
UNIT I

PN DIODE AND ITS APPLICATIONS

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



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:

where is the electron quasi Fermi level and is the hole quasi Fermi level. These two
equations lead to

In equilibrium = = Constant

Current:

There are two components of current; electron current density and hole current density .

There are several mechanisms of current flow:

(i) Drift
(ii) Diffusion

(iii) thermionic emission

(iv) tunneling
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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

where are electron and hole mobilities respectively and are their diffusion
constants.

Potential:

The potential and electric field within a semiconductor can be defined in the following ways:

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: -

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:
(i) Analysis under zero excitation i.e. equilibrium.
(ii) Analysis under constant excitation: in other words dc or static characteristics.
(iii) Analysis under time varying excitation but with quasi-static approximation dynamic
characteristics.
(iv) Analysis under time varying excitation: non quasi-static dynamic characteristics.

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.
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Equilibrium in semiconductors implies the following:

(i) steady state:
Where Z is any physical quantity such as charge, voltage electric field etc

(ii) 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.

(iii) Constant Fermi energy:

The only equations that are relevant (others being zero!) for analysis in equilibrium are:

Poisson Eq:

In equilibrium, there is only one independent variable out of the three variables :
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.
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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:

 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

 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.

 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.

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

 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:

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

 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.

 In general, the numerical approach gives highly accurate results but requires heavy
computational effort also.
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 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 Egap, i.e., energy gap solids can be classified as metals (conductors),
insulators and semi conductors.

Semiconductors

 Conductivity in between those of metals and insulators.
 Conductivity can be varied over orders of magnitude by changes in temperature, optical

excitation, and impurity content (doping).
 Generally found in column IV and neighboring columns of the periodic table.
 Elemental semiconductors: Si, Ge.
 Compound semiconductors:

Binary :

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

ZnS, ZnTe, CdSe (II-
VI).
SiC, SiGe (IV
compounds).

 Ternary : GaAsP.
Quaternary : InGaAsP.

 Si widely used for rectifiers, transistors, and ICs.
 III-V compounds widely used in optoelectronic and high-speed applications.
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Applications

 Integrated circuits (ICs) SSI, MSI, LSI, and VLSI.
 Fluorescent materials used in TV screens II-VI (ZnS).
 Light detectors InSb, CdSe, PbTe, HgCdTe.
 Infrared and nuclear radiation detectors Si and Ge.
 Gunn diode (microwave device) GaAs, InP.
 Semiconductor LEDs GaAs, GaP.
 Semiconductor LASERs GaAs, AlGaAs.

Energy Gap

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

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

temperature.

Impurities

 Can be added in precisely controlled amounts.
 Can change the electronic and optical properties.
 Used to vary conductivity over wide ranges.
 Can even change conduction process from conduction by negative charge carriers to

positive charge carriers and vice versa.
 Controlled addition of impurities doping.

Energy Bands and Charge Carriers in Semiconductors

Bonding Forces and Energy Bands in Solids

 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.

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

 Difference in the solid, the electron has a range (or band) of available energies.
 The discrete energy levels of the isolated atom spread into bands of energies in the solid

because
i) 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

equation, and different energies are obtained in the
solution, and ii) an electron is not necessarily localized at a particular atom.

 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.
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Bonding Forces in Solids

Ionic Bonding

 Example: NaCl.
 Na (Z = 11) gives up its outermost shell electron to Cl (Z=17) atom, thus the crystal is

made up of ions with the electronic structures of the inert atoms Ne and Ar.
 Note: the ions have net electric charges after the electron exchange ion has a net

positive charge, having lost an electron, and ion has a net negative charge, having
acquired an electron.

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

 Note: all the electrons are tightly bound to the atom.
 Since there are no loosely bound electrons to participate in current flow NaCl is a good

insulator.

Metallic Bonding

 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.

 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.

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

Covalent Bonding

 Exhibited by the diamond lattice semiconductors.
 Each atom surrounded by four nearest neighbors, each having four electrons in the

outermost orbit.
 Each atom shares its valence electrons with its four nearest neighbors.
 Bonding forces arise from a quantum mechanical interaction between the shared

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

 Shown by III-V compounds bonding partly ionic and partly covalent.
 Ionic character of bonding becomes more prominent as the constituent atoms move

further away in the periodic table, e.g., II-VI compounds.
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Energy Bands

 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.

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 .
 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 , 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.
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Metals, Semiconductors, and Insulators

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

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

 Thus, semiconductors at 0 K are perfect insulators.
 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.

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

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

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

Direct and Indirect Semiconductors

 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.

 In quantum mechanics, the electron momentum can be given by
 The space dependent wave function for the electron is

(2.1)
where the function modulates the wave function according to the periodicity of the
lattice.

 Allowed values of energy, while plotted as a function of k, gives the E-k diagram.
 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.

 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).

 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.

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

 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 (= )
in the form of light used for optoelectronic applications (e.g., LEDs and LASERs).

 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

 The band structures of III-V ternary and quaternary compounds change as their
composition is varied.

 There are three valleys in the conduction band: (at k = 0), L, and X.
 In GaAs, the valley has the minimum energy (direct with = 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 = 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, , and X)
in the conduction band.

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.

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

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

 The empty states left in the valence band can also contribute to current conduction.
 Also, introduction of impurities has an important effect on the availability of the charge

carriers.
 Considerable flexibility in controlling the electrical properties of semiconductors.

Electrons and Holes

 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.

 The empty states in the valence band are referred to as holes.
 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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with a velocity , there is a corresponding electron moving with a velocity - .
 In a unit volume, the current density J can be given by

 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 , whereas
the Si atom density is .

 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

(filled band) (2.2)
where N is the number of in 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

 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 .

 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

 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.

 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.

 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.

 The effective mass of an electron in a band with a given (E,k) relation is given by

(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 . Thus,
. Therefore, the dispersion relation, i.e., the E-k relation is

parabolic. Hence, . 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.

 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.

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

 Another interesting feature is that the curvature is positive at the conduction band
minima, however, it is negative at the valence band maxima.

 Thus, the electrons near the top of the valence band have negative effective mass.
 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.
 Thus, the charge transport in the valence band can be fully accounted for by considering

hole motion alone.

 The electron and hole effective masses are denoted by and respectively.
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Intrinsic Material

 A perfect semiconductor crystal with no impurities or lattice defects.
 No carriers at 0 K, since the valence band is completely full and the conduction band is

completely empty.
 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 = .
 The excited electron becomes free and leaves behind an empty state (hole).
 Since these carriers are created in pairs, the electron concentration ( ) is always

equal to the hole concentration ( ), and each of these is commonly referred to as the
intrinsic carrier concentration ( ).

 Thus, for intrinsic material n = p = .
 These carriers are not localized in the lattice; instead they spread out over several lattice

spacings, and are given by quantum mechanical probability distributions.
 Note: ni = f(T).
 To maintain a steady-state carrier concentration, the carriers must also recombine at the

same rate at which they are generated.
 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.
 At equilibrium, = , where and are the generation and recombination

rates respectively, and both of these are temperature dependent.
 (T) increases with temperature, and a new carrier concentration ni is established, such

that the higher recombination rate (T) just balances generation.
 At any temperature, the rate of recombination is proportional to the equilibrium

concentration of electrons and holes, and can be given by (2.5)
where is a constant of proportionality (depends on the mechanism by which
recombination takes place).

Extrinsic Material

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

 Most common technique for varying the conductivity of semiconductors.
 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., >> , n-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., >> , 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
atoms, considering the loosely bound electron orbiting around the tightly bound core
electrons. Thus,

(2.6)where is the relative permittivity of Si.

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

SOLUTION: From Eq.(2.6), we have

= 1.867 x J     = 0.117 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
(at 600 K), 1.18 (at 300 K), 1.08 (at 77 K), and 1.026 (at 4.2 K).

 In III-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
, the resistivity of Si changes from 2 x -cm to 5 -cm.

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

J/K).
(2.7)where k is Boltzmann's constant (= 8.62 x eV/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.

 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 - ) > 3kT (known as Boltzmann approximation), f(E) exp[- (E- )/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 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
occupied, and all states above empty.

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

 The F-D distribution function is highly symmetric, i.e., the probability f( + ) that
a state E above is filled is the same as the probability [1- f( - )] that a state
E below 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 , a large electron concentration
implies a small hole concentration, and vice versa.

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

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

Electron and Hole Concentrations at Equilibrium

 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.

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

(2.8)

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

 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 's wave equation under periodic boundary conditions,
it can be shown
that

(2.9)
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electrons ( ) and holes ( ) respectively, and since , hence, .
 Thus, as ( - ) decreases, i.e., the Fermi level moves closer to the valence band

 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 , 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 and using Boltzmann approximation.

Thus, (2.10)

where .

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

 By similar arguments,

(2.11)

where is the effective density of states located at the valence band edge .

 Note: the only terms separating the expressions for and are the effective masses of

edge, and the hole concentration increases.
 These equations for and are valid in equilibrium, irrespective of the material

being intrinsic or doped.
 For intrinsic material lies at an intrinsic level (very near the middle of the

band gap), and the intrinsic electron and hole concentrations are given
by

and (2.12)
 Note: At equilibrium, the product is a constant for a particular material and

temperature, even though the doping is varied,

i.e., (2.13)

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

temperature:

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



(2.14)
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 These relations are extremely important, and are frequently used for calculations.
 Note: if were to be equal to , then would have been exactly at mid gap (i.e.,

- = - = /2).
 However, since , is displaced slightly from mid gap (more for GaAs than that

for Si).
 Alternate expressions for and :

and (2.15)

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

 Similarly, the hole concentration varies from to larger values as moves from
towards the valence band.

EXAMPLE 2.3: A Si sample is doped with B . What is the equilibrium
electron concentration n0 at 300 K? Where is relative to ? Assume for Si at 300
K = 1.5 x

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

= . Also,
. The resulting band diagram is:

Temperature Dependence of Carrier Concentrations

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

(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.

 As changes with temperature, so do and .
 With and T given, the unknowns are the carrier concentrations and the Fermi level

position with respect to one of these quantities must be given in order to calculate
the other.

 Example: Si doped with donors ( ).
 At very low temperature, negligible intrinsic EHPs exist, and all the donor electrons are

bound to the donor atoms.
 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             , 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, remains 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 .

 For high temperatures, >> , 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.

Compensation and Space Charge Neutrality

 Semiconductors can be doped with both donors ( ) and acceptors ( ) simultaneously.
 Assume a material doped with >            predominantly n-type lies above

acceptor level Ea completely full, however, with above , the hole
concentration cannot be equal to .

 Mechanism:

o Electrons are donated to the conduction band from the donor level
o An acceptor state gets filled by a valence band electron, thus creating a hole in the

valence band.
o An electron from the conduction band recombines with this hole.
o Extending this logic, it is expected that the resultant concentration of electrons in

the conduction band would be instead of .
o This process is called compensation.

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

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 ( ); and for all
accepted electrons (or holes in the valence band), there are negatively charged ions (
).

 Therefore, the sum of positive charges must equal the sum of negative charges, and this
governing relation,
given by (2.17) is referred to as the equation for space charge neutrality.

 This equation, solved simultaneously with the law of mass action (given by )
gives the information about the carrier concentrations.
Note: for ,

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/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 is applied in the x-direction, each electron experiences a net
force q 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 is the x-component of the total momentum of the group, then the force of the field on
the n is

(2.18)

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 does produce a net momentum , for steady state

current flow, the net rate of change of momentum must be zero when collisions are
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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 electrons 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, i.e.

(2.19)

where is the constant of proportionality.

 The solution is an exponential function

(2.20)

and represents 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/ , thus, the
differential change in due to collisions in time dt is

(2.21)

 Thus, the rate of change of due to the decelerating effect of collisions is

(2.22)

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

(2.23)

 The average momentum per electron (averaged over the entire group of electrons) is

(2.24)
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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

(2.25)

 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 .

 The current density resulting from this drift

(2.26)

 This is the familiar Ohm's law with being the conductivity of the sample, which

can also be written as , with is defined as the electron mobility
(in ), 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 with 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 (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 is inversely proportional to .

 The other parameter in the mobility expression, i.e., (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 where is 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 ).
 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 ).

 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:

(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., for intrinsic Si is 1350 at 300 K, whereas with a donor
doping of , n drops to 700 ).

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 > ), 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
), 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.

 If a 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 + v x B) (2.29)

 Thus, the holes will get deflected towards the -y-direction, and establish an electric field
along the y-direction, such that in steady state

 The establishment of this electric field is known as the Hall effect, and the resulting
voltage is called the Hall voltage.

 Using the expression for the drift current, is called the
Hall coefficient.

 A measurement of the Hall voltage along with the information for magnetic field and
current density gives the majority carrier concentration

 Also, the majority carrier mobility can be obtained from a measurement of
the resistivity

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

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

 Note: caution should be exercised for near intrinsic samples.

EXAMPLE 2.4: A sample of Si is doped with In . What will be the
measured value of its resistivity? What is the expected  Hall voltage in a 150 m thick
sample if ?
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SOLUTION:

Equilibrium Condition

 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.

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

 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.

 Assume materials 1 and 2 have densities of state N1(E) and N2(E), and F-D distribution
functions f1(E) and f2(E) respectively at any energy E.

 The rate of electron motion from 1 to 2 can be given byrate from 1 to 2 N1(E)f1(E) .
N2(E)[1 f2(E)] (2.30)and the rate of electron motion from 2 to 1 can be given byrate from
2 to 1 N2(E)f2(E) . N1(E)[1 f1(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.

Practice Problems
2.1 Electrons move in a crystal as wave packets with a group velocity 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

and a is the acceleration.

2.2 Some semiconductors of interest have the dependence of its energy E with respect to

the wave vector k, given by is 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
respectively, and intrinsic carrier concentrations of
respectively. Comment on the answers. Will change with doping at
equilibrium?

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

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

2.6 Derive an expression relating the intrinsic level to the center of the band gap

and compute the magnitude of this displacement for Si and GaAs at 300 K.

Assume respectively.

2.7 Show that in order to obtain maximum resistivity in a GaAs sample
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
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
b) Clearly draw the equilibrium band diagram, showing the position of the Fermi level

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

2.9 A Si sample is doped with 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

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



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,
Hence, show that if there are a total of i number of scattering events, each with a mean

free time of then the net electron mobility can be given by where
is the mobility due to the ith scattering event.

2.11 A Ge sample is oriented in a magnetic field (refer to
Fig.2.8). The current is 4 mA, and the sample dimensions are w = 0.25 mm,
t = 50 m, and L = 2.5 mm. The following data are taken:

Find the type and concentration of the majority
carrier, and its mobility. Hence, compute the net relaxation time for the various scattering

events, assuming

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 can be obtained from two measurements of with the
magnetic field first in the +z-direction, and then in the z-direction.

Metals

or
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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 Egap 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 Egap is 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 Resistors 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 wit h 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

Ohm´s Law 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  ρ, (Rho). Resistivity is

measured in Ohm-metres, ( Ω-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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Resistivity Chart

Notice also that there is a very small

margin between the resistivity of the

conductors such as silver and gold,

compared to a much larger margin for
the resistivity of the insulators

between glass and quartz. The

resistivity of all the materials at any

one time also depends upon their

temperature.

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

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



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).

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.
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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:

o positively charged donors.

o negatively charged free electrons.
 5. Supply of energy gives:

o negatively charged free electrons.

o 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:

o negatively charged acceptors.

o positively charged holes.
 5. Supply of energy gives:

o positively charged holes.

o 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 (ND) 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

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.ND in order to

maintain charge neutrality also called equilibrium.
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PN junction Distance

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:

Where: Eo is the zero bias junction voltage, VT the thermal voltage of  26mV at room
temperature, ND and NA are the impurity concentrations and ni 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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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 is 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 termina ls 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.

