
reach frequencies up to 100 MHz.

AC Equivalent Circuit:

When the mounted crystal is not vibrating, it is equivalent to a capacitance C,,, because it has
two metal plates separated by dielectric, C,, 1s known as mounting capacitance.

Fig. 2

When the crystal is vibrating, it acts like a tuned circuit.[Fig. 2] shows the ac equivalent circuit of
a crystal vibrating at or near its fundamental frequency. Typical values are L is henrys, C in
fractions of a Pico farad, R in hundreds of ohms and C,, in Pico farads

Ly=3Hz, C;=0.05pf Ry=2K, C,=10pf.

The Q of the circuit is very very high. Compared with L-C tank circuit. For the given values, Q
comes out to be 3000. Because of very high Q, a crystal leads to oscillators with very stable
frequency values.

The series resonant frequency fs of a crystal is the sonant frequency of the LCR branch. At this
frequency, the branch current reaches a maximum value because L resonant with Cg.

Above fs, the crystal behaves inductively. The parallel resonant frequency is the frequency at
which the circulating or loop current reaches a maximum value. Since this loop current must
flow through the series combination of Cs and C, the equivalent Cioop is

324


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/Analog%20circuits/lecturers/lecture_26/lecture26_page2.htm

Since Cioop > Cs, therefore, f, > fs.

Since Cp, > Cs, therefore, Cy, || Cs is slightly
lesser than Cs. Therefore fp is slightly greater
than fs. Because of the other circuit capacitances
that appear across Cy, the actual frequency will
lie between fs and fp. fs and fp are the upper and
lower limits of frequency. The impedance of the
crystal oscillator can be plotted as a function of
frequency as shown in|fig. 3

At frequency fs, the circuit behaves like
resistive circuit. At fp the impedance reaches to
maximum, beyond fp, the circuit is highly
capacitive.

The frequency of an oscillator tends to change
slightly with time. The drift is produced by
temperature, aging and other causes. In a crystal
oscillator the frequency drift with time is very
small, typically less than 1 part in 10° per day.
They can be used in electronic wristwatches. If
the drift is 1 part in 10'°, a clock with this drift
will take 30 years to gain or lose 1 sec.

Fig. 3

Crystals can be manufactured with values of fs as low as 10 kHz; at these frequencies the crystal
is relatively thick. On the high frequency side, fs can be as high as 1- MHz; here the crystal is
very thin.

The temperature coefficient of crystals is usually small and can be made zero. When extreme
temperature stability is required, the crystal may be housed in an oven to maintain it at a constant

temperature. The high Q of the crystal also contributes to the relatively drift free oscillation of
crystal oscillators.

Example - 1

The parameters of the equivalent circuit of a crystal are given below:
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L=0.4H, Cs=0.06 pF, R=5kQ, Cy, = 1.0 pF.

Determine the series and parallel resonant frequencies of the crystal.
Solution:

With reference to fig. 2, the admittance of the crystal Y is given by

1
+
™ fjw LR H o C)
+ JL:JCS[“- mchsj'ijER]

¥ = jul

= jw
1 m (1- wiLC, ¥ Hw ¢ 2R
= 5+B
wiC R
where, (1 wil ¢, HuwC R
B yp 4 OC[T-wLC,]

and ™1- wile ) Ho e PR

The resonant frequencies are obtained by putting B = 0. Thus,

wi?C? +w? [( LG+ (0 RTY - (LG A ) ] +[1+ic.L)] =0
[ ALC,) [ +(C, REL) - (CSICm]] + [1IL2(352][1 +|;r:5fr:m;|] =0

Consider the term Cs R, / Ls = Cs R/ [L R]. In a crystal, the time constant (L / R) is very much
greater than Cg R. Thus the ratio is very much less than 1. For the values given, this ratio is of
the order of10®. Neglecting this term in comparison with 2, we get two roots as

“s = VLC

2 _
and uy L C+C]|};|

where, s and o, are the series and parallel resonant frequencies respectively. Substituting the
values, we get

s = 6.45 M Hz. and o, = 6.64 MHz

Crystal Oscillators:

Fig. 4| shows a colpitts crystal oscillator.
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Fi. 4

The capacitive voltage divider produces the feedback voltage for the base of transistor. The
crystal acts like an inductor that resonates with C; and C,. The oscillation frequency is between
the series and parallel resonant frequencies.

Example-2:

If the crystal of example-1 is used in the oscillator circuit as shown[fig, 5] determine the values
of R for the circuit to oscillate.

WA
| Vo
I R:

R4

Fig. 5

Solution:

327


http://nptel.iitm.ac.in/courses/Webcourse-contents/IIT-ROORKEE/Analog%20circuits/lecturers/lecture_26/lecture26_page3.htm

The equivalent circuit of crystal (discussed earlier) shows that it has a parallel resonant f;
frequency (®p) at which the impedance becomes maximum. The amplified signal output of the
circuit is applied across the potential divider consisting of R and the crystal circuit. At the
resonant frequency the impedance of crystal becomes maximum (magnitude R) and thus the loop
gain will be greater than or equal to unity. At frequencies away from w, the loop gain becomes
less than unity. The loop base shift is also zero around ®,. Thus both the conditions required for
sustained oscillations are satisfied and the circuit oscillates.

The value of G of the crystal at ® =, is given by

1 1
= G
R, (Ls/Rs)(Cs/C) | 43 2 10°
|: I:rn)RS

Thus the resistor R should be less than 5x10° Q.

UNIT V
PULSE CIRCUITS

Clipper Circuits

Clippers:

Clipping circuits are used to select that portion of the input wave which lies above or below
some reference level. Some of the clipper circuits are discussed here. The transfer characteristic
(Vo vs vi) and the output voltage waveform for a given input voltage are also discussed.

Clipper Circuit 1:
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The circuit shown in|fig. 3| clips the input signal above a
reference voltage (Vr).

In this clipper circuit,

If v; < Vg, diode is reversed biased and does not t
conduct. Therefore, v, = v;
and, if v; > Vg, diode is forward biased and thus, v,= Vg.
The transfer characteristic of the clippers is shown in|fig. 4 Fig. 3
Fig. 4
Clipper Circuit 2:
The clipper circuit shown in clips the input signal
below reference voltage Vg.
In this clipper circuit, e

i

If v; > Vg, diode is reverse biased. v, = v;

and, Ifv; <Vyg, diode is forward biased. v, = Vg

The transfer characteristic of the circuit is shown inm g. 6 Fig. 5
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Fig. 6
Clipper Circuit 3:

To clip the input signal between two independent levels
(Vri< VRr2), the clipper circuit is shown in|fig. 7

R
The diodes D; & D, are assumed ideal diodes.
. . D4
For this clipper circuit, when v; < Vgi, vo=Vr
Vg1

and, vi > Vg, vo= Vr2

7 o

—Vr2

O€—=<

and, Vg1 <Vvi< Vg2 Vo=V;

. . . . Fig. 7
The transfer characteristic of the clipper is shown in
fig. 8
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Fig. 8

Clipper Circuits

Example - 1:

Draw the transfer characteristic of the circuit shown in

fig. 9

+
Vi @ i1 iz

5K

Vo

10V

Fig. 9
Solution:

When diode D; is off, i; =0, D, must be ON.
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=025 75 o
10k +5 k

it |

—
iy

and Vo=10-5x025=75V
Vp=Vo=715V

Therefore, D is reverse biased only if vi< 7.5V
IfD, is offand D; isON, 1, =0

=Y -25
" 1BKk+10k

=004y, -0 1
and vp=10(0.04v;-0.1)+25=04v;+1.5

For D, to be reverse biased,

vy =10V

004y, +1.5=10v
0.dv; >8.5Y

v =21.25Y

Between 7.5 V and 21.25 V both the diodes are ON

v =150 100 +L1+2 5 VoA
10=5i; +10(j; +i;) +2.5 y 11 S S —
. _1Dv;-250-25+625 :
: 100-375 ' D,
v, =10-5i 7.5V |
D an 275 +62 5 , D1&D;
=1Q.5| Him 270 a D: , ,
275 { !
| |
1, B0i-1375+3125 { , "
275 ! |
, = 2vi+B7.5 7.5V 21.25V
’ 11
Fig. 10

The transfer characteristic of the circuit is shown in
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Clipper and Clamper Circuits

Clippers:

In the clipper circuits, discussed so far, diodes are assumed to be ideal device. If third
approximation circuit of diode is used, the transfer characteristics of the clipper circuits will be
modified.