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
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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 IF

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 IR. This transfer of electrons and holes back and forth across the

PN junction is known as diffusion, as shown below.

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



Zero Biased Junction Diode

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

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, (μA). 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 I-V characteristics curve above as the "knee" point.

Forward Biased Junction Diode showing a Reduction in the Depletion Layer

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 1N4148 and its equivalent 1N914 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

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

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 (IF(max)) is 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 (Ohm´s Law) in the form of heat. Then, exceeding its (IF(max)) 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 25oC. Then a resistor must be used in series with the diode to
limit the forward current, (IF(max)) through it to below this value.

2. Peak Inverse Voltage

The Peak Inverse Voltage (PIV) or Maximum Reverse Voltage (VR(max)), is the maximum

allowable Reverse operating voltage that can be applied across the diode without reverse
breakdown and damage occurring to the device. This rat ing therefore, is usually less than the
"avalanche breakdown" level on the reverse bias characteristic curve. Typical values of VR(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, (PD(max)) 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: PD = VxI

4. Maximum Operating Temperature

The Maximum Operating Temperature actually relates to the Junction Temperature (TJ) 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, ( oC/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

25oC or 70oC.

Then there are three main parameters that must be considered when either selecting or replacing

a signal diode and these are:

 The Reverse Voltage Rating

 The Forward Current Rating

 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

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.

Signal Diode Arrays

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.

Signal Diode Arrays

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

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, RD 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 switc hing 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

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 Transistor, 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

Power 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 1oC/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

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 1N4007GP 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

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 (Ohm´s Law), 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 VDC across the load resistor is calculated as

follows.

Where Vmax is the maximum voltage value of the AC supply, and VS is the r.m.s. value of the
supply.

Example No1.

Calculate the current, ( IDC ) flowing through a 100Ω resistor connected to a 240v single phase

half-wave rectifier as shown above. Also calculate the power consumed by the load.

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 Capacitor 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

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 (RC Time Constant) 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

The full wave rectifier circuit consists of two power diodes connected to a single load resistance
(RL) 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 D1 conducts in the forward direction as

indicated by the arrows. When point B is positive (in the negative half of t he cycle) with respect
to point A, diode D2 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 0.637Vmax 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 VMAX amplitude.

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 D1 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 se

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



Chapter 4

OPERATIONAL AMPLIFIERS
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8.1 Introduction

The operational amplifier is arguably the most useful single device in analog electronic cir-
cuitry. With only a handful of external components, it can be made to perform a wide variety

355

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



8.2. SINGLE-ENDED AND DIFFERENTIAL AMPLIFIERS 356
356
356of analog signal processing tasks. It is also quite affordable, most general-purpose amplifiers

selling for under a dollar apiece. Modern designs have been engineered with durability in
mind as well: several ”op-amps” are manufactured that can sustain direct short-circuits on
their outputs without damage.

One key to the usefulness of these little circuits is in the engineering principle of feedback,
particularly negative feedback, which constitutes the foundation of almost all automatic control
processes. The principles presented here in operational amplifier circuits, therefore, extend
well beyond the immediate scope of electronics. It is well worth the electronics student’s time
to learn these principles and learn them well.

8.2 Single-ended and differential amplifiers

For ease of drawing complex circuit diagrams, electronic amplifiers are often symbolized by a
simple triangle shape, where the internal components are not individually represented. This
symbology is very handy for cases where an amplifier’s construction is irrelevant to the greater
function of the overall circuit, and it is worthy of familiarization:

General amplifier circuit symbol

+Vsupply

Input Output

-Vsupply

The +V and -V connections denote the positive and negative sides of the DC power supply,
respectively. The input and output voltage connections are shown as single conductors, because
it is assumed that all signal voltages are referenced to a common connection in the circuit called
ground. Often (but not always!), one pole of the DC power supply, either positive or negative,
is that ground reference point. A practical amplifier circuit (showing the input voltage source,
load resistance, and power supply) might look like this:

Vinput

+V

Input Output

-V

+
30 V

-
Rload

Without having to analyze the actual transistor design of the amplifier, you can readily
discern the whole circuit’s function: to take an input signal (Vin), amplify it, and drive a load
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357
357resistance (Rload). To complete the above schematic, it would be good to specify the gains of

that amplifier (AV , AI , AP ) and the Q (bias) point for any needed mathematical analysis.
If it is necessary for an amplifier to be able to output true AC voltage (reversing polarity)

to the load, a split DC power supply may be used, whereby the ground point is electrically
”centered” between +V and -V. Sometimes the split power supply configuration is referred to
as a dual power supply.

Vinput

+V

Input Output
+

15 V

-
Rload

+
15 V

-

The amplifier is still being supplied with 30 volts overall, but with the split voltage DC
power supply, the output voltage across the load resistor can now swing from a theoretical
maximum of +15 volts to -15 volts, instead of +30 volts to 0 volts. This is an easy way to
get true alternating current (AC) output from an amplifier without resorting to capacitive or
inductive (transformer) coupling on the output. The peak-to-peak amplitude of this amplifier’s
output between cutoff and saturation remains unchanged.

By signifying a transistor amplifier within a larger circuit with a triangle symbol, we ease
the task of studying and analyzing more complex amplifiers and circuits. One of these more
complex amplifier types that we’ll be studying is called the differential amplifier. Unlike nor-
mal amplifiers, which amplify a single input signal (often called single-ended amplifiers), differ-
ential amplifiers amplify the voltage difference between two input signals. Using the simplified
triangle amplifier symbol, a differential amplifier looks like this:

Differential amplifier

+Vsupply

Input
1

Input2

−+
-Vsupply

Output

The two input leads can be seen on the left-hand side of the triangular amplifier symbol, the
output lead on the right-hand side, and the +V and -V power supply leads on top and bottom.
As with the other example, all voltages are referenced to the circuit’s ground point. Notice that
one input lead is marked with a (-) and the other is marked with a (+). Because a differential
amplifier amplifies the difference in voltage between the two inputs, each input influences the
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0 0 0 0 1 2.5 7 3 -3 -2

0 1 2.5 7 0 0 0 3 3 -7

0 4 10 28 -4 -10 -28 0 24 -20

output voltage in opposite ways. Consider the following table of input/output voltages for a
differential amplifier with a voltage gain of 4:

(-) Input1

(+) Input2

Output

Voltage output equation: Vout = AV(Input2 - Input1)

or
Vout = AV(Input(+) - Input(-))

An increasingly positive voltage on the (+) input tends to drive the output voltage more
positive, and an increasingly positive voltage on the (-) input tends to drive the output voltage
more negative. Likewise, an increasingly negative voltage on the (+) input tends to drive the
output negative as  well, and an increasingly negative voltage on the (-) input does just the
opposite. Because of this relationship between inputs and polarities, the (-) input is commonly
referred to as the inverting input and the (+) as the noninverting input.

It may be helpful to think of a differential amplifier as a variable voltage source controlled
by a sensitive voltmeter, as such:

+V
-

-
G

+

+ -V

Bear in mind that the above illustration is only a model to aid in understanding the behav-
ior of a differential amplifier. It is not a realistic schematic of its actual design. The ”G” symbol
represents a galvanometer, a sensitive voltmeter movement. The potentiometer connected be-
tween +V and -V provides a variable voltage at the output pin (with reference to one side of
the DC power supply), that variable voltage set by the reading of the galvanometer. It must be
understood that any load powered by the output of a differential amplifier gets its current from
the DC power source (battery), not the input signal. The input signal (to the galvanometer)
merely controls the output.

This concept may at first be confusing to students new to amplifiers. With all these polar-
ities and polarity markings (- and +) around, its easy to get confused and not know what the
output of a differential amplifier will be. To address this potential confusion, here’s a simple
rule to remember:
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- −
Differential

input voltage
+ + +

Output
- voltage

+ −
Differential

input voltage - Output
- + + voltage

When the polarity of the differential voltage matches the markings for inverting and nonin-
verting inputs, the output will be positive. When the polarity of the differential voltage clashes
with the input markings, the output will be negative. This bears some similarity to the math-
ematical sign displayed by digital voltmeters based on input voltage polarity. The red test lead
of the voltmeter (often called the ”positive” lead because of the color red’s popular association
with the positive side of a power supply in electronic wiring) is more positive than the black,
the meter will display a positive voltage figure, and vice versa:

Differential
input voltage

blk
-

6 V
+ red

-
+ 6.00 V

Digital Voltmeter

+

+
Differential

input voltage 6 V
-

blk

red

-
- 6.00 V

Digital Voltmeter

+

Just as a voltmeter will only display the voltage between its two test leads, an ideal differ-
ential amplifier only amplifies the potential difference between its two input connections, not
the voltage between any one of those connections and ground. The output polarity of a differ-
ential amplifier, just like the signed indication of a digital voltmeter, depends on the relative
polarities of the differential voltage between the two input connections.

If the input voltages to this amplifier represented mathematical quantities (as  is the case
within analog computer circuitry), or physical process measurements (as is the case within
analog electronic instrumentation circuitry), you can see how  a device such as a differential
amplifier could be very useful. We could use it to compare two quantities to see which is
greater (by the polarity of the output voltage), or perhaps we could compare the difference
between two quantities (such as the level of liquid in two tanks) and flag an alarm (based on the
absolute value of the amplifier output) if the difference became too great. In basic automatic
control circuitry, the quantity being controlled (called the process variable) is compared with
a target value (called the setpoint), and decisions are made as to how to act based on the
discrepancy between these two values. The first step in electronically controlling such a scheme
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C

dt
= Rate of change of dt

= Rate of change of

is to amplify the difference between the process variable and the setpoint with a differential
amplifier. In simple controller designs, the output of this differential amplifier can be directly
utilized to drive the final control element (such as a valve) and keep the process reasonably
close to setpoint.

• REVIEW:

• A ”shorthand” symbol for an electronic amplifier is a triangle, the wide end signifying
the input side and the narrow end signifying the output. Power supply lines are often
omitted in the drawing for simplicity.

• To facilitate true AC output from an amplifier, we can use what is called a split or dual
power supply, with two DC voltage sources connected in series with the middle point
grounded, giving a positive voltage to ground (+V) and a negative voltage to ground (-V).
Split power supplies like this are frequently used in differential amplifier circuits.

• Most amplifiers have one input and one output. Differential amplifiers have two inputs
and one output, the output signal being proportional to the difference in signals between
the two inputs.

• The voltage output of a differential amplifier is determined by the following equation:
Vout = AV (Vnoninv - Vinv)

8.3 The ”operational” amplifier

Long before the advent of digital electronic technology, computers were built to electronically
perform calculations by employing voltages and currents to represent numerical quantities.
This was especially useful for the simulation of physical processes. A variable voltage, for in-
stance, might represent velocity or force in  a physical system. Through the use of resistive
voltage dividers and voltage amplifiers, the mathematical operations of division and multipli-
cation could be easily performed on these signals.

The reactive properties of capacitors and inductors lend themselves well to the simulation
of variables related by calculus functions. Remember how the current through a capacitor
was a function of the voltage’s rate of change, and how that rate of change was designated
in calculus as the derivative? Well, if voltage across a capacitor were made to represent the
velocity of an object, the current through the capacitor would represent the force required to
accelerate or decelerate that object, the capacitor’s capacitance representing the object’s mass:

i = C dv
dt

F = m dv
dt

Where, Where,

iC = Instantaneous current
through capacitor

C = Capacitance in farads
dv

voltage over time

F = Force applied to object

m = Mass of object
dv

velocity over time
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361This analog electronic computation of the calculus derivative function is technically known

as differentiation, and it is a natural function of a capacitor’s current in relation to the voltage
applied across it. Note that this circuit requires no ”programming” to perform this relatively
advanced mathematical function as a digital computer would.

Electronic circuits are very easy and inexpensive to create compared to complex physical
systems, so this kind of analog electronic simulation was widely used in the research and
development of mechanical systems. For realistic simulation, though, amplifier circuits of high
accuracy and easy configurability were needed in these early computers.

It was found in the course of analog computer design that differential amplifiers with ex-
tremely high voltage gains met these requirements of accuracy and configurability better than
single-ended amplifiers with custom-designed gains. Using simple components connected to
the inputs and output of the high-gain differential amplifier, virtually any gain and any func-
tion could be obtained from the circuit, overall, without adjusting or modifying the internal
circuitry of the amplifier itself. These high-gain differential amplifiers came to be known as
operational amplifiers, or op-amps, because of their application in analog computers’ mathe-
matical operations.

Modern op-amps, like the popular model 741, are high-performance, inexpensive integrated
circuits. Their input impedances are quite high, the inputs drawing currents in the range of
half a microamp (maximum) for the 741, and far less for op-amps utilizing field-effect input
transistors. Output impedance is typically quite low, about 75 Ω for the model 741, and many
models have built-in output short circuit protection, meaning that their outputs can be directly
shorted to ground without causing harm to the internal circuitry. With direct coupling between
op-amps’ internal transistor stages, they can amplify DC signals just as well as AC (up to
certain maximum voltage-risetime limits). It would cost far more in money and time to design
a comparable discrete-transistor amplifier circuit to match that kind of performance, unless
high power capability was required. For these reasons, op-amps have all but obsoleted discrete-
transistor signal amplifiers in many applications.

The following diagram shows the pin connections for single op-amps (741 included) when
housed in an 8-pin DIP (Dual Inline Package) integrated circuit:
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null

− +

Typical 8-pin "DIP" op-amp
integrated circuit

No +Vconnection Output Offset

8 7 6 5

1 2 3 4

Offset -V
null

Some models of op-amp come two to a package, including the popular models TL082 and
1458. These are called ”dual” units, and are typically housed in an  8-pin DIP package as well,
with the following pin connections:

Dual op-amp in 8-pin DIP

+V

8 7 6 5

1 2 3 4

-V
Operational amplifiers are also available four to a package, usually in 14-pin DIP arrange-

ments. Unfortunately, pin assignments aren’t as standard for these ”quad” op-amps as they
are for the ”dual” or single units. Consult the manufacturer datasheet(s) for details.

Practical operational amplifier voltage gains are in the range of 200,000 or more, which
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with a voltage gain (AV ) of 200,000 and a maximum output voltage swing of +15V/-15V, all
it would take is a differential input voltage of 75 µV (microvolts) to drive it to saturation or
cutoff! Before we take a look at how external components are used to bring the gain down to a
reasonable level, let’s investigate applications for the ”bare” op-amp by itself.

One application is called the comparator. For all practical purposes, we can say that the
output of an op-amp will be saturated fully positive if the (+) input is more positive than the (-)
input, and saturated fully negative if the (+) input is less positive than the (-) input. In other
words, an op-amp’s extremely high voltage gain makes it useful as a device to compare two
voltages and change output voltage states when one input exceeds the other in magnitude.

Vin

+V− LED+
-V

In the above circuit, we have an op-amp connected as a comparator, comparing the input
voltage with a reference voltage set by the potentiometer (R1 ). If Vin drops below the voltage
set by R1 , the op-amp’s output will saturate to +V, thereby lighting up the LED. Otherwise, if
Vin is above the reference voltage, the LED will remain off. If Vin is a voltage signal produced
by a measuring instrument, this comparator circuit could function as a ”low” alarm, with the
trip-point set by R1 . Instead of an LED, the op-amp output could drive a relay, a transistor, an
SCR, or any other device capable of switching power to a load such as a solenoid valve, to take
action in the event of a low alarm.

Another application for the comparator circuit shown is a square-wave converter. Suppose
that the input voltage applied to the inverting (-) input was an AC sine wave rather than a
stable DC voltage. In that case, the output voltage would transition between opposing states
of saturation whenever the input voltage was equal to the reference voltage produced by the
potentiometer. The result would be a square wave:
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+V

Vin

−
Vout+

-V

Vin Vout

Adjustments to the potentiometer setting would change the reference voltage applied to
the noninverting (+) input, which would change the points at which the sine wave would cross,
changing the on/off times, or duty cycle of the square wave:

+V

Vin

−
Vout+

-V

Vin Vout

It should be evident that the AC input voltage would not have to be a sine wave in particular
for this circuit to perform the same function. The input voltage could be  a triangle wave,
sawtooth wave, or any other sort of wave that ramped smoothly from positive to negative to
positive again. This sort of comparator circuit is very useful for creating square waves of
varying duty cycle. This technique is sometimes referred to as pulse-width modulation, or
PWM (varying, or modulating a waveform according to a controlling signal, in this case the
signal produced by the potentiometer).

Another comparator application is that of the bargraph driver. If we had several op-amps
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but each one monitoring the same voltage signal on their noninverting inputs, we could build a
bargraph-style meter such as what is commonly seen on the face of stereo tuners and graphic
equalizers. As the signal voltage (representing radio signal strength  or audio sound level)
increased, each comparator would ”turn on” in sequence and send power to its respective LED.
With each comparator switching ”on” at a different level of audio sound, the number of LED’s
illuminated would indicate how strong the signal was.

+V
Simple bargraph driver circuit

− LED4+− LED3+− LED2+− LED1+
-V

-V

Vin

In the circuit shown above, LED1 would be the first to light up as the input voltage increased
in a positive direction. As the input voltage continued to increase, the other LED’s would
illuminate in succession, until all were lit.

This very same technology is used in some analog-to-digital signal converters, namely the
flash converter, to translate an analog signal quantity into a series of on/off voltages represent-
ing a digital number.

• REVIEW:

• A triangle shape is the generic symbol for an amplifier circuit, the wide end signifying
the input and the narrow end signifying the output.

• Unless otherwise specified, all voltages in amplifier circuits are referenced to a common
ground point, usually connected to one terminal of the power supply. This way, we can
speak of a certain amount of voltage being ”on” a single wire, while realizing that voltage
is always measured between two points.
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366• A differential amplifier is one amplifying the voltage difference between two signal inputs.

In such a circuit, one input tends to drive the output voltage to the same polarity of the
input signal, while the other input does just the opposite. Consequently, the first input is
called the noninverting (+) input and the second is called the inverting (-) input.

• An operational amplifier (or op-amp for short) is a differential amplifier with an extremely
high voltage gain (AV = 200,000 or more). Its name hails from its original use in analog
computer circuitry (performing mathematical operations).

• Op-amps typically have very high input impedances and fairly low output impedances.

• Sometimes op-amps are used as signal comparators, operating in full cutoff or saturation
mode depending on  which input (inverting or noninverting) has the greatest voltage.
Comparators are useful in detecting ”greater-than” signal conditions (comparing one to
the other).

• One comparator application is called the pulse-width modulator, and is made by compar-
ing a sine-wave AC signal against a DC reference voltage. As the DC reference voltage
is adjusted, the square-wave output of the comparator changes its duty cycle (positive
versus negative times). Thus, the DC reference voltage controls, or modulates the pulse
width of the output voltage.

8.4 Negative feedback

If we connect the output of an op-amp to its inverting input and apply a voltage signal to
the noninverting input, we find that the output voltage of the op-amp closely follows that
input voltage (I’ve neglected to draw in the power supply, +V/-V wires, and ground symbol for
simplicity):

−
Vin + Vout

As Vin increases, Vout will increase in accordance with the differential gain. However, as
Vout increases, that output voltage is fed back to the inverting input, thereby acting to decrease
the voltage differential between inputs, which acts to bring the output down. What will happen
for any given voltage input is that the op-amp will output a voltage very nearly equal to Vin,
but just low enough so that there’s enough voltage difference left between Vin and the (-) input
to be amplified to generate the output voltage.

The circuit will quickly reach a point of stability (known as equilibrium in physics), where
the output voltage is just the right amount to maintain the right amount of differential, which
in turn produces the right amount of output voltage. Taking the op-amp’s output voltage and
coupling it to the inverting input is a technique known as negative feedback, and it is the key
to having a self-stabilizing system (this is true not only of op-amps, but of any dynamic system
in general). This stability gives the op-amp the capacity to work in its linear (active) mode, as
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opposed to merely being saturated fully ”on” or ”off ” as it was when used as a comparator, with
no feedback at all.

Because the op-amp’s gain is so high, the voltage on the inverting input can be maintained
almost equal to Vin. Let’s say that our op-amp has a differential voltage gain of 200,000. If Vin

equals 6 volts, the output voltage will be 5.999970000149999 volts. This creates just enough
differential voltage (6 volts - 5.999970000149999 volts = 29.99985 µV) to cause 5.999970000149999
volts to be manifested at the output terminal, and the system holds there in balance. As you
can see, 29.99985 µV is not a lot of differential, so for practical calculations, we can assume
that the differential voltage between the two input wires is held by negative feedback exactly
at 0 volts.

The effects of negative feedback

−
29.99985 µV +

5.999970000149999 V

6 V

The effects of negative feedback
(rounded figures)

−
0 V + 6 V

6 V

One great advantage to using an op-amp with negative feedback is that the actual voltage
gain of the op-amp doesn’t matter, so long as its very large. If the op-amp’s differential gain
were 250,000 instead of 200,000, all it would mean is that the output voltage would hold just
a little closer to Vin (less differential voltage needed between inputs to generate the required
output). In the circuit just illustrated, the output voltage would still be (for all practical pur-
poses) equal to the non-inverting input voltage. Op-amp gains, therefore, do not have to be
precisely set by the factory in order for the circuit designer to build an amplifier circuit with
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368precise gain. Negative feedback makes the system self-correcting. The above circuit as a whole

will simply follow the input voltage with a stable gain of 1.
Going back to our differential amplifier model, we can think of the operational amplifier

as being a variable voltage source controlled by an extremely sensitive null detector, the kind
of meter movement or other sensitive measurement device used in bridge circuits to detect a
condition of balance (zero volts). The ”potentiometer” inside the op-amp creating the variable
voltage will move to whatever position it must to ”balance” the inverting and noninverting
input voltages so that the ”null detector” has zero voltage across it:

+V

0 V null

+ -V

6 V

As the ”potentiometer” will move to provide an output voltage necessary to satisfy the ”null
detector” at an ”indication” of zero volts, the output voltage becomes equal to the input voltage:
in this case, 6 volts. If the input voltage changes at all, the ”potentiometer” inside the op-amp
will change position to hold the ”null detector” in balance (indicating zero volts), resulting in
an output voltage approximately equal to the input voltage at all times.

This will hold true within the range of voltages that the op-amp can output. With a power
supply of +15V/-15V, and an ideal amplifier that can swing its output voltage just as far, it
will faithfully ”follow” the input voltage between the limits of +15 volts and -15 volts. For this
reason, the above circuit is known as a voltage follower. Like its one-transistor counterpart,
the common-collector (”emitter-follower”) amplifier, it has a voltage gain of 1, a high input
impedance, a low output impedance, and a high current gain. Voltage followers are also known
as voltage buffers, and are used to boost the current-sourcing ability of voltage signals too weak
(too high of source impedance) to directly drive a load.   The op-amp model shown in the last
illustration depicts how the output voltage is essentially isolated from the input voltage, so
that current on the output pin is not supplied by the input voltage source at all, but rather
from the power supply powering the op-amp.

It should be mentioned that many op-amps cannot swing their output voltages exactly to
+V/-V power supply rail voltages. The  model 741 is one of those that cannot: when saturated,
its output voltage peaks within about one volt of the +V power supply voltage and within about
2 volts of the -V power supply voltage. Therefore, with a split power supply of +15/-15 volts,
a 741 op-amp’s output may go as high as +14 volts or as low as -13 volts (approximately), but
no further. This is due to its bipolar transistor design. These two voltage limits are known
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369as the positive saturation voltage and negative saturation voltage, respectively. Other op-amps,

such as the model  3130 with field-effect transistors in the final output stage, have the ability to
swing their output voltages within millivolts of either power supply rail voltage. Consequently,
their positive and negative saturation voltages are practically equal to the supply voltages.

• REVIEW:

• Connecting the output of an op-amp to its inverting (-) input is called negative feedback.
This term can be broadly applied to any dynamic system where the output signal is ”fed
back” to the input somehow so as to reach a point of equilibrium (balance).

• When the output of an op-amp is directly connected to its inverting (-) input, a voltage
follower will be created. Whatever signal voltage is impressed upon the noninverting (+)
input will be seen on the output.

• An op-amp with negative feedback will try to drive its output voltage to whatever level
necessary so that the differential voltage between the two inputs is practically zero. The
higher the op-amp differential gain, the closer that differential voltage will be to zero.

• Some op-amps cannot produce an output voltage equal to their supply voltage when sat-
urated. The model 741 is one of these. The upper and lower limits of an op-amp’s output
voltage swing are known as positive saturation voltage and negative saturation voltage,
respectively.

8.5 Divided feedback

If we add a voltage divider to the negative feedback wiring so that only a fraction of the output
voltage is fed back to the inverting input instead of the full amount, the output voltage will be
a multiple of the input voltage (please bear in mind that the power supply connections to the
op-amp have been omitted once again for simplicity’s sake):

The effects of divided negative feedback

6 mA R1 6 V R2 6 mA

1 kΩ 1 kΩ
6 V −

0 V + 12 V

All voltage figures shown in
reference to ground

6 V
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370If R1 and R2 are both equal and Vin is 6 volts, the op-amp will output whatever voltage is

needed to drop 6 volts across R1 (to make the inverting input voltage equal to 6 volts, as well,
keeping the voltage difference between the two inputs equal to zero). With the 2:1 voltage
divider of R1 and R2 , this will take 12 volts at the output of the op-amp to accomplish.

Another way of analyzing this circuit is to start by calculating the magnitude and direction
of current through R1 , knowing the voltage on either side (and therefore, by subtraction, the
voltage across R1 ), and R1 ’s resistance. Since the left-hand side of R1 is connected to ground (0
volts) and the right-hand side is at a potential of 6 volts (due to the negative feedback holding
that point equal to Vin), we can see that we have 6 volts across R1 . This gives us 6 mA of current
through R1 from left to right. Because we know that both inputs of the op-amp have extremely
high impedance, we  can safely assume they won’t add or subtract any current through the
divider. In other words, we can treat R1 and R2 as being in series with each other: all of the
electrons flowing through R1 must flow through R2 . Knowing the current through R2 and the
resistance of R2 , we can calculate the voltage across R2 (6 volts), and its polarity. Counting up
voltages from ground (0 volts) to the right-hand side of R2 , we arrive at 12 volts on the output.

Upon examining the last illustration, one might wonder, ”where does that 6 mA of current
go?” The last illustration doesn’t show the entire current path, but in reality it comes from the
negative side of the DC power supply, through ground, through R1 , through R2 , through the
output pin of the op-amp, and then back to the positive side of the DC power supply through the
output transistor(s) of the op-amp. Using the null detector/potentiometer model of the op-amp,
the current path looks like this:

R1 R2

1 kΩ 1 kΩ
-

null

+ -V

6 V

The 6 volt signal source does not have to supply any current for the circuit: it merely
commands the op-amp to balance voltage between the inverting (-) and noninverting (+) input
pins, and in so doing produce an output voltage that is twice the input due to the dividing effect
of the two 1 kΩ resistors.

We can change the voltage gain of this circuit, overall, just by adjusting the values of R1

and R2 (changing the ratio of output voltage that is fed back to the inverting input). Gain can
be calculated by the following formula:
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R

AV =
R2 + 1
R1

Note that the voltage gain for this design of amplifier circuit can never be less than 1. If
we were to lower R2 to a value of zero ohms, our circuit would be essentially identical to the
voltage follower, with the output directly connected to the inverting input. Since the voltage
follower has a gain of 1, this sets the lower gain limit of the noninverting amplifier. However,
the gain can be increased far beyond 1, by increasing R2 in proportion to R1 .

Also note that the polarity of the output matches that of the input, just as with a voltage
follower. A positive input voltage results in a positive output voltage, and vice versa (with
respect to ground). For this reason, this circuit is referred to as a noninverting amplifier.

Just as with the voltage follower, we see that the differential gain of the op-amp is irrele-
vant, so long  as its very high. The voltages and currents in this circuit would hardly change
at all if the op-amp’s voltage gain were 250,000 instead of 200,000. This stands as a stark con-
trast to single-transistor amplifier circuit designs, where the Beta of the individual transistor
greatly influenced the overall gains of the amplifier. With negative feedback, we have a self-
correcting system that amplifies voltage according to the ratios set by the feedback resistors,
not the gains internal to the op-amp.

Let’s see what happens if we retain negative feedback through a voltage divider, but apply
the input voltage at a different location:

6 mA R1 0 V R2 6 mA

1 kΩ 1 kΩ
6 V −+ -6 V

0 V
All voltage figures shown in

reference to ground

By grounding the noninverting input, the negative feedback from the output seeks to hold
the inverting input’s voltage at 0 volts, as well. For this reason, the inverting input is referred
to in this circuit as a virtual ground, being held at ground potential (0 volts) by the feedback,
yet not directly connected to (electrically common with) ground. The input voltage this time
is applied to the left-hand end of the voltage divider (R1 = R2 = 1 kΩ again), so the output
voltage must swing to -6 volts in order to balance the middle at ground potential (0 volts).
Using the same techniques as with the noninverting amplifier, we can analyze this circuit’s
operation by determining current magnitudes and directions, starting with R1 , and continuing
on to determining the output voltage.

We can change the overall voltage gain of this circuit, overall, just by adjusting the values
of R1 and R2 (changing the ratio of output voltage that is fed back to the inverting input). Gain
can be calculated by the following formula:− R2AV =

1

Note that this circuit’s voltage gain can be less than 1, depending solely on the ratio of R2
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372to R1 . Also note that the output voltage is always the opposite polarity of the input voltage.

A positive input voltage results in a negative output voltage, and vice versa (with respect to
ground). For this reason, this circuit is referred to as an inverting amplifier. Sometimes, the
gain formula contains a negative sign (before the R2 /R1 fraction) to reflect this reversal of
polarities.

These two amplifier circuits we’ve just investigated serve the purpose of multiplying or
dividing the magnitude of the input voltage signal. This is exactly how the mathematical
operations of multiplication and division are typically handled in analog computer circuitry.

• REVIEW:

• By connecting the inverting (-) input of an op-amp directly to the output, we get negative
feedback, which gives us a voltage follower circuit. By connecting that negative feedback
through a resistive voltage divider (feeding back a fraction of the output voltage to the
inverting input), the output voltage becomes a multiple of the input voltage.

• A negative-feedback op-amp circuit with the input signal going to the noninverting (+)
input is called a noninverting amplifier. The output voltage will be the same polarity as
the input. Voltage gain is given by the following equation: AV = (R2 /R1 ) + 1

• A negative-feedback op-amp circuit with the input signal going to the ”bottom” of the
resistive voltage divider, with the noninverting (+) input grounded, is called an inverting
amplifier. Its output voltage will be the opposite polarity of the input. Voltage gain is
given by the following equation: AV = -R2 /R1

8.6 An analogy for divided feedback

A helpful analogy for understanding divided feedback amplifier circuits is that of a mechanical
lever, with relative motion of the lever’s ends representing change in input and output voltages,
and the fulcrum (pivot point) representing the location of the ground point, real or virtual.