Clipper Circuit 4:

—_

Consider the clipper circuit shown in|fig. 1|to clip the input signal above reference voltage

R

T

Vi | Ve Vo

—_—

Fig. 1 Fig. 2

When v; < (Vr+ V;), diode D is reverse biased and therefore, v,= vi.

and when v; > ( Vg + V; ), diode D is forward biased and conducts. The equivalent circuit, in this
case is shown inffig. 2
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The current i in the circuit is given by

_ ¥ty VR
F +R
W, =W+ W IR
— (\\""‘i'vr'vR)Rf
—‘w’r+‘-¢’ﬂ+—ﬁ_lrHf
l"'lnz[vr-i-vﬂjL-i- Hf L
R+F; R+R;

The transfer characteristic of the circuit is
shown in|fig. 3 Fig. 3

Clipper Circuit 5:

Consider the clipper circuit shown in|fig. 4] which clips the input signal below the reference level
(Vw).

If vi > (Vr — V), diode D is reverse biased, thus vo = v; and when v; < (vg -V;), D condcuts and
the equivalent circuit becomes as shown in|fig. 5

R R

R T
5 \é

Fig. 4 Fig. 5

<
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Therefore,

:"."i+ l"-."llr+ l"'."'IR
R+ R,
wo SR+ VR -
R
:R_l_—rqf |:""'"1' WH'vr:')+|:vR+vrj
_ R
R+R,

(We- W0+

The transfer characteristic of the circuit
is shown in|fig. 6

Fig. 6

Clipper and Clamper Circuits

Example - 1:

Find the output voltage v out of the clipper circuit of|fig. 7(a) [assuming that the diodes are

a. ideal.
b. Vo =0.7 V. For both cases, assume R is zero.

5KO)
A T
D2 ]
8 sin(1000t)v () Vin Ds .
Vsz; 4V V-

T iz

.
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Fig. 7(a) Fig. 7(b)

Solution:
(a). When vi,is positive and vi, < 3, then voy = Vi
and when v, is positive and vi, > 3, then

¥, -3

n

j=_tin"2
- EhL

. 2
Yop = 10% +3 = Zw, +1

3
At Vin = 8 V(peak), Vout = 6.33 V.

When vinis negative and vi, > - 4, then vout = Vin

When vi, is negative and vi, < -4, then vt = -4V

The resulting output wave shape is shown in/ fig. 7(b)

(b). When Von = 0.7 V, vy is positive and vin < 3.7 V, then vout = Vin
When vi, > 3.7 V, then

Wi, 3.7
|1:—4
15 %10

o = 10% +3.7 = %vin +1.23
When vi, = 8V, voue = 6.56 V.
When v, is negative and vi, > -4.7 V, then vyt = Vin

When v, <-4.7 V,then vy =-4.7V

The resulting output wave form is shown in|fig. 7(b)

Clamper Circuits:

Clamping is a process of introducing a dc level into a signal. For example, if the input voltage
swings from -10 V and +10 V, a positive dc clamper, which introduces +10 V in the input will
produce the output that swings ideally from 0 V to +20 V. The complete waveform is lifted up
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by +10 V.

Negative Diode clamper:

A negative diode clamper is shown in ﬁg. 8| which introduces a negative dc voltage equal to peak value of input in

the input signal.

Fig. 8

Let the input signal swings form +10 V to -10
V. During first positive half cycle as V 1 rises
from 0 to 10 V, the diode conducts. Assuming
an ideal diode, its voltage, which is also the
output must be zero during the time from 0 to
t;. The capacitor charges during this period to
10 V, with the polarity shown.

At that V; starts to drop which means the anode
of D is negative relative to cathode, ( Vp = v -
ve ) thus reverse biasing the diode and

preventing the capacitor from discharging. |Fig. ||

Since the capacitor is holding its charge it
behaves as a DC voltage source while the diode
appears as an open circuit, therefore the
equivalent circuit becomes an input supply in

series with -10 V dc voltage as shown in |fig.||

and the resultant output voltage is the sum

Fig. 9
10V
ol
& i
Vo
Fig. 10
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of instantaneous input voltage and dc voltage

(-10 V).

Clamper Circuits

Positive Clamper:

The positive clamper circuit is shown in|fig. 1| which introduces positive dc voltage equal to the
peak of input signal. The operation of the circuit is same as of negative clamper.

Fig. 1 Fig. 2

Let the input signal swings form +10 V to -10 V. During first negative half cycle as V; rises from
0 to -10 V, the diode conducts. Assuming an ideal diode, its voltage, which is also the output
must be zero during the time from 0 to t;. The capacitor charges during this period to 10 V, with
the polarity shown.

After that V; starts to drop which means the anode of D is negative relative to cathode, (Vp=v; -
vc) thus reverse biasing the diode and preventing the capacitor from discharging. Since
the capacitor is holding its charge it behaves as a DC voltage source while the diode appears as
an open circuit, therefore the equivalent circuit becomes an input supply in series with +10 V dc
voltage and the resultant output voltage is the sum of instantaneous input voltage and dc voltage
(+10 V).

To clamp the input signal by a voltage other than peak value, a dc source is required. As shown
in|fig. 3] the dc source is reverse biasing the diode.
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The input voltage swings from +10 V to -10 V. In the negative half cycle when the voltage
exceed 5V then D conduct. During input voltage variation from —5 V to -10 V, the capacitor
charges to 5 V with the polarity shown in After that D becomes reverse biased and open
circuited. Then complete ac signal is shifted upward by 5 V. The output waveform is shown in

fig. 4

(@)

5v L

Ow€— <
I
O=

Fig. 3 Fig. 4

Clamper (electronics)

From Wikipedia, the free encyclopedia
Jump to:| navigationl|search|
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Positive unbiased voltage clamping shifts the amplitude of the input waveform so that all parts of
it are greater than OV

A clamper is an |electronic circuit|that prevents a signal from exceeding a certain defined
magnitude by shifting its DC value. The clamper does not restrict the peak-to-peak excursion of
the signal, but moves it up or down by a fixed value. A diode clamp (a simple, common type)
relies on a which conducts electric current in only one direction; |resistors|and|capacitors|
in the circuit are used to maintain an altered dc level at the clamper output.

General function

A clamping circuit (also known as a clamper) will bind the upper or lower extreme of a
waveform to a fixed DC voltage level. These circuits are also known as DC voltage restorers.
Clampers can be constructed in both positive and negative polarities. When unbiased, clamping
circuits will fix the voltage lower limit (or upper limit, in the case of negative clampers) to 0
Volts. These circuits clamp a peak of a waveform to a specific DC level compared with a
capacitively coupled signal which swings about its average DC level (usually 0V).

Types

Clamp circuits are categorised by their operation; negative or positive and biased and unbiased.
A positive clamp circuit outputs a purely positive waveform from an input signal; it offsets the
input signal so that all of the waveform is greater than OV. A negative clamp is the opposite of
this - this clamp outputs a purely negative waveform from an input signal.

A bias voltage between the diode and ground offsets the output voltage by that amount.