Take for example the following noninverting op-amp circuit. We know from the prior section
that the voltage gain of a noninverting amplifier configuration can never be less than unity (1).
If we draw a lever diagram next to the amplifier schematic, with the distance between fulcrum
and lever ends representative of resistor values, the motion of the lever will signify changes in
voltage at the input and output terminals of the amplifier:
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Vout

R1 R2

Vin

R1 R2

1 kΩ 1 kΩ−
0 V +

Vout = 2(Vin)

Vout

Vin

Physicists call this type of lever, with the input force (effort) applied between the fulcrum
and output (load), a third-class lever. It is characterized by an output displacement (motion) at
least as large than the input displacement – a ”gain” of at least 1 – and in the same direction.
Applying a positive input voltage to this op-amp circuit is analogous to displacing the ”input”
point on the lever upward:
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Vout

Vin

R1 R2

1 kΩ 1 kΩ−
0 V +

+
Vin

-

Vout = 2(Vin)

+

Vout
-

Due to the displacement-amplifying characteristics of the lever, the ”output” point will move
twice as far as the ”input” point, and in the same direction. In the electronic circuit, the output
voltage will equal twice the input, with the same polarity. Applying a negative input voltage is
analogous to moving the lever downward from its level ”zero” position, resulting in an amplified
output displacement that is also negative:

Vin

R1 R2

1 kΩ 1 kΩ−
0 V +

-
Vin

+

Vout

Vout = 2(Vin)

-
Vout

+
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375If we alter the resistor ratio R2 /R1 , we change the gain of the op-amp circuit. In lever terms,

this means moving the input point in relation to the fulcrum and lever end, which similarly
changes the displacement ”gain” of the machine:

Vout

R1 R2

Vin

R1 R2

Vout = 4(Vin)

1 kΩ
0 V

3 kΩ−+ Vout

Vin

Now, any input signal will become amplified by a factor of four instead of by a factor of two:
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Vin

R1 R2

Vout

Vout = 4(Vin)

1 kΩ
0 V

+

3 kΩ−+ +
Vout

-

Vin

-

Inverting op-amp circuits may  be modeled using the lever analogy as well. With the invert-
ing configuration, the ground point of the feedback voltage divider is the op-amp’s inverting
input with the input to the left and the output to the right. This is mechanically equivalent to
a first-class lever, where the input force (effort) is on the opposite side of the fulcrum from the
output (load):

R1 R2

Vin Vout
R1 R2

Vout = -(Vin)
Vin

1 kΩ 1 kΩ−+ Vout

With equal-value resistors (equal-lengths of lever on each side of the fulcrum), the output
voltage (displacement) will be equal in magnitude to the input voltage (displacement), but of
the opposite polarity (direction). A positive input results in a negative output:
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Vin

Vout

+
Vin

-

R1 R2

1 kΩ 1 kΩ−+
Vout = -(Vin)

-
Vout

+

Changing the resistor ratio R2 /R1 changes the gain of the amplifier circuit, just as changing
the fulcrum position on the lever changes its mechanical displacement ”gain.” Consider the
following example, where R2 is made twice as large as R1 :

Vin

Vout

R1 R2
Vout = -2(Vin)

+
Vin

-

1 kΩ 2 kΩ−+ -
Vout

+

With the inverting amplifier configuration, though, gains of less than 1 are possible, just
as with first-class levers. Reversing R2 and R1 values is analogous to moving the fulcrum to
its complementary position on the lever: one-third of the way from the output end. There, the
output displacement will be one-half the input displacement:
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Vin

Vout

R1 R2
Vout = -0.5(Vin)

Vin

+
2 kΩ

-

1 kΩ−+ -
Vout

+

8.7 Voltage-to-currentsignal conversion

In instrumentation circuitry, DC signals are often used as analog representations of physical
measurements such as temperature, pressure, flow, weight, and motion. Most commonly, DC
current signals are used in preference to DC voltage signals, because current signals are ex-
actly equal in magnitude throughout the series circuit loop carrying current from the source
(measuring device) to the load (indicator, recorder, or controller), whereas voltage signals in
a parallel circuit may vary from one end to the other due to resistive wire losses. Further-
more, current-sensing instruments typically have low impedances (while voltage-sensing in-
struments have high impedances), which gives current-sensing instruments greater electrical
noise immunity.

In order to use current as an analog representation of a physical quantity, we have to have
some way of generating a precise amount of current within the signal circuit. But how do
we generate a precise current signal when we might not know the resistance of the loop?
The answer is to use an amplifier designed to hold current to a prescribed value, applying
as much or as little voltage as necessary to the load circuit to maintain that value. Such an
amplifier performs the function of a current source. An op-amp with negative feedback is a
perfect candidate for such a task:
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250 Ω 4 to 20 mA

− -
Rload
++ 4 to 20 mA

+
Vin 1 to 5 volt signal range

-

The input voltage to this circuit is assumed to be coming from some type of physical trans-
ducer/amplifier arrangement, calibrated to produce 1 volt at 0 percent of physical measure-
ment, and 5 volts at 100 percent of physical measurement. The standard analog current signal
range is 4 mA to 20 mA, signifying 0% to 100% of measurement range, respectively. At 5 volts
input, the 250 Ω (precision) resistor will have 5 volts applied across it, resulting in 20 mA of
current in the large loop circuit (with Rload). It does not matter what resistance value Rload is,
or how much wire resistance is present in that large loop,  so long as the op-amp has a high
enough power supply voltage to output the voltage necessary to get 20 mA flowing through
Rload. The 250 Ω resistor establishes the relationship between input voltage and output cur-
rent, in this case creating the equivalence of 1-5 V in / 4-20 mA out. If we were converting the
1-5 volt input signal to a 10-50 mA output signal (an older, obsolete instrumentation standard
for industry), we’d use a 100 Ω precision resistor instead.

Another name for this circuit is transconductance amplifier. In electronics, transconduc-
tance is the mathematical ratio of current change divided by voltage change (∆I / ∆ V), and
it is measured in the unit of Siemens, the same unit used to express conductance (the mathe-
matical reciprocal of resistance: current/voltage). In this circuit, the transconductance ratio is
fixed by the value of the 250 Ω resistor, giving a linear current-out/voltage-in relationship.

• REVIEW:

• In industry, DC current signals are often used in preference to DC voltage signals as
analog representations of physical quantities. Current in a series circuit is absolutely
equal at all points in that circuit regardless of wiring resistance, whereas voltage in a
parallel-connected circuit may vary from end to end because of wire resistance, making
current-signaling more accurate from the ”transmitting” to the ”receiving” instrument.

• Voltage signals are relatively easy to produce directly from transducer devices, whereas
accurate current signals are not. Op-amps can be used to ”convert” a voltage signal into
a current signal quite easily. In this mode, the op-amp will output whatever voltage is
necessary to maintain current through the signaling circuit at the proper value.
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CHAPTER 8. OPERATIONAL AMPLIFIERS

R

8.8 Averager and summer circuits

If we take three equal resistors and connect one end of each to a common point, then apply
three input voltages (one to each of the resistors’ free ends), the voltage seen at the common
point will be the mathematical average of the three.

"Passive averager" circuit

R1

V1 V2 V3R2 R + R + R
Vout = 1 2 3

1 1 1
3 R1

+ R2
+ R3

V1 V2 V3 With equal value resistors:
V1 + V2 + V3Vout =

3

This circuit is really nothing more than a practical application of Millman’s Theorem:

R1 R2 R3
V1 V2 V3

+ +

V1 V2 V3

Vout =
R1 R2 R3

1 1 1
R1

+ R2
+ R3

This circuit is commonly known as a passive averager, because it generates an average volt-
age with non-amplifying components. Passive simply means that it is an unamplified circuit.
The large equation to the right of the averager circuit comes from Millman’s Theorem, which
describes the voltage produced by multiple voltage sources connected together through indi-
vidual resistances. Since the three resistors in the averager circuit are equal to each other, we
can simplify Millman’s formula by writing R1 , R2 , and R3 simply as R (one, equal resistance
instead of three individual resistances):
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V1 V2 V3

Vout =
R + R + R

1 1 1
R R R

Vout =

V1 + V2

R

3
R

+ V3

Vout =
V1 + V2 + V3

3

If we take a passive averager and use it to connect three input voltages into an op-amp
amplifier circuit with a gain of 3, we can turn this averaging function into an addition function.
The result is called a noninverting summer circuit:

1 kΩ 2 kΩ
R −

1
R Vout

V2 +
R

3

With a voltage divider composed of a 2 kΩ / 1 kΩ combination, the noninverting amplifier
circuit will have a voltage gain of 3. By taking the voltage from the passive averager, which
is the sum of V1, V2, and V3 divided by 3, and multiplying that average by 3, we arrive at an
output voltage equal to the sum of V1, V2, and V3:

Vout = 3
V1 + V2 + V3

3

Vout = V1 + V2 + V3

Much the same can be done with an inverting op-amp amplifier, using a passive averager
as part of the voltage divider feedback circuit. The result is called an inverting summer circuit:
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V
R I1

1

R 0 V R
V2

R
I2

V3
−

I3 +
I1 + I2 + I3

Vout

0 V

Now, with the right-hand sides of the three averaging resistors connected to the virtual
ground point of the op-amp’s inverting input, Millman’s Theorem no longer directly applies as
it did before. The voltage at the virtual ground is now held at 0 volts by the op-amp’s negative
feedback, whereas before it was free to float to the average value of V1 , V2, and V3 . However,
with all resistor values equal to each other, the currents through each of the three resistors
will be proportional to their respective input voltages. Since those three currents will add at
the virtual ground node, the algebraic sum of those currents through the feedback resistor will
produce a voltage at Vout equal to V1 + V2 + V3 , except with reversed polarity. The reversal in
polarity is what makes this circuit an inverting summer:

Vout = -(V1 + V2 + V3)

Summer (adder) circuits are quite useful in analog computer design, just as multiplier and
divider circuits would be. Again, it is the extremely high differential gain of the op-amp which
allows us to build these useful circuits with a bare minimum of components.

• REVIEW:

• A summer circuit is one that sums, or adds, multiple analog voltage signals together.
There are two basic varieties of op-amp summer circuits: noninverting and inverting.

8.9 Building a differential amplifier

An op-amp with no feedback is already a differential amplifier, amplifying the voltage differ-
ence between the two inputs. However, its gain cannot be controlled, and it is generally too high
to be of any practical use. So far, our application of negative feedback to op-amps has resulting
in the practical loss of one of the inputs, the resulting amplifier only good for amplifying a sin-
gle voltage signal input. With a little ingenuity, however, we can construct an op-amp circuit
maintaining both voltage inputs, yet with a controlled gain set by external resistors.
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R R
V1 −

Vout+
R R

V2

If all the resistor values are equal, this amplifier will have a differential voltage gain of 1.
The analysis of this circuit is essentially the same as that of an inverting amplifier, except that
the noninverting input (+) of the op-amp is at a voltage equal to a fraction of V2 , rather than
being connected directly to ground. As would stand to reason, V2 functions as the noninverting
input and V1 functions as the inverting input of the final amplifier circuit. Therefore:

Vout = V2 - V1

If we wanted to provide a differential gain of anything other than 1, we would have to
adjust the resistances in both upper and lower voltage dividers, necessitating multiple resistor
changes and balancing between the two dividers for symmetrical operation. This is not always
practical, for obvious reasons.

Another limitation of this amplifier design is the fact that its input impedances are rather
low compared to that of some other op-amp configurations, most notably the noninverting
(single-ended input) amplifier. Each input voltage source has to drive current through a re-
sistance, which constitutes far less impedance than the bare input of an op-amp alone. The
solution to this problem, fortunately, is quite simple. All we need to do is ”buffer” each input
voltage signal through a voltage follower like this:

V1 R R

−
V2 +

−
Vout+

R R

Now the V1 and V2 input lines are connected straight to the inputs of two voltage-follower
op-amps, giving very high impedance. The two op-amps on the left now handle the driving of
current through the resistors instead of letting the input voltage sources (whatever they may
be) do it. The increased complexity to our circuit is minimal for a substantial benefit.
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3848.10 The instrumentation amplifier

As suggested before, it is beneficial to be able to adjust the gain of the amplifier circuit without
having to change more than one resistor value, as is necessary with the previous design of
differential amplifier. The so-called instrumentation builds on the last version of differential
amplifier to give us that capability:

V1 3 R R

−
V2 +

R

1 −
Rgain

2 +
R

R R

4

Vout

This intimidating circuit is constructed from a buffered differential amplifier stage with
three new resistors linking the two buffer circuits together. Consider all resistors to be of equal
value except for Rgain. The negative feedback of the upper-left op-amp causes the voltage at
point 1 (top of Rgain) to be equal to V1 . Likewise, the voltage at point 2 (bottom of Rgain) is
held to a value equal to V2. This establishes a voltage drop across Rgain equal to the voltage
difference between V1 and V2. That voltage drop causes a current through Rgain, and since the
feedback loops of the two input op-amps draw no current, that same amount of current through
Rgain must be going through the two ”R” resistors above and below it. This produces a voltage
drop between points 3 and 4 equal to:

V3-4 = (V2 - V1)(1 + 2R )
Rgain

The regular differential amplifier on the right-hand side of the circuit then takes this volt-
age drop between points 3 and 4, and amplifies it by a gain of 1 (assuming again that all ”R”
resistors are of equal value). Though this looks like a cumbersome way to build a differential
amplifier, it has the distinct advantages of possessing extremely high input impedances on the
V1 and V2 inputs (because they connect straight into the noninverting inputs of their respec-
tive op-amps), and adjustable gain that can be set by a single resistor. Manipulating the above
formula a bit, we have a general expression for overall voltage gain in the instrumentation
amplifier:

AV = (1 + 2R )
Rgain

Though it may not be obvious by looking at the schematic, we can change the differential
gain of the instrumentation amplifier simply by changing the value of one resistor: Rgain. Yes,
we could still change the overall gain by changing the values of some of the other resistors,

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



8.11. DIFFERENTIATOR AND INTEGRATOR CIRCUITS 385
385
385

C

but this would necessitate balanced resistor value changes for the circuit to remain symmet-
rical. Please note that the lowest gain possible with the above circuit is obtained with Rgain

completely open (infinite resistance), and that gain value is 1.

• REVIEW:

• An instrumentation amplifier is a differential op-amp circuit providing high input impedances
with ease of gain adjustment through the variation of a single resistor.

8.11 Differentiator and integrator circuits

By introducing electrical reactance into the feedback loops of op-amp amplifier circuits, we can
cause the output to respond to changes in the input voltage over time. Drawing their names
from their respective calculus functions, the integrator produces a voltage output proportional
to the product (multiplication) of the input voltage and time; and the differentiator (not to be
confused with differential) produces a voltage output proportional to the input voltage’s rate of
change.

Capacitance can be defined as the measure of a capacitor’s opposition to changes in voltage.
The greater the capacitance, the more the opposition. Capacitors oppose voltage change by
creating current in the circuit: that is, they either charge or discharge in response to a change
in applied voltage. So, the more capacitance a capacitor has, the greater its charge or discharge
current will be for any given rate of voltage change across it. The equation for this is quite
simple:

Changing
DC

voltage

i = C dv
dt

The dv/dt fraction is a calculus expression representing the rate of voltage change over
time. If the DC supply in the above circuit were steadily increased from a voltage of 15 volts
to a voltage of 16 volts over a time span of 1 hour, the current through the capacitor would
most likely be very small, because of the very low rate of voltage change (dv/dt = 1 volt / 3600
seconds). However, if we steadily increased the DC supply from 15 volts to 16 volts over a
shorter time span of 1 second, the rate of voltage change would be much higher, and thus the
charging current would be much higher (3600 times higher, to be exact). Same amount of
change in voltage, but vastly different rates of change, resulting in vastly different amounts of
current in the circuit.