For example, an input signal of peak value 5V (Viy = 5V) is applied to a positive clamp with a
bias of 3V (Vgias = 3V), the peak output voltage will be

Vour =2Vix + Vaias
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VOUT=2 *5+3
VOUT=13V

Positive unbiased

£

A positive unbiased clamp

In the negative cycle of the input AC signal, the diode is forward biased and conducts, charging
the capacitor to the peak positive value of Vin. During the positive cycle, the diode is reverse
biased and thus does not conduct. The output voltage is therefore equal to the voltage stored in
the capacitor plus the input voltage again, so Vour = 2ViN

] Negative unbiased

=

A negative unbiased clamp

A negative unbiased clamp is the opposite of the equivalent positive clamp. In the positive cycle
of the input AC signal, the diode is forward biased and conducts, charging the capacitor to the
peak value of Vin. During the negative cycle, the diode is reverse biased and thus does not
conduct. The output voltage is therefore equal to the voltage stored in the capacitor plus the input
voltage again, SO Vour = 2ViN

Positive biased

=

A positive biased clamp

A positive biased voltage clamp is identical to an equivalent unbiased clamp but with the output
voltage offset by the bias amount Vpnas. Thus, Vour = 2Vin + Vs
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Negative biased

=

A negative biased clamp
A negative biased voltage clamp is likewise identical to an equivalent unbiased clamp but with

the output voltage offset in the negative direction by the bias amount Vpias. Thus, Vour = -2Vin
, VBias

Op-amp circuit

£
Precision op-amp clamp circui

The figure shows an op-amp clamp circuit with a non-zero reference clamping voltage. The
advantage here is that the clamping level is at precisely the reference voltage. There is no need to
take into account the forward volt drop of the diode (which is necessary in the preceding simple
circuits as this adds to the reference voltage). The effect of the diode volt drop on the circuit
output will be divided down by the gain of the amplifier, resulting in an insignificant error.

Clamping for input protection

Clamping can be used to adapt an input signal to a device that cannot make use of or may be
damaged by the signal range of the original input.

Principles of operation

The schematic of a clamper reveals that it is a relatively simple device. The two components
creating the clamping effect are a capacitor, followed by a diode in parallel with the load. The
clamper circuit relies on a change in the capacitor‘s time constant; this is the result of the diode
changing current path with the changing input voltage. The magnitude of R and C are chosen so
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that r=Rcis large enough to ensure that the voltage across the capacitor does not discharge
significantly during the diode's "Non conducting" interval. During the first negative phase of the
AC input voltage, the capacitor in the positive clamper charges rapidly. As Vi, becomes positive,
the capacitor serves as a voltage doubler; since it has stored the equivalent of Vi, during the
negative cycle, it provides nearly that voltage during the positive cycle; this essentially doubles
the voltage seen by the load. As Vi, becomes negative, the capacitor acts as a battery of the same
voltage of Vi,. The voltage source and the capacitor counteract each other, resulting in a net
voltage of zero as seen by the load.

Biased versus non-biased

By using a voltage source and resistor, the clamper can be biased to bind the output voltage to a
different value. The voltage supplied to the potentiometer will be equal to the offset from zero
(assuming an ideal diode) in the case of either a positive or negative clamper (the clamper type
will determine the direction of the offset. If a negative voltage is supplied to either positive or
negative, the waveform will cross the x-axis and be bound to a value of this magnitude on the
opposite side. Zener diodes can also be used in place of a voltage source and potentiometer,
hence setting the offset at the Zener voltage.

Examples

One common such clamping circuit is the DC restorer circuit in|analog television|receiver, which
returns the voltage of the signal during the back porch of the line blanking period to OV. Since
the back porch is required to be at OV on transmission, any DC or low frequency hum that has
been induced onto the signal can be effectively removed via this method.

Diode Clippers

For a clipping circuit at least two components—an ideal diode and resistor are required and
sometimes a dc battery is also employed for fixing the clipping level. The diode acts as a closed
switch when forward biased and an open switch when reverse biased. The input waveform can
be clipped at different levels by simply changing the voltage of the battery and by interchanging
the positions of the various elements.

Depending on the orientation of the diode, the positive or negative region of the input signal is
-elipped” off and accordingly the diode clippers may be positive or negative clippers.

There are two general categories of clippers: series and parallel (or shunt). The series
configuration is defined as one where diode is in series with the load, while the shunt clipper has
the diode in a branch parallel to the load.

1. Positive Clipper

The clipper which removes the positive half cycles of the input voltage is called the positive
clipper. The circuit arrangements for a positive clipper are illustrated in the figure given below.
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Positive Series Clipper and Positive Shunt Clipper

The figure illustrates the positive series clipper circuit (that is, diode in series with the load).
From the figure (a) it is seen that while the input is positive, diode D is reverse biased and so the
output remains at zero that is, positive half cycle is clipped off. During the negative half cycle of
the input, the diode is forward biased and so the negative half cycle appears across the output.

Figure (b) illustrates the positive shunt clipper circuit (that is, diode in parallel with the load).
From the figure (b) it is seen that while input side is positive, the diode D is forward biased and
conducts heavily (that is, diode acts as a closed switch). So the voltage drop across the diode or
across the load resistance Ry is zero. Thus output voltage during the positive half cycles is zero,
as shown in the output waveform. During the negative half cycles of the input signal voltage, the
diode D is reverse biased and behaves as an open switch. Consequently the entire input voltage
appears across the diode or across the load resistance Ry if R is much smaller than Ry

Actually the circuit behaves as a voltage divider with an output voltage of [RL / R+ Ry] Vipax = -

Note: If the diode in figures (a) and (b) is reconnected with reversed polarity, the circuits will
become for a negative series clipper and negative shunt clipper respectively. The negative series
and negative shunt clippers are shown in figures (a) and (b) as given below.

Negative Series Clipper and Negative Shunt Clipper

In the above discussion, the diode is considered to be ideal one. If second approximation for
diode is considered the barrier potential (0.7 V for silicon and 0.3 V for Germanium) of diode,
will be taken into account. Then the output waveforms for positive and negative clippers will be
of the shape shown in the figure below.
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Output Waveform — Positive Clipper and Negative Clipper
2. Biased Clipper

Sometimes it is desired to remove a small portion of positive or negative half cycles of the signal
voltage. Biased clippers are employed for this purpose. The circuit diagram for a biased negative
clipper (that is for removing a small portion of each negative half cycle) is illustrated in figure

(a).

Biased Negative Clipper

The action of the circuit is explained below. When the input signal voltage is positive, the diode
D is reverse-biased and behaves as an open-switch, the entire positive half cycle appears across
the load, as illustrated by output waveform [figure (a)]. When the input signal voltage is negative
but does not exceed battery voltage V, the diode D remains reverse-biased and most of the input
voltage appears across the output. When during the negative half cycle of input signal, the signal
voltage exceeds the battery voltage V, the diode D is forward biased i.e conducts heavily. The
output voltage is equal to — V and stays at — V as long as the input signal voltage is greater than
battery voltage V in magnitude. Thus a biased negative clipper removes input voltage when the
input signal voltage exceeds the battery voltage. Clipping can be changed by reversing the
battery and diode connections, as illustrated in figure (b).

Biased Positive Clipper

Some of other biased clipper circuits are given below in the figure. While drawing the wave-
shape of the output basic principle discussed above are followed. The diode has been considered
as an ideal one.
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Biased Clipper Circuits

Different Clipping Circuits
3. Combination Clipper

When a portion of both positive and negative of each half cycle of the input voltage is to be

clipped (or removed), combination clipper is employed. The circuit for such a clipper is given in
the figure below.

Combination Clipper

The action of the circuit is summarized below. For positive input voltage signal when input
voltage exceeds battery voltage + V; diode D; conducts heavily while diode Dy is reversed biased
and so voltage + V, appears across the output. This output voltage + V; stays as long as. the
input signal voltage exceeds + V. On the other hand for the negative input voltage signal, the
diode D; remains reverse biased and diode D, conducts heavily only when input voltage exceeds
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battery voltage V, in magnitude. Thus during the negative half cycle the output stays at — V, so
long as the input signal voltage is greater than - V..

Drawbacks of Series and Shunt Diode Clippers

In series clippers, when diode is in _off* position, there should be no transmission of input signal
to output. But in case of high frequency signals transmission occurs through diode capacitance
which is undesirable. This is the drawback of using diode as a series element in such clippers.

In shunt clippers, when diode is in the _off condition, transmission of input signal should take
place to output. But in case of high frequency input signals, diode capacitance affects the circuit
operation adversely and the signal gets attenuated (that is, it passes through diode capacitance to
ground).

Multivibrator

A multivibrator is an|electronic circuit/used to implement a variety of simple two-state systems
such as |osci||ators] timers| and [flip-flops| It is characterized by two amplifying devices
(transistors, electron tubes or other devices) cross-coupled by resistors and capacitors.

There are three types of multivibrator circuit:

o astable, in which the circuit is not stable in either state—it continuously oscillates from
one state to the other. Due to this, it does not require an input (Clock pulse or other).

e monostable, in which one of the states is stable, but the other is not—the circuit will flip
into the unstable state for a determined period, but will eventually return to the stable
state. Such a circuit is useful for creating a timing period of fixed duration in response to
some external event. This circuit is also known as a one shot. A common application is in
eliminating|switch bouncel

o Dbistable, in which the circuit will remain in either state indefinitely. The circuit can be
flipped from one state to the other by an external event or trigger. Such a circuit is
important as the fundamental building block of a|register|or|memory|device. This circuit
is also known as allatch|or alflip-flop

In its simplest form the multivibrator circuit consists of two cross—coupled Using
[resistor}capacitor|networks within the circuit to define the time periods of the unstable states, the
various types may be implemented. Multivibrators find applications in a variety of systems
where square waves or timed intervals are required. Simple circuits tend to be inaccurate since
many factors affect their timing, so they are rarely used where very high precision is required.

Before the advent of low-cost integrated circuits, chains of multivibrators found use as
A free-running multivibrator with a frequency of one-half to one-tenth of the reference
frequency would accurately lock to the reference frequency. This technique was used in early
electronic organs, to keep notes of different octaves accurately in tune. Other applications
included early systems, where the various line and frame frequencies were kept
synchronized by pulses included in the video signal.
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Astable multivibrator circuit

=
Figure 1: Basic|BJT|astable multivibrator

This circuit shows a typical simple astable circuit, with an output from the collector of Q1, and
an inverted output from the collector of Q2.

Basic mode of operation

The circuit keeps one transistor switched on and the other switched off. Suppose that initially,
Q1 is switched on and Q2 is switched off.

State 1:

e QI holds the bottom of R1 (and the left side of C1) near ground (0 V).

e The right side of C1 (and the base of Q2) is being charged by R2 from below ground to
0.6 V.

e R3 is pulling the base of QI up, but its base-emitter diode prevents the voltage from
rising above 0.6 .

e R4 is charging the right side of C2 up to the power supply voltage (+V). Because R4 is
less than R2, C2 charges faster than C1.

When the base of Q2 reaches 0.6 V, Q2 turns on, and the followinglpositive feedback| loop
occurs:

e Q2 abruptly pulls the right side of C2 down to near 0 V.

o Because the voltage across a capacitor cannot suddenly change, this causes the left side
of C2 to suddenly fall to almost —V, well below 0 V.

e Q1 switches off due to the sudden disappearance of its base voltage.
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e RI1 and R2 work to pull both ends of C1 toward +V, completing Q2's turn on. The process
is stopped by the B-E diode of Q2, which will not let the right side of C1 rise very far.

This now takes us to State 2, the mirror image of the initial state, where Q1 is switched off and
Q2 is switched on. Then R1 rapidly pulls Cl1's left side toward +V, while R3 more slowly pulls
C2's left side toward +0.6 V. When C2's left side reaches 0.6 V, the cycle repeats.

Multivibrator frequency

The period of each half of the multivibrator is given by 7= In(2)RC. The total period of
oscillation is given by:

T=t+t= ln(2)R2 C + 1‘(1(2)R3 (@)

1 1 1

L= = () - (RaCr + RaCy) =~ 0,693 (BaCh + RaCh)

where...

. fis|freguenc i
e R, and R; are|resistor{values injohms
e () and G, are|capacitor|values in|farads

e Tis|period time|(In this case, the sum of two period durations).

For the special case where

e 11 =1 (50% duty cycle)

[ R2:R3
[ C1 :Cz
1 10721

I =7 =h@)-2rc ~ RC
Initial power-up

When the circuit is first powered up, neither transistor will be switched on. However, this means
that at this stage they will both have high base voltages and therefore a tendency to switch on,
and inevitable slight asymmetries will mean that one of the transistors is first to switch on. This
will quickly put the circuit into one of the above states, and oscillation will ensue. In practice,
oscillation always occurs for practical values of R and C.

However, if the circuit is temporarily held with both bases high, for longer than it takes for both
capacitors to charge fully, then the circuit will remain in this stable state, with both bases at 0.6
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V, both collectors at 0 V, and both capacitors charged backwards to —0.6 V. This can occur at
startup without external intervention, if R and C are both very small. For example, a 10 MHz
oscillator of this type will often be unreliable. (Different oscillator designs, such as [relaxation||

oscillators] are required at high frequencies.)

Period of oscillation

Very roughly, the duration of state 1 (low output) will be related to the time constant R,C as it
depends on the charging of C1, and the duration of state 2 (high output) will be related to the
time constant R3C; as it depends on the charging of C2. Because they do not need to be the same,
an asymmetric|duty cyclelis easily achieved.

However, the duration of each state also depends on the initial state of charge of the capacitor in
question, and this in turn will depend on the amount of discharge during the previous state,
which will also depend on the resistors used during discharge (R1 and R4) and also on the
duration of the previous state, efc. The result is that when first powered up, the period will be
quite long as the capacitors are initially fully discharged, but the period will quickly shorten and
stabilise.

The period will also depend on any current drawn from the output and on the supply voltage.
Protective components

While not fundamental to circuit operation,connected in series with the base or emitter of
the transistors are required to prevent the base-emitter junction being driven into reverse
breakdown when the supply voltage is in excess of the Ve, breakdown voltage, typically around
5-10 volts for general purpose silicon transistors. In the monostable configuration, only one of
the transistors requires protection.

+ . »
Rl R2 R2
+ R4
cl
gL g2
ow >

|
Figure 2: Basic monostable multivibrator.
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Figure 3: Basic|BJT|bistable multivibrator.

Non-electronic astables

Astable oscillators are usually thought of as|electronic circuits]| but need not be.|Bimetallic strips]
are used which switch an electric current on as they cool and off as they heat—flashing
Christmas and car|indicator lights|may use this mechanism.

Monostable multivibrator circuit

When triggered by an input pulse, a monostable multivibrator will switch to its unstable position
for a period of time, and then return to its stable state. The time period monostable multivibrator
remains in unstable state is given by ¢ = In(2)R,C,. If repeated application of the input pulse
maintains the circuit in the unstable state, it is called a retriggerable monostable. If further
trigger pulses do not affect the period, the circuit is a non-retriggerable multivibrator.

Bistable multivibrator circuit

Suggested values:

e« RI,R2=10kQ
e R3,R4=10kQ

Thiscircuit is similar to an astable multivibrator, except that there is no charge or discharge
time, due to the absence of capacitors. Hence, when the circuit is switched on, if Q1 is on, its
collector is at 0 V. As a result, Q2 gets switched off. This results in more than half +J volts
being applied to R4 causing current into the base of Q1, thus keeping it on. Thus, the circuit
remains stable in a single state continuously. Similarly, Q2 remains on continuously, if it
happens to get switched on first.

Switching of state can be done via Set and Reset terminals connected to the bases. For example,
1f Q2 is on and Set is grounded momentarily, this switches Q2 off, and makes Q1 on. Thus, Set is
used to "set" Q1 on, and Reset is used to "reset" it to off state.
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Astable Multivibrator
Introduction

Now that we have seen the bistable multivibrator and then modified it to form a monostable
multivibrator, the next question is, Can we modify it further to use capacitor coupling on both
sides? And what would happen if we did?

Well, of course we can do this; the further question would be, Do we want to? And that depends
on what happens when we build the circuit this way.

Since the use of one capacitor prevents the circuit from remaining stable in one of its two
possible states, it seems likely that with both sides coupled this way the circuit will be unable to
remain stable in either state. That is in fact the case, and in this experiment we will construct and
demonstrate this circuit.

Schematic Diagram

+
R1
1K 15K 1 1K
Q Q
n— —n
100 uf 100 uf
N\ ,., Q2

As shown in the schematic diagram here, the astable multivibrator simply extends the
modification that converted the bistable multivibrator to a monostable version of the circuit.
Now, both transistors are coupled to each other through capacitors. Whichever transistor is off at
any moment cannot remain off indefinitely; its base will become forward biased as that capacitor
charges towards +5 volts. Once that happens, that transistor will turn on, thereby turning
the other one off.
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3-6 Figure 3-3.—Astable Multivibrator.