To put some definite numbers to this formula, if the voltage across a 47 µF capacitor was
changing at a linear rate of 3 volts per second, the current ”through” the capacitor would be
(47 µF)(3 V/s) = 141 µA.

We can build an op-amp circuit which measures change in voltage by measuring current
through a capacitor, and outputs a voltage proportional to that current:
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Differentiator

Vin

C
0 V R

0 V −
0 V + Vout

The right-hand side of the capacitor is held to a voltage of 0 volts, due to the ”virtual ground”
effect. Therefore, current ”through” the capacitor is solely due to change in the input voltage.
A steady input voltage won’t cause a current through C, but a changing input voltage will.

Capacitor current moves through the feedback resistor, producing a drop across it, which
is the same as the output voltage. A linear, positive rate of input voltage change will result
in a steady negative voltage at the output of the op-amp. Conversely, a linear, negative rate
of input voltage change will result in a steady positive voltage at the output of the op-amp.
This polarity inversion from input to output is due to the fact that the input signal is being
sent (essentially) to the inverting input of the op-amp, so it acts like the inverting amplifier
mentioned previously. The faster the rate of voltage change at the input (either positive or
negative), the greater the voltage at the output.

The formula for determining voltage output for the differentiator is as follows:

dvinVout = -RC
dt

Applications for this, besides representing the derivative calculus function inside of an ana-
log computer, include rate-of-change indicators for process instrumentation. One such rate-
of-change signal application might be for monitoring (or controlling) the rate of temperature
change in a furnace, where too high or too low of a temperature rise rate could be detrimen-
tal. The DC voltage produced by the differentiator circuit could be used to drive a comparator,
which would signal an alarm or activate a control if the rate of change exceeded a pre-set level.

In process control, the derivative function is used to make control decisions for maintaining
a process at setpoint, by monitoring the rate of process change over time and taking action to
prevent excessive rates of change, which can lead to an unstable condition. Analog electronic
controllers use variations of this circuitry to perform the derivative function.

On the other hand, there are applications where we need precisely the opposite function,
called integration in calculus. Here, the op-amp circuit would generate an output voltage pro-
portional to the magnitude and duration that an input voltage signal has deviated from 0 volts.
Stated differently, a constant input signal would generate a certain rate of change in the out-
put voltage: differentiation in reverse. To do this, all we have to do is swap the capacitor and
resistor in the previous circuit:
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Vin

Integrator

R 0 V
C

0 V −
0 V + Vout

As before, the negative feedback of the op-amp ensures that the inverting input will be held
at 0 volts (the virtual ground). If the input voltage is exactly 0 volts, there will be no current
through the resistor, therefore no charging of the capacitor, and therefore the output voltage
will not change. We cannot guarantee what voltage will be at the output with respect to ground
in this condition, but we can say that the output voltage will be constant.

However, if we apply a constant, positive voltage to the input, the op-amp output will fall
negative at a linear rate, in an attempt to produce the changing voltage across the capacitor
necessary to maintain the current established by the voltage difference across the resistor.
Conversely, a constant, negative voltage at the input results in a linear, rising (positive) voltage
at the output. The output voltage rate-of-change will be proportional to the value of the input
voltage.

The formula for determining voltage output for the integrator is as follows:

dvout

dt
= -

Vin

RC

or

t

Vout = ∫ -
0

Vin

RC
dt + c

Where,
c = Output voltage at start time (t=0)

One application for this device would be to keep a ”running total” of radiation exposure,
or dosage, if the input voltage was a proportional signal supplied by an electronic radiation
detector. Nuclear radiation can be just as damaging at low intensities for long periods of time
as it is at high intensities for short periods of time. An integrator circuit would take both
the intensity (input voltage magnitude) and time into account, generating an output voltage
representing total radiation dosage.

Another application would be to integrate a signal representing water flow, producing a
signal representing total quantity of water that has passed by the flowmeter. This application
of an integrator is sometimes called a totalizer in the industrial instrumentation trade.
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388
388• REVIEW:

• A differentiator circuit produces a constant output voltage for a steadily changing input
voltage.

• An integrator circuit produces a steadily changing output voltage for a constant input
voltage.

• Both types of devices are easily constructed, using reactive components (usually capaci-
tors rather than inductors) in the feedback part of the circuit.

8.12 Positive feedback

As we’ve seen, negative feedback is an incredibly useful principle when applied to operational
amplifiers. It is what allows us to create all these practical circuits, being able to precisely
set gains, rates, and other significant parameters with just a few changes of resistor values.
Negative feedback makes all these circuits stable and self-correcting.

The basic principle of negative feedback is that the output tends to drive in a direction
that creates a condition of equilibrium (balance). In an op-amp circuit with no feedback, there
is no corrective mechanism, and the output voltage will saturate with the tiniest amount of
differential voltage applied between the inputs. The result is a comparator:

With negative feedback (the output voltage ”fed back” somehow to the inverting input), the
circuit tends to prevent itself from driving the output to full saturation. Rather, the output
voltage drives only as high or as low as needed to balance the two inputs’ voltages:

Negative feedback

−
0 V +

Vin

Vout = Vin

Vout

Whether the output is directly fed back to the inverting (-) input or coupled through a set of
components, the effect is the same: the extremely high differential voltage gain of the op-amp
will be ”tamed” and the circuit will respond according to the dictates of the feedback ”loop”
connecting output to inverting input.

Another type of feedback, namely positive feedback, also finds application in op-amp cir-
cuits. Unlike negative feedback, where the output voltage is  ”fed back” to the inverting (-)
input, with positive feedback the output voltage is somehow routed back to the noninverting
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389(+) input. In its simplest form, we could connect a straight piece of wire from output to nonin-

verting input and see what happens:

Positive feedback

Vout

The inverting input remains disconnected from the feedback loop, and is free to receive an
external voltage. Let’s see what happens if we ground the inverting input:

Vout

0 V

With the inverting input grounded (maintained at zero volts), the output voltage will be
dictated by the magnitude and polarity of the voltage at the noninverting input. If that voltage
happens to be positive, the op-amp will drive its output positive as well, feeding that positive
voltage back to the noninverting input, which will result in full positive output saturation. On
the other hand, if the voltage on the noninverting input happens to start out negative, the op-
amp’s output will drive in the negative direction, feeding back to the noninverting input and
resulting in full negative saturation.

What we have here is a circuit whose output is bistable: stable in  one of two states (sat-
urated positive or saturated negative). Once it has reached one of those saturated states, it
will tend to remain in that state, unchanging. What is necessary to get it to switch states is a
voltage placed upon the inverting (-) input of the same polarity, but of a slightly greater mag-
nitude. For example, if our circuit is saturated at an output voltage of +12 volts, it will take an
input voltage at the inverting input of at least +12 volts to get the output to change. When it
changes, it will saturate fully negative.

So, an op-amp with positive feedback tends to stay in whatever output state its already in.
It ”latches” between one of two states, saturated positive or saturated negative. Technically,
this is known as hysteresis.

Hysteresis can be a useful property for a comparator circuit to have. As we’ve seen before,
comparators can be used to produce a square wave from any sort of ramping waveform (sine
wave, triangle wave, sawtooth wave, etc.) input. If the incoming AC waveform is noise-free
(that is, a ”pure” waveform), a simple comparator will work just fine.
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DC referen
voltage

DC referen
voltage

+V

Vin

−
Vout+

-V
Square wave
output voltage

ce

AC input
voltage

A "clean" AC input waveform produces predictable
transition points on the output voltage square wave

However, if there exist any anomalies in the waveform such as harmonics or ”spikes” which
cause the voltage to rise and fall significantly within the timespan of a single cycle, a compara-
tor’s output might switch states unexpectedly:

+V

Vin

−
Vout+

-V
Square wave
output voltage

ce

AC input
voltage

Any time there is a transition through the reference voltage level, no matter how tiny that
transition may be, the output of the comparator will switch states, producing a square wave
with ”glitches.”

If we add a little positive feedback to the comparator circuit, we will introduce hysteresis
into the output. This hysteresis will cause the output to remain in its current state unless the
AC input voltage undergoes a major change in magnitude.
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+V

Vin

−
Vout+

-V Positive feedback
resistor

What this feedback resistor creates is a dual-reference for the comparator circuit. The
voltage applied to the noninverting (+) input as a reference which to compare with the incoming
AC voltage changes depending on the value of the op-amp’s output voltage. When the op-
amp output is saturated positive, the reference voltage at the noninverting input will be more
positive than before. Conversely, when the op-amp output is saturated negative, the reference
voltage at the noninverting input will be more negative than before. The result is easier to
understand on a graph:

DC reference voltages
upper center

square wave
output voltage

lower

AC input
voltage

When the op-amp output is saturated positive, the upper reference voltage is in effect, and
the output won’t drop to a negative saturation level unless the AC input rises above that upper
reference level. Conversely, when the op-amp output is saturated negative, the lower reference
voltage is in effect, and the output won’t rise to a positive saturation level unless the AC input
drops below that lower reference level. The result is a clean square-wave output again, despite
significant amounts of distortion in the AC input signal. In order for a ”glitch” to cause the
comparator to switch from one state to another, it would have to be at least as big (tall) as the
difference between the upper and lower reference voltage levels, and at the right point in time
to cross both those levels.

Another application of positive feedback in op-amp circuits is in the construction of oscil-
lator circuits. An oscillator is a device that produces an alternating (AC), or at least pulsing,
output voltage. Technically, it is known as an astable device: having no stable output state (no
equilibrium whatsoever).  Oscillators are very useful devices, and they are easily made with
just an op-amp and a few external components.
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392Oscillator circuit using positive feedback

C Vramp R

Vref

R

Vramp

−+
R

Vref

Vout

Vout is a square wave just like Vref, only taller
When the output is saturated positive, the Vref will be positive, and the capacitor will

charge up in a positive direction. When Vramp exceeds Vref by the tiniest margin, the output
will saturate negative, and the capacitor will charge in the opposite direction (polarity). Os-
cillation occurs because the positive feedback is instantaneous and the negative feedback is
delayed (by means of an RC time constant). The frequency of this oscillator may be adjusted
by varying the size of any component.

• REVIEW:

• Negative feedback creates a condition of equilibrium (balance). Positive feedback creates
a condition of hysteresis (the tendency to ”latch” in one of two extreme states).

• An oscillator is a device producing an alternating or pulsing output voltage.

8.13 Practical considerations

Real operational have some imperfections compared to an “ideal” model. A real device deviates
from a perfect difference amplifier. One minus one may not be zero. It may  have have an offset
like an analog meter which is not zeroed. The inputs may draw current. The characteristics
may drift with age and temperature. Gain may be reduced at high frequencies, and phase
may shift from input to output. These imperfection may cause no noticable errors in some
applications, unacceptable errors in others. In some cases these errors may be compensated
for. Sometimes a higher quality, higher cost device is required.
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3938.13.1 Common-mode gain

As stated before, an ideal differential amplifier only amplifies the voltage difference between
its two inputs. If the two inputs of a differential amplifier were to be shorted together (thus
ensuring zero potential difference between them), there should be no change in output voltage
for any amount of voltage applied between those two shorted inputs and ground:−

Vout+
Vcommon-mode

Vout should remain the same
regardless of Vcommon-mode

Voltage that is common between either of the inputs and ground, as ”Vcommon−mode” is
in this case, is called common-mode voltage. As we vary this common voltage, the perfect
differential amplifier’s output voltage should hold absolutely steady (no change in output for
any arbitrary change in common-mode input). This translates to a common-mode voltage gain
of zero.

AV =
Change in Vout

Change in Vin

. . . if change in Vout = 0 . . .

0
= 0

Change in Vin

AV = 0

The operational amplifier, being a differential amplifier with high differential gain, would
ideally have zero common-mode gain as well. In real life, however, this is not easily attained.
Thus, common-mode voltages will invariably have some effect on the op-amp’s output voltage.

The performance of a real op-amp in this regard is most commonly measured in terms of its
differential voltage gain (how much it amplifies the difference between two input voltages) ver-
sus its common-mode voltage gain (how much it amplifies a common-mode voltage). The ratio
of the former to the latter is called the common-mode rejection ratio, abbreviated as CMRR:

Differential AV
CMRR =

Common-mode AV

An ideal op-amp, with zero common-mode gain would have an infinite CMRR. Real op-amps
have high CMRRs, the ubiquitous 741 having something around 70 dB, which works out to a
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5 6

little over 3,000 in terms of a ratio.
Because the common mode rejection ratio in a typical op-amp is so high, common-mode gain

is usually not a great concern in circuits where the op-amp is being used with negative feed-
back. If the common-mode input voltage of an amplifier circuit were to suddenly change, thus
producing a corresponding change in the output due to common-mode gain, that change in out-
put would be quickly corrected as negative feedback and differential gain (being much greater
than common-mode gain) worked to bring the system back to equilibrium. Sure enough, a
change might be seen at the output, but it would be a lot smaller than what you might expect.

A consideration to keep in mind, though, is common-mode gain in differential op-amp cir-
cuits such as instrumentation amplifiers. Outside of the op-amp’s sealed package and ex-
tremely high differential gain, we may find common-mode gain introduced by an imbalance of
resistor values. To demonstrate this, we’ll run a SPICE analysis on an instrumentation am-
plifier with inputs shorted together (no differential voltage), imposing a common-mode voltage
to see what happens. First, we’ll run the analysis showing the output voltage of a perfectly
balanced circuit. We should expect to see no change in output voltage as the common-mode
voltage changes:

1

V1 2
0

Rjump

3 R3

R1

2
Rgain

5

7 R4

7 −
E3

8 + 9 Vout

(jumper
wire) 5 − R2 R R

E2+ 6 8 0
4

instrumentation amplifier
v1 1 0
rin1 1 0 9e12
rjump 1 4 1e-12
rin2 4 0 9e12
e1 3 0 1 2 999k
e2 6 0 4 5 999k
e3 9 0 8 7 999k
rload 9 0 10k
r1 2 3 10k
rgain 2 5 10k
r2 5 6 10k
r3 3 7 10k
r4 7 9 10k
r5 6 8 10k
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r6 8 0 10k
.dc v1 0 10 1
.print dc v(9)
.end

v1 v(9)
0.000E+00 0.000E+00
1.000E+00 1.355E-16
2.000E+00 2.710E-16
3.000E+00 0.000E+00 As you can see, the output voltage v(9)
4.000E+00 5.421E-16 hardly changes at all for a common-mode
5.000E+00 0.000E+00 input voltage (v1) that sweeps from 0
6.000E+00 0.000E+00 to 10 volts.
7.000E+00 0.000E+00
8.000E+00 1.084E-15
9.000E+00 -1.084E-15
1.000E+01 0.000E+00

Aside from very small deviations (actually due to quirks of SPICE rather than real behavior
of the circuit), the output remains stable where it should be: at 0 volts, with zero input voltage
differential. However, let’s introduce a resistor imbalance in the circuit, increasing the value of
R5 from 10,000 Ω to 10,500 Ω, and see what happens (the netlist has been omitted for brevity
– the only thing altered is the value of R5 ):

v1 v(9)
0.000E+00 0.000E+00
1.000E+00 -2.439E-02
2.000E+00 -4.878E-02
3.000E+00 -7.317E-02 This time we see a significant variation
4.000E+00 -9.756E-02 (from 0 to 0.2439 volts) in output voltage

5.000E+00 -1.220E-01 as the common-mode input voltage sweeps
6.000E+00 -1.463E-01 from 0 to 10 volts as it did before.
7.000E+00 -1.707E-01
8.000E+00 -1.951E-01
9.000E+00 -2.195E-01
1.000E+01 -2.439E-01

Our input voltage differential is still zero volts, yet the output voltage changes significantly
as the common-mode voltage is changed. This is indicative of a common-mode gain, something
we’re trying to avoid. More than that, its a common-mode gain of our own making, having
nothing to do with imperfections in the op-amps themselves. With a much-tempered differen-
tial gain (actually equal to 3 in this particular circuit) and no negative feedback outside the
circuit, this common-mode gain will go unchecked in an instrument signal application.