When an input signal to one amplifier is large enough, the transistor can be driven into cutoff,
and its collector voltage will be almost V ¢c. However, when the transistor is driven into
saturation, its collector voltage will be about 0 volts. A circuit that is designed to go quickly from
cutoff to saturation will produce a square or rectangular wave at its output. This principle is used
in multivibrators. Multivibrators are classified according to the number of steady (stable) states
of the circuit. A steady state exists when circuit operation is essentially constant; that is, one
transistor remains in conduction and the other remains cut off until an external signal is applied.
The three types of multivibrators are the ASTABLE, MONOSTABLE, and BISTABLE. The
astable circuit has no stable state. With no external signal applied, the transistors alternately
switch from cutoff to saturation at a frequency determined by the RC time constants of the
coupling circuits. The monostable circuit has one stable state; one transistor conducts while the
other is cut off. A signal must be applied to change this condition. After a period of time,
determined by the internal RC components, the circuit will return to its original condition where
it remains until the next signal arrives. The bistable multivibrator has two stable states. It remains
in one of the stable states until a trigger is applied. It then FLIPS to the other stable condition and
remains there until another trigger is applied. The multivibrator then changes back (FLOPS) to
its first stable state.

Q1. What type circuit is used to produce square or rectangular waves? Q2. What type of
multivibrator does not have a stable state? Q3. What type of multvibrator has one stable state?
Q4. What type of multivibrator has two stable states?

Astable Multivibrator An astable multivibrator is also known as a FREE-
RUNNING MULTIVIBRATOR. It is called free- running because it alternates between two
different output voltage levels during the time it is on. Theoutput remains at each voltage level
for a definite period of time. If you looked at this output on an oscilloscope, you would see
continuous square or rectangular waveforms. The astable multivibrator has two outputs, but NO
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inputs. Let's look at the multivibrator in figure 3-3 again. This is an astable multivibrator. The
astable multivibrator is said to oscillate. To understand why the astable multivibrator oscillates,
assume that transistor Q1 saturates and transistor Q2 cuts off when the circuit is energized. This
situation is shown in figure 3-4. We assume Q1 saturates and Q2 is in cutoff because the circuit
is symmetrical; that is, R1 = R4, R2 = R3, C1 = C2, and Q1 = Q2. It is impossible to tell which
transistor will actually conduct when the circuit is energized. For this reason, either of the
transistors may be assumed to conduct for circuit analysis purposes. Figure 3-4.—Astable
multivibrator (Q1 saturated). Essentially, all the current in the circuit flows through Q1; Q1
offers almost no resistance to current flow. Notice that capacitor C1 is charging. Since Q1 offers
almost no resistance in its saturated state, the rate of charge of C1 depends only on the time
constant of R2 and C1 (recall that TC = RC). Notice that the right-hand side of capacitor C1 is
connected to the base of transistor Q2, which is now at cutoff. Let's analyze what is happening.
The right-hand side of capacitor C1 is becoming increasingly negative. If the base of Q2
becomes sufficiently negative, Q2 will conduct. After a certain period of time, the base of Q2
will become sufficiently negative to cause Q2 to change states from cutoff to conduction. The
time necessary for Q2 to become saturated is determined by the time constant R2C1. The next
state is shown in figure 3-5. The negative voltage accumulated on the right side on capacitor C1
has caused Q2 to conduct. Now the following sequence of events takes place almost
instantaneously. Q2 starts conducting and quickly saturates, and the voltage at output 2 changes
from V[lapproximately cc to approximately O volts. This change in voltage is coupled through
C2 to the base of Q1, forcing Q1 to cutoff. Now Q1 is in cutoff and Q2 is in saturation. This is
the circuit situation shown in figure 3-6.

3-8 Figure 3-5.—Astable multivibrator. Figure 3-6.—Astable multivibrator. (Q2
saturated). Notice that figure 3-6 is the mirror image of figure 3-4. In figure 3-6 the left side of
capacitor C2 becomes more negative at a rate determined by the time constant R3C2. As the left
side of C2 becomes more negative, the base of Q1 also becomes more negative. When the base
of Q1 becomes negative enough to allow Q1 to conduct, Q1 will again go into saturation. The
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resulting change in voltage at output 1 will cause Q2 to return to the cutoff state. Look at the
output waveform from transistor Q2, as shown in figure 3-7. The output voltage (from either
output of the multivibrator) alternates from approximately 0 volts to V[lapproximately cc,
remaining in each state for a definite period of time. The time may range from a microsecond to
as much as a second or two. V[JIn some applications, the time period of higher voltage ( ¢c) and
the time period of lower voltage (0 volts) will be equal. Other applications require differing
higher- and lower-voltage times. For example, timing and gating circuits often have different
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3-9 Figure 3-7.—Square wave output from Q2. Figure 3-8.—Rectangular waves.
FREQUENCY STABILITY.—Some astable multivibrators must have a high degree of
frequency stability. One way to obtain a high degree of frequency stability is to apply triggers.
Figure 3-9, view (A), shows the diagram of a triggered, astable multivibrator. At time TO, a
negative input trigger to the base of Q1 (through C1) causes Q1 to go into saturation, which
drives Q2 to cutoff. The circuit will remain in this condition as long as the base voltage of Q2 is
positive. The length of time the base of Q2 will remain positive is determined by C3, R3, and R6.
Observe the parallel paths for C3 to discharge. Figure 3-9A.—Triggered astable multivibrator
and output.
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View (B) of figure 3-9 shows the waveforms associated with the circuit. At time T1, Q2 comes
out of cutoff and goes into saturation. Also, Q1 is caused to come out of saturation and is cut off.
The base voltage waveform of Q1 shows a positive potential that is holding Q1 at cutoff. This
voltage would normally hold Q1 at cutoff until a point between T2 and T3. However, at time T2
another trigger is applied to the base of QI, causing it to begin conducting. Q1 goes into
saturation and Q2 is caused to cut off. This action repeats each time a trigger (T2, T4, T6) is
applied.
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Figure 3-9B.—Triggered astable multivibrator and output.

The prt of the input triggers must be shorter than the natural free-running prt of the astable
multivibrator, or the trigger prf must be slightly higher than the free-running prf of the circuit.
This is to make certain the triggers control the prt of the output.

Monostable Multivibrator The monostable multivibrator (sometimes called a ONE-SHOT
MULTIVIBRATOR) is a square- or rectangular-wave generator with just one stable condition.
With no input signal (quiescent condition) one amplifier conducts and the other is in cutoff. The
monostable multivibrator is basically used for pulse stretching. It is used in computer logic
systems and communication navigation equipment. The operation of the monostable
multivibrator is relatively simple. The input is triggered with a pulse of voltage. The output
changes from one voltage level to a different voltage level. The output remains at this new
voltage level for a definite period of time. Then the circuit automatically reverts to its original
condition and remains that way until another trigger pulse is applied to the input. The monostable
multivibrator actually takes this series of input triggers and converts them to uniform square
pulses, as shown in figure 3-10. All of the square output pulses are of the same amplitude and
time duration.
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Figure 3-10.—Monostable multivibrator block diagram.

The schematic for a monostable multivibrator is shown in figure 3-11. Like the astable
multivibrator, one transistor conducts and the other cuts off when the circuit is energized.

ey

OUTPUT

at Q2

Figure 3-11.—Monostable multivibrator schematic.

Recall that when the astable multivibrator was first energized, it was impossible to predict which
transistor would initially go to cutoff because of circuit symmetry. The one-shot circuit is not
symmetrical like the astable multivibrator. Positive voltage Vg is applied through RS to the base
of Q1. This positive voltage causes Q1 to cut off. Transistor Q2 saturates because of the negative
Vilvoltage applied from cc to its base through R2. Therefore, Q1 is cut off and Q2 is saturated
before a trigger pulse is applied, as shown in figure 3-12. The circuit is shown in its stable state.
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Figure 3-12.—Monostable multivibrator (stable state).