There is only one way to correct this common-mode gain, and that is to balance all the re-
sistor values. When designing an instrumentation amplifier from discrete components (rather
than purchasing one in an integrated package), it is wise to provide some means of making
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396fine adjustments to at least one of the four resistors connected to the final op-amp to be able to

”trim away” any such common-mode gain. Providing the means to ”trim” the resistor network
has additional benefits as well. Suppose that all resistor values are exactly as they should
be, but a common-mode gain exists due to an imperfection in  one of the op-amps. With the
adjustment provision, the resistance could be trimmed to compensate for this unwanted gain.

One quirk of some op-amp models is that of output latch-up, usually caused by the common-
mode input voltage exceeding allowable limits. If the common-mode voltage falls outside of the
manufacturer’s specified limits, the output may suddenly ”latch” in the high mode (saturate at
full output voltage). In JFET-input operational amplifiers, latch-up may occur if the common-
mode input voltage approaches too closely to the negative power supply rail voltage. On the
TL082 op-amp, for example, this occurs when the common-mode input voltage comes within
about 0.7 volts of the negative power supply rail voltage. Such a situation may easily occur in
a single-supply circuit, where the negative power supply rail is ground (0 volts), and the input
signal is free to swing to 0 volts.

Latch-up may also be triggered by the common-mode input voltage exceeding power supply
rail voltages, negative or positive. As a rule, you should never allow either input voltage to
rise above the positive power supply rail voltage, or sink below the negative power supply
rail voltage, even if the op-amp in question is protected against latch-up (as are the 741 and
1458 op-amp models). At the very least, the op-amp’s behavior may become unpredictable. At
worst, the kind of latch-up triggered by input voltages exceeding power supply voltages may
be destructive to the op-amp.

While this problem may seem easy to avoid, its possibility is more likely than you might
think. Consider the case of an operational amplifier circuit during power-up. If the circuit
receives full input signal voltage before its own power supply has had time enough to charge
the filter capacitors, the common-mode input voltage may easily exceed the power supply rail
voltages for a short time. If the op-amp receives signal voltage from a circuit supplied by a
different power source, and its own power source fails, the signal voltage(s) may exceed the
power supply rail voltages for an indefinite amount of time!

8.13.2 Offset voltage

Another practical concern for op-amp performance is voltage offset. That is, effect of having
the output voltage something other than zero volts when the two input terminals are shorted
together. Remember that operational amplifiers are differential amplifiers above all: they’re
supposed to amplify the difference in voltage between the two input connections and nothing
more. When that input voltage difference is exactly zero volts, we would (ideally) expect to have
exactly zero volts present on the output. However, in the real world this rarely happens. Even
if the op-amp in question has zero common-mode gain (infinite CMRR), the output voltage may
not be at zero when both inputs are shorted together. This deviation from zero is called offset.
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+15 V−
Vout = +14.7 V (saturated +)+

-15 V

A perfect op-amp would output exactly zero volts with both its inputs shorted together and
grounded. However, most op-amps off the shelf will drive their outputs to a saturated level,
either negative or positive. In the example shown above, the output voltage is saturated at a
value of positive 14.7 volts, just a bit less than +V (+15 volts) due to the positive saturation
limit of this particular op-amp. Because the offset in this op-amp is driving the output to a
completely saturated point, there’s no way of telling how much voltage offset is present at the
output. If the +V/-V split power supply was of a high enough voltage, who knows, maybe the
output would be several hundred volts one way or the other due to the effects of offset!

For this reason, offset voltage is usually expressed in terms of the equivalent amount of
input voltage differential producing this effect. In other words, we imagine that the op-amp
is perfect (no offset whatsoever), and a small voltage is being applied in series with one of the
inputs to force the output voltage one way or the other away from zero. Being that op-amp
differential gains are so high, the figure for ”input offset voltage” doesn’t have to be much to
account for what we see with shorted inputs:

+15 V−
Vout = +14.7 V (saturated +)+

-15 V

Input offset voltage
(internal to the real op-amp,
external to this ideal op-amp)

Offset voltage will tend to introduce slight errors in  any op-amp circuit. So how do we
compensate for it? Unlike common-mode gain, there are usually provisions made by the man-
ufacturer to trim the offset of a packaged op-amp. Usually, two extra terminals on the op-amp
package are reserved for connecting an external ”trim” potentiometer. These connection points
are labeled offset null and are used in this general way:
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+15 V−+ Vout

-15 V
Potentiometer adjusted so that

Vout = 0 volts with inputs shorted together
On single op-amps such as the 741  and 3130, the offset null connection points are pins 1

and 5 on the 8-pin DIP package. Other models of op-amp may have the offset null connections
located on different pins, and/or require a slightly difference configuration of trim potentiome-
ter connection. Some op-amps don’t provide offset null pins at all! Consult the manufacturer’s
specifications for details.

8.13.3 Bias current

Inputs on an op-amp have extremely high input impedances. That is, the input currents enter-
ing or exiting an op-amp’s two input signal connections are extremely small. For most purposes
of op-amp circuit analysis, we treat them as though they don’t exist at all. We analyze the cir-
cuit as though there was absolutely zero current entering or exiting the input connections.

This idyllic picture, however, is not entirely true. Op-amps, especially those op-amps with
bipolar transistor inputs, have to have some amount of current through their input connec-
tions in order for their internal  circuits to be properly biased. These currents, logically, are
called bias currents. Under certain conditions, op-amp bias currents may be problematic. The
following circuit illustrates one of those problem conditions:

+V−
Thermocouple Vout+

-V

At first glance, we see no apparent problems with this circuit. A thermocouple, generating a
small voltage proportional to temperature (actually, a voltage proportional to the difference in
temperature between the measurement junction and the ”reference” junction formed when the
alloy thermocouple wires connect with the copper wires leading to the op-amp) drives the op-
amp either positive or negative. In other words, this is a kind of comparator circuit, comparing
the temperature between the end thermocouple junction and the reference junction (near the
op-amp). The problem is this: the wire loop formed by the thermocouple does not provide a
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(either into the op-amp or out of it).

+V
I ? −

Thermocouple Vout+
I ?

-V

This comparator circuit won’t work
In order for this circuit to work properly, we must ground one of the input wires, thus

providing a path to (or from) ground for both currents:

I
+V−

Thermocouple Vout+
I I

-V

This comparator circuit will work
Not necessarily an obvious problem, but a very real one!
Another way input bias currents may cause trouble is by dropping unwanted voltages across

circuit resistances. Take this circuit for example:

Voltage drop due
to bias current:

-

+V−
Rin + + Vout

Vin
Ibias -V

Voltage at (+) op-amp input
will not be exactly equal to Vin

We expect a voltage follower circuit such as the one above to reproduce the input voltage
precisely at the output. But what about the resistance in series with the input voltage source?
If there is any bias current through the noninverting (+) input at all, it will drop some voltage
across Rin, thus making the voltage at the noninverting input unequal to the actual Vin value.
Bias currents are usually in the microamp range, so the voltage drop across Rin won’t be very
much, unless Rin is very large. One example of an application where the input resistance
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−

(Rin) would be very large is that of pH probe electrodes, where one electrode contains an ion-
permeable glass barrier (a very poor conductor, with millions of Ω of resistance).

If we were actually building an op-amp circuit for pH electrode voltage measurement, we’d
probably want to use a FET or MOSFET (IGFET) input  op-amp instead of one built with
bipolar transistors (for less input bias current). But even then, what slight bias currents may
remain can cause measurement errors to occur, so we have to find some way to mitigate them
through good design.

One way to do so is based on the assumption that the two input bias currents will be the
same. In reality, they are often close to being the same, the difference between them referred
to as the input offset current. If they are the same, then we should be able to cancel out the
effects of input resistance voltage drop by inserting an equal amount of resistance in series
with the other input, like this:

Ibias

+V

-
Rin(-) +

- Rin(+)+ + Vout

Vin
Ibias -V

With the additional resistance added to the circuit, the output voltage will be closer to Vin

than before, even if there is some offset between the two input currents.

For both inverting and noninverting amplifier circuits, the bias current compensating re-
sistor is placed in series with the noninverting (+) input to compensate for bias current voltage
drops in the divider network:

Noninverting amplifier with
compensating resistor

R1 R2

Vin

Rcomp

−+
Rcomp = R1 // R2

Vout
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Inverting amplifier with
compensating resistor

R1 R2

Vin −+
Rcomp

Vout

Rcomp = R1 // R2

In either case, the compensating resistor value is determined by calculating the parallel
resistance value of R1 and R2 . Why is the value equal to the parallel equivalent of R1 and R2 ?
When using the Superposition Theorem to figure how much voltage drop will be produced by
the inverting (-) input’s bias current, we treat the bias current as though it were coming from
a current source inside the op-amp and short-circuit all voltage sources (Vin and Vout). This
gives two parallel paths for bias current (through R1 and through R2 , both to ground). We
want to duplicate the bias current’s effect on the noninverting (+) input, so the resistor value
we choose to insert in series with that input needs to be equal to R1 in parallel with R2 .

A related problem, occasionally experienced by students just learning to build operational
amplifier circuits, is caused by a lack of a common ground connection to the power supply. It is
imperative to proper op-amp function that some terminal of the DC power supply be common
to the ”ground” connection of the input signal(s). This provides a complete path for the bias
currents, feedback current(s), and for the load (output) current. Take this circuit illustration,
for instance, showing a properly grounded power supply:

R1 R2

1 kΩ 1 kΩ
-

null

+ -V

6 V

Here, arrows denote the path of electron flow through the power supply batteries, both for
powering the op-amp’s internal circuitry (the ”potentiometer” inside of it that controls output
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ground connection for this ”split” DC power supply were to be removed. The effect of doing this
is profound:

A power supply ground is essential to circuit operation!

R1 R2

1 kΩ 1 kΩ
-

null connection

+ -V

6 V

No electrons may flow in or out of the op-amp’s output terminal, because the pathway to the
power supply is a ”dead end.” Thus, no electrons flow through the ground connection to the left
of R1 , neither through the feedback loop. This effectively renders the op-amp useless: it can
neither sustain current through the feedback loop, nor through a grounded load, since there is
no connection from any point of the power supply to ground.

The bias currents are also stopped, because they rely on a path to the power supply and back
to the input source through ground. The following diagram shows the bias currents (only), as
they go through the input terminals of the op-amp, through the base terminals of the input
transistors, and eventually through the power supply terminal(s) and back to ground.
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Ibias

Ibias

Bias current paths shown, through power supply

+V
-

+ -V

6 V

Without a ground reference on the power supply, the bias currents will have no complete
path for a circuit, and they will halt. Since bipolar junction transistors are current-controlled
devices, this renders the input stage of the op-amp useless as well, as both input transistors
will be forced into cutoff by the complete lack of base current.

• REVIEW:

• Op-amp inputs usually conduct very small currents, called bias currents, needed to prop-
erly bias the first transistor amplifier stage internal to the op-amps’ circuitry. Bias cur-
rents are small (in the microamp range), but large enough to cause problems in some
applications.

• Bias currents in both inputs must have paths to flow to either one of the power supply
”rails” or to ground. It is not enough to just have a conductive path from one input to the
other.

• To cancel any offset voltages caused by bias current flowing through resistances, just add
an equivalent resistance in series with the other op-amp input (called a compensating
resistor). This corrective measure is based on the assumption that the two input bias
currents will be equal.

• Any inequality between bias currents in an op-amp constitutes what is called an input
offset current.

• It is essential for proper op-amp operation that there be a ground reference on some ter-
minal of the power supply, to form complete paths for bias currents, feedback current(s),
and load current.
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Being semiconductor devices, op-amps are subject to slight changes in behavior with changes
in operating temperature. Any changes in op-amp performance with temperature fall under
the category of op-amp drift. Drift parameters can be specified for bias currents, offset voltage,
and the like. Consult the manufacturer’s data sheet for specifics on any particular op-amp.

To minimize op-amp drift, we can select an op-amp made to have minimum drift, and/or we
can do our best to keep the operating temperature as stable as possible. The latter action may
involve providing some form of temperature control for the inside of the equipment housing
the op-amp(s). This is not as strange as it may first seem. Laboratory-standard precision
voltage reference generators, for example, are sometimes known to employ ”ovens” for keeping
their sensitive components (such as zener diodes) at constant temperatures. If extremely high
accuracy is desired over the usual factors of cost and flexibility, this may be an option worth
looking at.

• REVIEW:

• Op-amps, being semiconductor devices, are susceptible to variations in temperature. Any
variations in amplifier performance resulting from changes in temperature is known as
drift. Drift is best minimized with environmental temperature control.

8.13.5 Frequency response

With their incredibly high differential voltage gains, op-amps are prime candidates for a phe-
nomenon known as feedback oscillation. You’ve probably heard the equivalent audio effect
when the volume (gain) on a public-address or other microphone amplifier system is turned
too high: that high pitched squeal resulting from the sound waveform ”feeding back” through
the microphone to be amplified again. An op-amp circuit can manifest this same effect, with
the feedback happening electrically rather than audibly.

A case example of this is seen in the 3130 op-amp, if it is connected as a voltage follower
with the bare minimum of wiring connections (the two inputs, output, and the power supply
connections). The output of this op-amp will self-oscillate due to its high gain, no matter
what the input voltage. To combat this, a small compensation capacitor must be connected
to two specially-provided terminals on the op-amp. The capacitor provides a high-impedance
path for negative feedback to occur within the op-amp’s circuitry, thus decreasing the AC gain
and inhibiting unwanted oscillations. If the op-amp is being used to amplify high-frequency
signals, this compensation capacitor may not be needed, but it is absolutely essential for DC or
low-frequency AC signal operation.

Some op-amps, such as the model 741, have a compensation capacitor built in to minimize
the need for external components. This improved simplicity is not without a cost: due to that
capacitor’s presence inside the op-amp, the negative feedback tends to get stronger as the
operating frequency increases (that capacitor’s reactance decreases with higher frequencies).
As a result, the op-amp’s differential voltage gain decreases as frequency goes up: it becomes
a less effective amplifier at higher frequencies.

Op-amp manufacturers will publish the frequency response curves for their products. Since
a sufficiently high differential gain is absolutely essential to good feedback operation in op-amp
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circuits, the gain/frequency response of an op-amp effectively limits its ”bandwidth” of opera-
tion. The circuit designer must take this into account if good performance is to be maintained
over the required range of signal frequencies.