Let's take a more detailed look at the circuit conditions in this stable state (refer to figure 3-12).
As stated above, QI is cut off, so no current flows through R1, and the collector of Q1 V[lis at
cc. Q2 is saturated and has practically no voltage drop across it, so its collector is essentially at O
volts. R5 and R3 form a voltage divider from Vg to the ground potential at the collector of Q2.
The tie point between these two resistors will be positive. Thus, the base of Q1 is held positive,
ensuring that Q1 remains cutoff. Q2 will remain saturated because the base of Q2 is very slightly
negative as a result of the V/[lvoltage drop across R2. If the collector of Q1 is near ¢c and the
base of Q2 is near ground, C1 must be charged to nearly V¢ volts with the polarity shown. Now
that all the components and voltages have been described for the stable state, let us see how the
circuit operates (see figure 3-13). Assume that a negative pulse is applied at the input terminal.
C2 couples this voltage change to the base of Q1 and starts Q1 conducting. Q1 quickly saturates,
and its collector voltage immediately rises to ground potential. This sharp voltage increase is
coupled through CI to the base of Q2, causing Q2 to cut off; the collector voltage of Q2
immediately drops to Vcc. The voltage divider formed by RS and R3 then holds the base of Q1
negative, and Q1 is locked in saturation
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Figure 3-13.—Monostable multivibrator (triggered).

The one-shot multivibrator has now been turned on by applying a pulse at the input. It will turn
itself off after a period of time. To see how it does this, look at figure 3-13 again. Q1 is held in
saturation by the negative voltage applied through R3 to its base, so the circuit cannot be turned
off here. Notice that the base of Q2 is connected to C1. The positive charge on C1 keeps Q2
cutoff. Remember that a positive voltage change (essentially a pulse) was coupled from the
collector of Q1 when it began conducting to the base of Q2, placing Q2 in cutoff. When the
collector of Q1 switches from -Vc volts to 0 volts, the charge on C1 acts like a battery with its
negative terminal on the collector of Q1, and its positive terminal connected to the base of Q2.
This voltage is what cuts off Q2. C1 will now begin to discharge through Q1 to ground, back
through Vl[lcc, through R2 to the other side of C1. The time required for C1 to discharge
depends on the RC time constant of C1 and R2. Figure 3-14 is a timing diagram that shows the
negative input pulse and the resultant waveforms that you would expect to see for this circuit
description.
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Figure 3-14.—Waveforms of a monostable multivibrator (triggered).

The only part of the operation not described so far is the short C1 charge time that occurs right
after Q1 and Q2 return to their stable states. This is simply the time required for C1 to gain
electrons on its left side. This charge time is determined by the R1C1 time constant.

Another version of the monostable multivibrator is shown in figure 3-15. View (A) is the circuit
and view (B) shows the associated waveforms. In its stable condition (T0), Q1 is cut off and Q2
is conducting. The input trigger (positive pulse at T1) is applied to the collector of Q1 and
coupled by CI to the base of Q2 causing Q2 to be cut off. V[ 1The collector voltage of Q2 then
goes cc. The more negative voltage at the collector of Q2 forward biases Q1 through R4. With
the forward bias, Q1 conducts, and the collector voltage of Q1 goes to about 0 volts. C1 now
discharges and keeps Q2 cut off. Q2 remains cut off until C1 discharges enough to allow Q2 to
conduct again (T2). When Q2 conducts again, its collector voltage goes toward 0 volts and Q1 is
cut off. The circuit returns to its quiescent state and has completed a cycle. The circuit remains in
this stable state until the next trigger arrives (T3).
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Note that R3 is variable to allow adjustment of the gate width. Increasing R3 increases the
discharge time for C1 which increases the cutoff time for Q2. Increasing the value of R3 widens
the gate. To decrease the gate width, decrease the value of R3. Figure 3-16 shows the
relationships between the trigger and the output signal. View (A) of the figure shows the input
trigger; views (B) and (C) show the different gate widths made available by R3. Although the
durations of the gates are different, the duration of the complete cycle remains the same as the
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pulse repetition time of the triggers. View (D) of the figure illustrates that the trailing edge of the
positive alternation is variable.
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Figure 3-16.—Monostable multivibrator waveforms with a variable gate.

The reason the monostable multivibrator is also called a one-shot multivibrator can easily be
seen. For every trigger pulse applied to the multivibrator, a complete cycle, or a positive and
negative alternation of the output, is completed. Q5. In an astable multivibrator, which
components determine the pulse repetition frequency?

Schmitt trigger

The effect of using a Schmitt trigger (B) instead of a comparator (A).

In

electronics

a Schmitt trigger is a

comparator

circuit

that incorporates

positive feedback

In

the non-inverting configuration, when the input is higher than a certain chosen threshold, the
output is high; when the input is below a different (lower) chosen threshold, the output is low;
when the input is between the two, the output retains its value. The trigger is so named because
the output retains its value until the input changes sufficiently to trigger a change. This dual
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threshold action is called [hysteresis] and implies that the Schmitt trigger has some In
fact, the Schmitt trigger is a|bistable multivibrator

Schmitt trigger devices are typically used in|open loop|configurations for noise immunity and
closed loop|positive feedback |configurations to implement{multivibrators

Invention

The Schmitt trigger was invented by[US]scientist[Otto H. Schmitt]in 1934 while he was still a
graduate studentE| later described in his doctoral dissertation (1937) as a "thermionic trigger"|E|
It was a direct result of Schmitt's study of the neural impulse propagation in|squid|nerves

Symbol

The symbol for Schmitt triggers in circuit diagrams is a triangle with an inverting or non-
inverting|hysteresis[symbol. The symbol depicts the corresponding ideal hysteresis curve.

Inverting Schmitt trigger (WRONG IMAGE! Should
Standard Schmitt trigger have a circle at the right point of the triangle indicating
inversion!

Implementation

A Schmitt trigger can be implemented with a simple[tunnel diode] a diode with an "N"-shaped
current—voltage characteristic in the first [quadrant| An oscillating input will cause the diode to
move from one rising leg of the "N" to the other and back again as the input crosses the rising
and falling switching thresholds. However, the performance of this Schmitt trigger can be
improved with transistor-based devices that make explicit use of|positive feedback|to implement
the switching.

Comparator implementation

Schmitt triggers are commonly implemented using a[fomparato connected to have positive
feedback (i.e., instead of the usual negative feedback used in circuits). For
this circuit, the switching occurs near ground, with the amount of controlled by the
resistances|of R; and Rj:
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— ¥ out

The comparator extracts the of the difference between its two inputs. When the non-
inverting (+) input is at a higher voltage than the inverting (—) input, the comparator output
switches to +Vs, which is its high supply voltage. When the non-inverting (+) input is at a lower
voltage than the inverting (—) input, the comparator output switches to -Vs, which is its low
supply voltage. In this case, the inverting (—) input is and so the comparator

implements the [sign function]- its 2-state output (i.e., either high or low) always has the same
sign as the continuous input at its non-inverting (+) terminal.

Because of the resistor network connecting the Schmitt trigger input, the non-inverting (+)
terminal of the comparator, and the comparator output, the Schmitt trigger acts like a comparator
that switches at a different point depending on whether the output of the comparator is high or
low. For very negative inputs, the output will be low, and for very positive inputs, the output will
be high, and so this is an implementation of a "non-inverting" Schmitt trigger. However, for
intermediate inputs, the state of the output depends on both the input and the output. For
instance, if the Schmitt trigger is currently in the high state, the output will be at the positive
power supply rail (+Vs). V. is then a voltage divider between Vi, and +Vs. The comparator will
switch when V,=0 (ground). Current conservation shows that this requires

Vi _ Vs
Ry Ry
Ry v
T T ¥E
and so Vi, must drop below Ry 1o get the output to switch. Once the comparator output has

Ry
+5-Vs
switched to — Vs, the threshold becomes RE to switch back to high.
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out

vV

Typical hysteresis curve (which matches the curve shown on a Schmitt trigger symbol)

L)

So this circuit creates a switching band centered around zero, with trigger levels Ry s. The
input voltage must rise above the top of the band, and then below the bottom of the band, for the
output to switch on and then back off. If R; is zero or R is infinity (i.e., an[open circuit), the
band collapses to zero width, and it behaves as a standard comparator. The output characteristic

RlVS

is shown in the picture on the right. The value of the threshold 7 is given by Rs “and the
maximum value of the output M is the power supply rail.

A practical Schmitt trigger configuration is shown below.
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The output characteristic has exactly the same shape of the previous basic configuration, and the
threshold values are the same as well. On the other hand, in the previous case, the output voltage
was depending on the power supply, while now it is defined by the[Zemer diodes] (which could
also be replaced with a single[double-anode Zener diode). In this configuration, the output levels
can be modified by appropriate choice of Zener diode, and these levels are resistant to power
supply fluctuations (i.e., they increase the [PSRR]of the comparator). The resistor Rj is there to
limit the current through the diodes, and the resistor R4 minimizes the input voltage offset caused
by the comparator's input leakage currents (see[Limitations of reat op-amps).

Schmitt trigger with two transistors

In the positive-feedback configuration used in the implementation of a Schmitt trigger, most of
the complexity of the comparator's own implementation is unused. Hence, it can be replaced
with two cross-coupled transistors (i.e., the transistors that would otherwise implement the input
stage of the comparator). An example of such a 2-transistor-based configuration is shown below.
The chain Rg; R; R; sets the base voltage for transistor T2. This divider, however, is affected by
transistor T1, providing higher voltage if T1 is open. Hence the threshold voltage for switching
between the states depends on the present state of the trigger.

V4
]
R i
K1 R K2
1 UDLIt
| —
R - —-
Vin B lr/' -H\". Ir,":- ™,
M| )™ )2
\""r/j \:‘; p
R R5
W=
. 2

For NPN transistors as shown, when the input voltage is well below the shared emitter voltage,
T1 does not conduct. The base voltage of transistor T2 is determined by the mentioned divider.
Due to negative feedback, the voltage at the shared emitters must be almost as high as that set by
the divider so that T2 is conducting, and the trigger output is in the low state. T1 will conduct
when the input voltage (T1 base voltage) rises slightly above the voltage across resistor Rg
(emitter voltage). When T1 begins to conduct, T2 ceases to conduct, because the voltage divider
now provides lower T2 base voltage while the emitter voltage does not drop because T1 is now
drawing current across Rg. With T2 now not conducting the trigger has transitioned to the high
state.
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With the trigger now in the high state, if the input voltage lowers enough, the current through T1
reduces, lowering the shared emitter voltage and raising the base voltage for T2. As T2 begins to
conduct, the voltage across Rg rises, further reducing the T1 base-emitter potential and T1 ceases
to conduct.

In the high state, the output voltage is close to V+, but in the low state it is still well above V—.
This may not be low enough to be a "logical zero " for digital circuits. This may require
additional amplifiers following the trigger circuit.

The circuit can be simplified: R; can be replaced with a short circuit connection, connecting the
T2 base directly to the T1 collector, and R, can be taken out and replaced with an open circuit.
The key to its operation is that less current flows through Rg when T1 is switched on (as a result
of input current into its base) than when T1 is off, because turning T1 on turns T2 off, and T2,
when on, provides more current through Rg than does T1. With less current entering Rg, the
voltage across it will be lower, and so once current gets going into T1, the input voltage must go
lower to turn T1 back off as now its emitter voltage has been lowered. This Schmitt trigger
buffer can also be turned into a Schmitt trigger inverter and another resistor saved in the process,
by replacing Rk, with a short connection, and connecting Vo to the emitter of T2 instead of its
collector. In this case however, a larger value of resistance should be used for Rg as it now serves
as the pull-down resistor on the output, lowering the voltage on the output when the output
should be low, instead of a serving as only a small resistance which is only intended to develop a
small voltage across it that actually adds to the output voltage when it should be at a digital low.

Applications

Schmitt triggers are typically used in [open loop| configurations for noise immunity and [closed]
loop|positive feedback|configurations to implement|multivibrators

Noise immunity

One application of a Schmitt trigger is to increase the noise immunity in a circuit with only a
single input threshold. With only one input threshold, ainput signal near that threshold
could cause the output to switch rapidly back and forth from noise alone. A noisy Schmitt
Trigger input signal near one threshold can cause only one switch in output value, after which it
would have to move beyond the other threshold in order to cause another switch.

For example, in [Fairchild Semiconductorjs QSE15x family of infrared photosensorsE] an
generates an electric signal that switches frequently between its
absolute lowest value and its absolute highest value. This signal is then|low-pass filtered|to form
a smooth signal that rises and falls corresponding to the relative amount of time the switching
signal is on and off. That filtered output passes to the input of a Schmitt trigger. The net effect is
that the output of the Schmitt trigger only passes from low to high after a received infrared signal
excites the photodiode for longer than some known delay, and once the Schmitt trigger is high, it
only moves low after the infrared signal ceases to excite the photodiode for longer than a similar
known delay. Whereas the photodiode is prone to spurious switching due to noise from the
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environment, the delay added by the filter and Schmitt trigger ensures that the output only
switches when there is certainly an input stimulating the device.

Devices that include a built-in Schmitt trigger

As discussed in the example above, the Fairchild Semiconductor QSE15x family of photosensors
use a Schmitt trigger internally for noise immunity. Schmitt triggers are common in many

switching circuits for similar reasons (e.g., for switch|debouncing).

The following|7400 series|devices include a Schmitt trigger on their input or on each of their

inputs:

7413: Dual Schmitt trigger 4-input NAND Gate

7414: Hex Schmitt trigger Inverter

7418: Dual Schmitt trigger 4-input NAND Gate

7419: Hex Schmitt trigger Inverter

74121: Monostable Multivibrator with Schmitt Trigger Inputs

74132: Quad 2-input NAND Schmitt Trigger

74221: Dual Monostable Multivibrator with Schmitt Trigger Input

74232: Quad NOR Schmitt Trigger

74310: Octal Buffer with Schmitt Trigger Inputs

74340: Octal Buffer with Schmitt Trigger Inputs and three-state inverted outputs
74341: Octal Buffer with Schmitt Trigger Inputs and three-state noninverted outputs
74344: Octal Buffer with Schmitt Trigger Inputs and three-state noninverted outputs
74(HC/HCT)7541 Octal Buffer with Schmitt Trigger Inputs and Three-State Noninverted
Outputs

SN74LV8151 is a 10-bit universal Schmitt-trigger buffer with 3-state outputs

A number 0f]4000 series|devices include a Schmitt trigger on inputs, for example:

Dual

4093: Quad 2-Input NAND

40106: Hex Inverter

14538: Dual Monostable Multivibrator

4020: 14-Stage Binary Ripple Counter

4024: 7-Stage Binary Ripple Counter

4040: 12-Stage Binary Ripple Counter

4017: Decade Counter with Decoded Outputs
4022: Octal Counter with Decoded Outputs
4093: Quad Dual Input NAND gate

Schmitt input configurable single-gate CMOS logic, AND, OR, XOR, NAND, NOR,
XNOR

NC7SZ57 Fairchild
NC7SZ58 Fairchild
SN74LVC1G57 Texas Instruments
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Use as an oscillator

A Schmitt trigger is a |bistable multivibrator| and it can be used to implement another type of
multivibrator, the[relaxation oscillator| This is achieved by connecting a single[resistor}{capacitor]
network to an inverting Schmitt trigger — the capacitor connects between the input and ground
and the resistor connects between the output and the input. The output will be a continuous

[square wave|whose[frequency|depends on the values of R and C, and the threshold points of the
Schmitt trigger. Since multiple Schmitt trigger circuits can be provided by a single

[circuit](e.g. the[4000 series] CMOS]device type 40106 contains 6 of them), a spare section of the
IC can be quickly pressed into service as a simple and reliable oscillator with only two external

components.

Output and|capacitor|waveforms for|comparatoribased|relaxation oscillator

For example, the comparator-based implementation of a|relaxation oscillator|is shown below.

Here, a comparator-based Schmitt trigger is used in its inverting configuration. That is, the input
and [ground] are swapped from the Schmitt trigger shown above, and so very negative signals
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correspond to a positive output and very positive signals correspond to a negative output.

Additionally, slow [negative feedback|is added with an The result, which is shown

on the right, is that the output automatically oscillates from Vs to Vpp as the capacitor charges
from one Schmitt trigger threshold to the other.

YVi—QuvyTi0V TpaVGIGTOp

The UJT as the name implies, is characterized by a single pn junction. It exhibits negative
resistance characteristic that makes it useful in oscillator circuits.