• REVIEW:

• Due to capacitances within op-amps, their differential voltage gain tends to decrease as
the input frequency increases. Frequency response curves for op-amps are available from
the manufacturer.
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Advantages of negative feedback

A negative feedback amplifier (or feedback amplifier) is an electronic amplifier that subtracts a

fraction of its output from its input, so that negative feedback opposes the original signal.[1] The applied

negative feedback improves performance (gain stability, linearity, frequency response, step response) and

reduces sensitivity to parameter variations due to manufacturing or environment. Because of these

advantages, many amplifiers and control systems use negative feedback.[2]

A negative feedback amplifier is a system of three elements (see Figure 1):

 An amplifier with gain AOL

 A feedback network 'β', which senses the output signal and possibly transforms it in some way (for
example by attenuatingor filtering it)

 A summing circuit that acts as a subtractor (the circle in the figure), which combines the input and

the attenuated output

Fundamentally, all electronic devices that once provided power gain (e.g., vacuum tubes, bipolar

transistors, MOS transistors) are nonlinear. Negative feedback trades gain for higher linearity

(reducing distortion), and can provide other benefits. If not designed correctly, amplifiers with

negative feedback can become unstable, resulting in unwanted behavior such as oscillation.

The Nyquist stability criterion developed by Harry Nyquist of Bell Laboratories is used to study

the stability of feedback amplifiers.

Feedback amplifiers share these properties:

Pros:

 Can increase or decrease input impedance (depending on type of feedback)

 Can increase or decrease output impedance (depending on type of feedback)

 Reduces distortion (increases linearity)

 Increases the bandwidth

 Desensitizes gain to component variations

 Can control step response of amplifier

Cons:

 May lead to instability if not designed carefully

 Amplifier gain decreases
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 Input and output impedances of a negative feedback amplifier (closed-loop amplifier)

become sensitive to the gain of an amplifier without feedback (open-loop amplifier)—that

exposes these impedances to variations in the open loop gain, for example, due to parameter

variations or nonlinearity of the open-loop gain

An electronic oscillator is an electronic circuit that produces a periodic, oscillating electronic

signal, often a sine wave or a square wave. Oscillators convert direct current (DC) from a power

supply to an alternating current signal. They are widely used in many electronic devices.

Common examples of signals generated by oscillators include signals broadcast

by radio and television transmitters, clock signals that regulate computers and quartz clocks, and

the sounds produced by electronic beepers and video games.

Oscillators are often characterized by the frequency of their output signal:

 An audio oscillator produces frequencies in the audio range, about 16 Hz to 20 kHz.

 An RF oscillator produces signals in the radio frequency (RF) range of about 100 kHz to

100 GHz.

 A low-frequency oscillator (LFO) is an electronic oscillator that generates a frequency below

≈20 Hz. This term is typically used in the field of audio synthesizers, to distinguish it from

an audio frequency oscillator.

Oscillators designed to produce a high-power AC output from a DC supply are usually

called inverters.

There are two main types of electronic oscillator: the linear or harmonic oscillator and the

nonlinear or relaxation oscillator

Feedback oscillator

The most common form of linear oscillator is an electronic amplifier such as a transistor or op

amp connected in a feedback loop with its output fed back into its input through a frequency

selective electronic filter to provide positive feedback. When the power supply to the amplifier is

first switched on, electronic noise in the circuit provides a signal to get oscillations started. The

noise travels around the loop and is amplified and filtered until very quickly it becomes a sine

wave at a single frequency.

Feedback oscillator circuits can be classified according to the type of frequency selective filter

they use in the feedback loop:

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



 In an RC oscillator circuit, the filter is a network of resistors and capacitors.[2][3] RC

oscillators are mostly used to generate lower frequencies, for example in the audio range.

Common types of RC oscillator circuits are the phase shift oscillator and the Wien bridge

oscillator.

 In an LC oscillator circuit, the filter is a tuned circuit (often called a tank circuit; the tuned

circuit is a resonator) consisting of an inductor (L) and capacitor (C) connected

together. Charge flows back and forth between the capacitor's plates through the inductor, so

the tuned circuit can store electrical energy oscillating at its resonant frequency. There are

small losses in the tank circuit, but the amplifier compensates for those losses and supplies

the power for the output signal. LC oscillators are often used at radio frequencies, when a

tunable frequency source is necessary, such as in signal generators, tunable

radio transmitters and the local oscillators in radio receivers. Typical LC oscillator circuits

are theHartley, Colpitts and Clapp circuits.

 In a crystal oscillator circuit the filter is a piezoelectric crystal (commonly a quartz

crystal). The crystal mechanically vibrates as a resonator, and its frequency of vibration

determines the oscillation frequency. Crystals have very high Q-factor and also better

temperature stability than tuned circuits, so crystal oscillators have much better frequency

stability than LC or RC oscillators. Crystal oscillators are the most common type of linear

oscillator, used to stabilize the frequency of most radio transmitters, and to generate

the clock signal in computers and quartz clocks. Crystal oscillators often use the same

circuits as LC oscillators, with the crystal replacing the tuned circuit; thePierce

oscillator circuit is also commonly used. Quartz crystals are generally limited to frequencies

of 30 MHz or below. Other types of resonator, dielectric resonators andsurface acoustic

wave (SAW) devices, are used to control higher frequency oscillators, up into

the microwave range. For example, SAW oscillators are used to generate the radio signal

in cell phones.

 A nonlinear or relaxation oscillator produces a non-sinusoidal output, such as

a square, sawtooth or triangle wave. It consists of an energy-storing element (a capacitor or, more

rarely, an inductor) and a nonlinear switching device (a latch, Schmitt trigger, or negative

resistance element) connected in a feedback loop. The switching device periodically charges and

discharges the energy stored in the storage element thus causing abrupt changes in the output

waveform.

 Square-wave relaxation oscillators are used to provide the clock signal for sequential

logic circuits such as timers and counters, although crystal oscillators are often preferred for their

greater stability. Triangle wave or sawtooth oscillators are used in the timebase circuits that

generate the horizontal deflection signals for cathode ray tubes in
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analogueoscilloscopes and television sets. They are also used in voltage controlled

oscillators (VCOs), inverters and switching power supplies, dual slope analog to digital

converters(ADCs), and in function generators to generate square and triangle waves for testing

equipment. In general, relaxation oscillators are used at lower frequencies and have poorer

frequency stability than linear oscillators.

 Ring oscillators are built of a ring of active delay stages. Generally the ring has an odd number of

inverting stages, so that there is no single stable state for the internal ring voltages. Instead, a

single transition propagates endlessly around the ring.

LC Oscillator Introduction

Oscillators are used in many electronic circuits and systems providing the central “clock” signal that
controls the sequential operation of the entire system. Oscillators convert a DC input (the supply voltage)
into an AC output (the waveform), which can have a wide range of different wave shapes and frequencies
that can be either complicated in nature or simple sine waves depending upon the application.

Oscillators are also used in many pieces of test equipment producing either sinusoidal sine waves, square,
sawtooth or triangular shaped waveforms or just a train of pulses of a variable or constant width. LC
Oscillators are commonly used in radio-frequency circuits because of their good phase noise
characteristics and their ease of implementation.

An Oscillator is basically an Amplifier with “Positive Feedback”, or regenerative feedback (in-phase)
and one of the many problems in electronic circuit design is stopping amplifiers from oscillating while
trying to get oscillators to oscillate.

Oscillators work because they overcome the losses of their feedback resonator circuit either in the form of
a capacitor, inductor or both in the same circuit by applying DC energy at the required frequency into this
resonator circuit. In other words, an oscillator is a an amplifier which uses positive feedback that
generates an output frequency without the use of an input signal. It is self sustaining.

Then an oscillator has a small signal feedback amplifier with an open-loop gain equal too or slightly
greater than one for oscillations to start but to continue oscillations the average loop gain must return to
unity. In addition to these reactive components, an amplifying device such as anOperational
Amplifier or Bipolar Transistor is required. Unlike an amplifier there is no external AC input required to cause the

Oscillator to work as the DC supply energy is converted by the oscillator into AC energy at the required frequency.

Basic Oscillator Feedback Circuit
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Where: β is a feedback fraction.

Oscillator Gain Without Feedback

Oscillator Gain With Feedback

Oscillators are circuits that generate a continuous voltage output waveform at a required frequency with
the values of the inductors, capacitors or resistors forming a frequency selective LC resonant tank circuit
and feedback network. This feedback network is an attenuation network which has a gain of less than one
( β <1 ) and starts oscillations when Aβ >1 which returns to unity ( Aβ =1 ) once oscillations commence.
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The LC oscillators frequency is controlled using a tuned or resonant inductive/capacitive (LC) circuit with
the resulting output frequency being known as the Oscillation Frequency. By making the oscillators
feedback a reactive network the phase angle of the feedback will vary as a function of frequency and this
is called Phase-shift.

There are basically types of Oscillators

 1. Sinusoidal Oscillators – these are known as Harmonic Oscillators and are generally a “LC

Tuned-feedback” or “RC tuned-feedback” type Oscillator that generates a purely sinusoidal

waveform which is of constant amplitude and frequency.

 2. Non-Sinusoidal Oscillators – these are known as Relaxation Oscillators and generate

complex non-sinusoidal waveforms that changes very quickly from one condition of stability to

another such as “Square-wave”, “Triangular-wave” or “Sawtoothed-wave” type waveforms.

Oscillator Resonance

When a constant voltage but of varying frequency is applied to a circuit consisting of an inductor,
capacitor and resistor the reactance of both the Capacitor/Resistor and Inductor/Resistor circuits is to
change both the amplitude and the phase of the output signal as compared to the input signal due to the
reactance of the components used.

At high frequencies the reactance of a capacitor is very low acting as a short circuit while the reactance of
the inductor is high acting as an open circuit. At low frequencies the reverse is true, the reactance of the
capacitor acts as an open circuit and the reactance of the inductor acts as a short circuit.

Between these two extremes the combination of the inductor and capacitor produces a “Tuned” or
“Resonant” circuit that has a Resonant Frequency, ( ƒr ) in which the capacitive and inductive
reactance’s are equal and cancel out each other, leaving only the resistance of the circuit to oppose the
flow of current. This means that there is no phase shift as the current is in phase with the voltage.
Consider the circuit below.
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Basic LC Oscillator Tank Circuit

The circuit consists of an inductive coil, L and a capacitor, C. The capacitor stores energy in the form of
an electrostatic field and which produces a potential (static voltage) across its plates, while the inductive
coil stores its energy in the form of an electromagnetic field. The capacitor is charged up to the DC supply
voltage, V by putting the switch in position A. When the capacitor is fully charged the switch changes to
position B.

The charged capacitor is now connected in parallel across the inductive coil so the capacitor begins to
discharge itself through the coil. The voltage across C starts falling as the current through the coil begins
to rise. This rising current sets up an electromagnetic field around the coil which resists this flow of
current. When the capacitor, C is completely discharged the energy that was originally stored in the
capacitor, C as an electrostatic field is now stored in the inductive coil, L as an electromagnetic field
around the coils windings.

As there is now no external voltage in the circuit to maintain the current within the coil, it starts to fall as
the electromagnetic field begins to collapse. A back emf is induced in the coil (e = -Ldi/dt) keeping the
current flowing in the original direction.

This current charges up capacitor, C with the opposite polarity to its original charge. C continues to
charge up until the current reduces to zero and the electromagnetic field of the coil has collapsed
completely.

The energy originally introduced into the circuit through the switch, has been returned to the capacitor
which again has an electrostatic voltage potential across it, although it is now of the opposite polarity. The
capacitor now starts to discharge again back through the coil and the whole process is repeated. The
polarity of the voltage changes as the energy is passed back and forth between the capacitor and inductor
producing an AC type sinusoidal voltage and current waveform.

This process then forms the basis of an LC oscillators tank circuit and theoretically this cycling back and
forth will continue indefinitely. However, things are not perfect and every time energy is transferred from
the capacitor, C to inductor, L and back from L to C some energy losses occur which decay the
oscillations to zero over time.
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This oscillatory action of passing energy back and forth between the capacitor, C to the inductor, Lwould
continue indefinitely if it was not for energy losses within the circuit. Electrical energy is lost in the DC or
real resistance of the inductors coil, in the dielectric of the capacitor, and in radiation from the circuit so
the oscillation steadily decreases until they die away completely and the process stops.

Then in a practical LC circuit the amplitude of the oscillatory voltage decreases at each half cycle of
oscillation and will eventually die away to zero. The oscillations are then said to be “damped” with the
amount of damping being determined by the quality or Q-factor of the circuit.

Damped Oscillations

The frequency of the oscillatory voltage depends upon the value of the inductance and capacitance in
the LC tank circuit. We now know that for resonance to occur in the tank circuit, there must be a
frequency point were the value of XC, the capacitive reactance is the same as the value of XL, the
inductive reactance ( XL = XC ) and which will therefore cancel out each other out leaving only the DC
resistance in the circuit to oppose the flow of current.

If we now place the curve for inductive reactance of the inductor on top of the curve for capacitive
reactance of the capacitor so that both curves are on the same frequency axes, the point of intersection
will give us the resonance frequency point, ( ƒr or ωr ) as shown below.
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Resonance Frequency

where: ƒr is in Hertz, L is in Henries and C is in Farads.

Then the frequency at which this will happen is given as:
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Then by simplifying the above equation we get the final equation for Resonant Frequency, ƒr in a
tuned LC circuit as:

Resonant Frequency of a LC Oscillator

 Where:

 L is the Inductance in Henries

 C is the Capacitance in Farads

 ƒr is the Output Frequency in Hertz

This equation shows that if either L or C are decreased, the frequency increases. This output frequency is
commonly given the abbreviation of ( ƒr ) to identify it as the “resonant frequency”.
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To keep the oscillations going in an LC tank circuit, we have to replace all the energy lost in each
oscillation and also maintain the amplitude of these oscillations at a constant level. The amount of energy
replaced must therefore be equal to the energy lost during each cycle.

If the energy replaced is too large the amplitude would increase until clipping of the supply rails occurs.
Alternatively, if the amount of energy replaced is too small the amplitude would eventually decrease to
zero over time and the oscillations would stop.

The simplest way of replacing this lost energy is to take part of the output from the LC tank circuit, amplify
it and then feed it back into the LC circuit again. This process can be achieved using a voltage amplifier
using an op-amp, FET or bipolar transistor as its active device. However, if the loop gain of the feedback
amplifier is too small, the desired oscillation decays to zero and if it is too large, the waveform becomes
distorted.

To produce a constant oscillation, the level of the energy fed back to the LC network must be accurately
controlled. Then there must be some form of automatic amplitude or gain control when the amplitude tries
to vary from a reference voltage either up or down.

To maintain a stable oscillation the overall gain of the circuit must be equal to one or unity. Any less and
the oscillations will not start or die away to zero, any more the oscillations will occur but the amplitude will
become clipped by the supply rails causing distortion. Consider the circuit below.

Basic Transistor LC Oscillator Circuit

A Bipolar Transistor is used as the LC oscillators amplifier with the tuned LC tank circuit acts as the
collector load. Another coil L2 is connected between the base and the emitter of the transistor whose
electromagnetic field is “mutually” coupled with that of coil L.
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“Mutual inductance” exists between the two circuits and the changing current flowing in one coil circuit
induces, by electromagnetic induction, a potential voltage in the other (transformer effect) so as the
oscillations occur in the tuned circuit, electromagnetic energy is transferred from coil L to coilL2 and a
voltage of the same frequency as that in the tuned circuit is applied between the base and emitter of the
transistor. In this way the necessary automatic feedback voltage is applied to the amplifying transistor.

The amount of feedback can be increased or decreased by altering the coupling between the two
coils L and L2. When the circuit is oscillating its impedance is resistive and the collector and base
voltages are 180o out of phase. In order to maintain oscillations (called frequency stability) the voltage
applied to the tuned circuit must be “in-phase” with the oscillations occurring in the tuned circuit.