The symbol for UJT is shown in The UJT 1s having three terminals basel (B1), base2 (B2)
and emitter (E). The UJT is made up of an N-type silicon bar which acts as the base as shown in
fig. 2] It is very lightly doped. A P-type impurity is introduced into the base, producing a single
PN junction called emitter. The PN junction exhibits the properties of a conventional diode.

© B2

E——y

Fig. 1 Fig 2

A complementary UJT is formed by a P-type base and N-type emitter. Except for the polarity of
voltage and current the characteristic is similar to those of a conventional UJT.

A simplified equivalent circuit for the UJT is shown inm Vg is a source of biasing voltage
connected between B2 and B1. When the emitter is open, the total resistance from B2 to BI is
simply the resistance of the silicon bar, this is known as the inter base resistance Rpp. Since the
N-channel is lightly doped, therefore Rgp is relatively high, typically 5 to 10K ohm. Rg; is the
resistance between B2 and point _a', while Rp; is the resistance from point _a' to B1, therefore the

interbase resistance Rgp is

Rge = Rpi + Rp»
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Fig. 3

The diode accounts for the rectifying properties of the PN junction. Vp is the diode's threshold
voltage. With the emitter open, Ig =0, and I; =1, . The interbase current is given by

Ii=1,=Vgs/Rps.

Part of Vpp is dropped across Rp; while the rest of voltage is dropped across Rg;. The voltage
across Rg; 1s

Va=Ves *(Rp1 )/ (Rg1 + Rg2)
The ratio Rp; / (Rp; + Rpy ) is called intrinsic standoff ratio
1 =Rp;/(Rp; +Rpy ) 1.e. Vo, =11 Vpp.

The ratio [ is a property of UJT and it is always less than one and usually between 0.4 and 0.85.
As long as Iz = 0, the circuit of behaves as a voltage divider.

Assume now that vg is gradually increased from zero using an emitter supply Vgg . The diode
remains reverse biased till vg voltage is less than [ Vpg and no emitter current flows except
leakage current. The emitter diode will be reversed biased.

When vg = Vp +1J[] Vg, then appreciable emitter current begins to flow where Vp is the diode's
threshold voltage. The value of vg that causes, the diode to start conducting is called the peak
point voltage and the current is called peak point current Ip.

VPZVD+ ] VBB-

371



Uni-junction transistor

The graph of|fig. 4 thows the relationship between
the emitter voltage and current. vg is plotted on the

vertical axis and Iy is plotted on the horizontal axis.
The region from vg = 0 to vg = Vp is called cut off
region because no emitter current flows (except for
leakage). Once vg exceeds the peak point voltage, Ig
increases, but v g decreases. up to certain point called
valley point (Vy and Iy). This is called negative
resistance region. Beyond this, g increases with vg
this is the saturation region, which exhibits a positive
resistance characteristic.

The physical process responsible for the negative
resistance  characteristic is  called  conductivity f;j g.4
modulation. When the vi exceeds Vp voltage, holes from P

emitter are injected into N base. Since the P region is
heavily doped compared with the N-region, holes are
injected to the lower half of the UJT.

The lightly doped N region gives these holes a long lifetime. These holes move towards B1 to
complete their path by re-entering at the negative terminal of Vgg. The large holes create a
conducting path between the emitter and the lower base. These increased charge carriers
represent a decrease in resistance Rp;, therefore can be considered as variable resistance. It
decreases up to 50 ohm.

Since [] is a function of Rg; it follows that the reduction of Rp; causes a corresponding
reduction in intrinsic standoff ratio. Thus as Ig increases, Rg; decreases, [ | decreases, and
V. decreases. The decrease in V , causes more emitter current to flow which causes further
reduction in Rp;, [/, and V,. This process is regenerative and therefore V, as well as vg
quickly drops while Iy increases. Although Rgp decreases in value, but it is always positive
resistance. It is only the dynamic resistance between Vy and Vp. At point B, the entire
basel region will saturate with carriers and resistance Rg; will not decrease any more. A
further increase in I. will be followed by a voltage rise.

The diode threshold voltage decreases with temperature and Rpg resistance increases with
temperature because Si has positive temperature coefficient.
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Uni-junction transistor

UJT Relaxation Oscillator:

The characteristic of UJT was discussed in previous lecture. It is having negative resistance
region. The negative dynamic resistance region of UJT can be used to realize an oscillator.

The circuit of UJT relaxation oscillator is shown in It includes two resistors R; and R, for
taking two outputs R, may be a few hundred ohms and R; should be less than 50 ohms. The dc
source Vcc supplies the necessary bias. The interbase voltage Vg is the difference between V¢
and the voltage drops across R; and R,. Usually Rgp is much larger than R; and R, so that Vpp
approximately equal to V. Note, Rg; and Rp; are inter-resistance of UJT while R; and R; is the
actual resistor. Rp; is in series with R; and Rg; is in series with R, .

Fig. 1

As soon as power is applied to the circuit capacitor begins to charge toward V. The voltage
across C, which is also Vg, rises exponentially with a time constant

1=RC

As long as Vg < Vp, Ig = 0. the diode remains reverse biased as long as Vg < Vp . When the
capacitor charges up to Vp , the diode conducts and Rp; decreases and capacitor starts
discharging. The reduction in R p; causes capacitor C voltage to drop very quickly to the valley
voltage Vy because of the fast time constant due to the low value of Rg; and R;. As soon as Vg
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drops below V, + Vp the diode is no longer forward biased and it stops conduction. It now
reverts to the previous state and C begins to charge once more toward V¢c .

The emitter voltage is shown infig. 2| Vg rises exponentially toward Ve but drops to a very low

value after it reaches Vp. The time for the Vg to drop from Vp to Vy is relatively small and
usually neglected. The period T can therefore be approximated as follows:

Fig. 2
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Let Thethe Time required for g to rise fromO0to g,
AsglongasRgp == (R +H;0;
WeE = Y and Va = Mviee
The capacitor charging voltage isgivenhby
Ve =Vee (1-e F2)
Where Vg istheinstantaneous capacitor voltage.

Mote thatatT:T,"'-.-"'E:"-.-"'F. :T]""."'ICC
T
T =N (1- 6 7RE)
T
ar m=(1-g /ﬁ':]l

T
or e zﬁc=1_,,,|

Thus
ETr"ﬁC = %_ N

T=Rcm[;L]
T-n

T=RC K
The frequency of oscillationis, therefore  given by
1
“ TRCK

TheparameterKvarieswih 7

Uni-junction transistor

There are two additional outputs possible for the UJT oscillation one of these is the voltage
developed at B1 due to capacitor discharge while the other is voltage developed at B2 as shown

inffig. 3
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When UJT fires (at t = T) V, drops, causing a
corresponding voltage drop at B2. The duration of
outputs at B1 and B2 are determined by C discharge
time.

If Ry is very small, C discharges very quickly and very
narrow pulse is produced at the output. If R; = 0,
obviously no pulses appear at B1.

If R, = 0, no pulse can be generated at B2. If R; is too
large, its positive resistance may swamp the negative
resistance and prevent the UJT form switching back
after it has fired.

R,, in addition to providing a source of pulse at B2, is
useful for temperature stabilization of the UJT's peak
point voltage .

Vp=Vp+ [ Vgp.

As the temperature increases, V, decreases. The Figure 31.3
temperature coefficient of Rpg 1is positive. Ry is
essentially independent of temperature. It is therefore
possible to select R, so that [ Vpp increases with
temperature by the same amount as Vp decreases. This
provides a constant Vp and, in turn, frequency of
oscillation.

Selection of R and C:

In the circuit, R is required to pass only the capacitor charging current. At the instant when Vp is
reached; R must supply the peak current. It is therefore, necessary, that the current through R
should be slightly greater than the peak point.

I =g

Wi - Ve o
= P

Yoo - Ve
lp

R =

Once the UJT fires, Vg drops to the valley voltage Vv . Ig should not be allowed to increases

376



beyond the valley point Iy, otherwise the UJT is taken into saturation region and does not switch
back, R therefore must be selected large enough to ensure that

lg <l
Wiop - Wiy
B TV
=] W
=g Yo - Yy
l,
Yo - W W - Wy

Therefore,
p Ly

As long as R is chosen between these extremes, reliable operation results.
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