Therefore, we must introduce an additional 180o phase shift into the feedback path between the collector
and the base. This is achieved by winding the coil of L2 in the correct direction relative to coilL giving us
the correct amplitude and phase relationships for the Oscillators circuit or by connecting a phase shift
network between the output and input of the amplifier.

The LC Oscillator is therefore a “Sinusoidal Oscillator” or a “Harmonic Oscillator” as it is more commonly
called. LC oscillators can generate high frequency sine waves for use in radio frequency (RF) type
applications with the transistor amplifier being of a Bipolar Transistor or FET. Harmonic Oscillators come
in many different forms because there are many different ways to construct an LC filter network and
amplifier with the most common being the Hartley LC Oscillator, Colpitts LC Oscillator, Armstrong
Oscillator and Clapp Oscillator to name a few.

LC Oscillator Example No1

An inductance of 200mH and a capacitor of 10pF are connected together in parallel to create an LC
oscillator tank circuit. Calculate the frequency of oscillation.

Then we can see from the above example that by decreasing the value of either the capacitance, C or the
inductance, L will have the effect of increasing the frequency of oscillation of the LC tank circuit.

LC Oscillators Summary
The basic conditions required for an LC oscillator resonant tank circuit are given as follows.

 For oscillations to exist an oscillator circuit MUST contain a reactive (frequency-dependant)

component either an “Inductor”, (L) or a “Capacitor”, (C) as well as a DC power source.

 In a simple inductor-capacitor, LC circuit, oscillations become damped over time due to component

and circuit losses.

 Voltage amplification is required to overcome these circuit losses and provide positive gain.
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 The overall gain of the amplifier must be greater than one, unity.

 Oscillations can be maintained by feeding back some of the output voltage to the tuned circuit that

is of the correct amplitude and in-phase, (0o).

 Oscillations can only occur when the feedback is “Positive” (self-regeneration).

 The overall phase shift of the circuit must be zero or 360o so that the output signal from the

feedback network will be “in-phase” with the input signal.

In the next tutorial about Oscillators, we will examine the operation of one of the most common LC
oscillator circuits that uses two inductance coils to form a centre tapped inductance within its resonant
tank circuit. This type of LC oscillator circuit is known commonly as a Hartley Oscillato

HARTLEY OSCILLATOR

The Hartley oscillator is an electronic oscillator circuit in which the oscillation

frequency is determined by a tuned circuit consisting of capacitors and inductors, that is,

an LC oscillator. The circuit was invented in 1915 by American engineer Ralph Hartley.

The distinguishing feature of the Hartley oscillator is that the tuned circuit consists of a

single capacitor in parallel with two inductors in series (or a single tapped inductor), and

the feedback signal needed for oscillation is taken from the center connection of the two

inductors.

The Hartley oscillator is distinguished by a tank circuit consisting of two series-

connected coils (or, often, a tapped coil) in parallel with a capacitor, with an amplifier between

the relatively High impedance across the entire LC tank and the relatively low voltage/high

current point between the coils. The original 1915 version used a triode as the amplifying device

in Common plate (cathode follower) configuration, with three batteries, and separate adjustable

coils. The most simple of implementations shown here uses nothing but aJFET (in Common-

drain configuration) and the LC tank circuit (here the single winding is tapped), plus a single

battery; it will work, but probably with high distortion and high current drain (that could be

improved by adding resistance between the source and the coil tap), and serves as an

uncomplicated illustration of the Hartley oscillator operation:

 the output from the JFET's source (emitter, if a BJT had been used; cathode for a triode) has

the same phase as the signal at its gate (or base) - and roughly the same voltage as its input

(which is the voltage across the entire tank circuit), but the current is amplified, i.e. it is

acting as a current buffer or voltage-controlled voltage-source.

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



 this low impedance output is then fed into the coil tapping, effectively into

an autotransformer that will step up the voltage, requiring a relatively high current

(compared with that available at the top of the coil).

 With the capacitor-coil resonance, all frequencies other than the tuned frequency will tend to

be absorbed (the tank will appear as nearly zero ohms near DC due to the inductor's

low reactance at low frequencies, and low again at very high frequencies due to the

capacitor); they will also shift the phase of the feedback from the zero degrees needed for

oscillation at all but the tuned frequency.

Variations on the simple circuit often include ways to automatically reduce the amplifier gain to

maintain a constant output voltage at a level below overload; the simple circuit above will limit

the outoput voltage due to the gate conducting on positive peaks, effectively damping

oscillations - but not before significant distortion (spurious harmonics) may result. Changing the

tapped coil to two separate coils, as in the original patent schematic, still results in a working

oscillator but now that the two coils are not magnetically coupledthe inductance, and so

frequency, calculation has to be modified (see below), and the explanation of the voltage

increase mechanism is more complicated than the autotransformer scenario.

A quite different implementation using a tapped coil in an LC tank feedback arrangement, still

called a Hartley oscillator (or sometimes "the" Hartley Oscillator circuit[1]) is to employ a

common-grid (or common-gate or common-base) amplifier stage, which is still non-inverting but

provides voltage gain instead of current gain; the coil tapping is still connected to the cathode

(or source or emitter), but this is now the (low impedance) input to the amplifier; the split tank

circuit is now dropping the impedance from the relatively high output impedance of the plate (or

drain or collector).

The Hartley oscillator is the dual of the Colpitts oscillator which uses a voltage divider made of

two capacitors rather than two inductors. Although there is no requirement for there to be mutual

coupling between the two coil segments, the circuit is usually implemented using a tapped coil,

with the feedback taken from the tap, as shown here. The optimal tapping point (or ratio of coil

inductances) depends on the amplifying device used, which may be a bipolar junction

transistor, FET, triode, or amplifier of almost any type (non-inverting in this case, although

variations of the circuit with an earthed centre-point and feedback from an inverting amplifier or

the collector/drain of a transistor are also common), but a Junction FET (shown) or triode is

often employed as a good degree of amplitude stability (and thus distortion reduction) can be

achieved with a simple grid leak resistor-capacitor combination in series with the gate or grid

(see the Scott circuit below) thanks to diode conduction on signal peaks building up

enough negative bias to limit amplification.
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Op-amp version of Hartley oscillator

The frequency of oscillation is approximately the resonant frequency of the tank circuit. If the

capacitance of the tank capacitor is C and the total inductance of the tapped coil is L then

If two uncoupled coils of inductance L1 and L2 are used then

However if the two coils are magnetically coupled the total inductance will be greater because

of mutual inductance k

The actual oscillation frequency will be slightly lower than given above, because of parasitic

capacitance in the coil and loading by the transistor.

Advantages of the Hartley oscillator include:

 The frequency may be adjusted using a single variable capacitor, one side of

which can be earthed

 The output amplitude remains constant over the frequency range

 Either a tapped coil or two fixed inductors are needed, and very few other

components

 Easy to create an accurate fixed-frequency Crystal oscillator variation by

replacing the capacitor with a (parallel-resonant) quartz crystal or replacing the

top half of the tank circuit with a crystal and grid-leak resistor (as in the Tri-tet

oscillator).

Disadvantages include:
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 Harmonic-rich output if taken from the amplifier and not directly from the LC

circuit (unless amplitude-stabilisation circuitry is employed).

Original Patent Drawing.

The Hartley oscillator was invented by Ralph V.L. Hartley while he was working for

the Research Laboratory of the Western Electric Company. Hartley invented and

patented the design in 1915 while overseeing Bell System's transatlantic

radiotelephone tests; it was awarded patent number 1,356,763 on October 26, 1920.

Note that the above basic schematic is essentially the same as in the patent drawing,

except that the tube is replaced by a J-FET, and that the battery for a negative grid

bias is not needed.

In 1946 Hartley was awarded the IRE medal of honor "For his early work on

oscillating circuits employing triode tubes and likewise for his early recognition and

clear exposition of the fundamental relationship between the total amount of

information which may be transmitted over a transmission system of limited band-

width and the time required." (The second half of the citation refers to Hartley's work

in information theory which largely paralleled Harry Nyquist.)
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CRYSTAL OSCILLATOR

A crystal oscillator is an electronic oscillator circuit that uses the mechanical resonance of a

vibrating crystal of piezoelectric material to create an electrical signal with a very

precise frequency. This frequency is commonly used to keep track of time (as in quartz

wristwatches), to provide a stable clock signal for digital integrated circuits, and to stabilize

frequencies for radio transmitters and receivers. The most common type of piezoelectric

resonator used is the quartz crystal, so oscillator circuits incorporating them became known as

crystal oscillators, but other piezoelectric materials including polycrystalline ceramics are used in

similar circuits.

Quartz crystals are manufactured for frequencies from a few tens of kilohertz to hundreds of

megahertz. More than two billion crystals are manufactured annually. Most are used for

consumer devices such as wristwatches, clocks, radios, computers, and cellphones. Quartz

crystals are also found inside test and measurement equipment, such as counters, signal

generators, and oscilloscopes.

Piezoelectricity was discovered by Jacques and Pierre Curie in 1880. Paul Langevin first investigated

quartz resonators for use in sonarduring World War I. The first crystal-controlled oscillator, using a

crystal of Rochelle salt, was built in 1917 and patented in 1918 by Alexander M. Nicholson at Bell

Telephone Laboratories, although his priority was disputed by Walter Guyton Cady.[5] Cady built the first

quartz crystal oscillator in 1921. Other early innovators in quartz crystal oscillators include G. W.

Pierce and Louis Essen.

Quartz crystal oscillators were developed for high-stability frequency references during the 1920s and

1930s. Prior to crystals, radio stations controlled their frequency with tuned circuits, which could easily

drift off frequency by 3-4 kHz. Since stations were assigned frequencies only 10 kHz apart, interference

between adjacent stations due to frequency drift was common. In 1925 Westinghouse tried out a crystal

oscillator in its flagship station KDKA, and by 1926 quartz crystals were used to control the frequency of

many broadcasting stations and were popular with amateur radio operators.[8] In 1928, Warren Marrison

(of Bell Telephone Laboratories) developed the first quartz crystal clock. This invention replaced

the escapement and pendulum (as the timing reference), relying instead on the natural vibrations

occurring in the quartz crystal as the oscillator. With accuracies of up to 1 sec in 30 years (or

30 ms/year), quartz clocks became the world's most accurate timekeepers until atomic clocks were

developed in the 1950s. Utilizing the early work at Bell Labs, AT&T eventually established their

Frequency Control Products division, later spun off and known today as Vectron International A number
of firms started producing quartz crystals for electronic use during this time. Using what are now
considered primitive methods, about 100,000 crystal units were produced in the United States during 1939.

Through World War II crystals were made from natural quartz crystal, virtually all from Brazil. Shortages of

crystals during the war caused by the demand for accurate frequency control of military and

naval radios and radars spurred postwar research into culturing synthetic quartz, and by 1950

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



a hydrothermal process for growing quartz crystals on a commercial scale was developed at Bell Laboratories.

By the 1970s virtually all crystals used in electronics were synthetic.

A crystal is a solid in which the constituent atoms, molecules, or ions are packed in a regularly

ordered, repeating pattern extending in all three spatial dimensions.

Almost any object made of an elastic material could be used like a crystal, with

appropriate transducers, since all objects have natural resonant frequencies of vibration. For

example, steel is very elastic and has a high speed of sound. It was often used in mechanical

filters before quartz. The resonant frequency depends on size, shape, elasticity, and the speed of

sound in the material. High-frequency crystals are typically cut in the shape of a simple,

rectangular plate. Low-frequency crystals, such as those used in digital watches, are typically cut

in the shape of a tuning fork. For applications not needing very precise timing, a low-

cost ceramic resonator is often used in place of a quartz crystal.

When a crystal of quartz is properly cut and mounted, it can be made to distort in an electric

field by applying a voltage to an electrode near or on the crystal. This property is known

as electrostriction or inverse piezoelectricity. When the field is removed, the quartz will generate

an electric field as it returns to its previous shape, and this can generate a voltage. The result is

that a quartz crystal behaves like a circuit composed of an inductor, capacitor and resistor, with a

precise resonant frequency.

Quartz has the further advantage that its elastic constants and its size change in such a way that

the frequency dependence on temperature can be very low. The specific characteristics will

depend on the mode of vibration and the angle at which the quartz is cut (relative to its

crystallographic axes). Therefore, the resonant frequency of the plate, which depends on its size,

will not change much, either. This means that a quartz clock, filter or oscillator will remain

accurate. For critical applications the quartz oscillator is mounted in a temperature-controlled

container, called a crystal oven, and can also be mounted on shock absorbers to prevent

perturbation by external mechanical vibrations.

A quartz crystal can be modelled as an electrical network with a low impedance (series) and a
high impedance (parallel) resonance point spaced closely together. Mathematically (using
the Laplace transform) the impedance of this network can be written as:

or,
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where s is the complex frequency ( ), is the series resonant angular
frequency and is the parallel resonant angular frequency.

A quartz crystal provides both series and parallel resonance. The series resonance is a few

kilohertz lower than the parallel one. Crystals below 30 MHz are generally operated between

series and parallel resonance, which means that the crystal appears as an inductive reactance in

operation, this inductance forming a parallel resonant circuit with externally connected parallel

capacitance. Any small additional capacitance in parallel with the crystal will thus pull the

frequency downwards. Moreover, the effective inductive reactance of the crystal can be reduced

by adding a capacitor in series with the crystal. This latter technique can provide a useful method

of trimming the oscillatory frequency within a narrow range; in this case inserting a capacitor in

series with the crystal will raise the frequency of oscillation. For a crystal to operate at its

specified frequency, the electronic circuit has to be exactly that specified by the crystal

manufacturer. Note that these points imply a subtlety concerning crystal oscillators in this

frequency range: the crystal does not usually oscillate at precisely either of its resonant

frequencies.

Crystals above 30 MHz (up to >200 MHz) are generally operated at series resonance where the

impedance appears at its minimum and equal to the series resistance. For these crystals the series

resistance is specified (<100 Ω) instead of the parallel capacitance. To reach higher frequencies,
a crystal can be made to vibrate at one of its overtone modes, which occur near multiples of the

fundamental resonant frequency. Only odd numbered overtones are used. Such a crystal is

referred to as a 3rd, 5th, or even 7th overtone crystal. To accomplish this, the oscillator circuit

usually includes additional LC circuits to select the desired overtone.

The crystal oscillator circuit sustains oscillation by taking a voltage signal from the quartz resonator,
amplifying it, and feeding it back to the resonator. The rate of expansion and contraction of the
quartz is the resonant frequency, and is determined by the cut and size of the crystal. When the
energy of the generated output frequencies matches the losses in the circuit, an oscillation can be
sustained.

An oscillator crystal has two electrically conductive plates, with a slice or tuning fork of quartz crystal
sandwiched between them. During startup, the controlling circuit places the crystal into an unstable
equilibrium, and due to the positive feedback in the system, any tiny fraction of noise will start to get
amplified, ramping up the oscillation. The crystal resonator can also be seen as a highly frequency-
selective filter in this system: it will only pass a very narrow subband of frequencies around the
resonant one, attenuating everything else. Eventually, only the resonant frequency will be active. As
the oscillator amplifies the signals coming out of the crystal, the signals in the crystal's frequency
band will become stronger, eventually dominating the output of the oscillator. The narrow resonance
band of the quartz crystal filters out all the unwanted frequencies.
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The output frequency of a quartz oscillator can be either that of the fundamental resonance or of a
multiple of that resonance, called aharmonic frequency. Harmonics are an exact integer multiple of
the fundamental frequency. But, like many other mechanical resonators, crystals exhibit several
modes of oscillation, usually at approximately odd integer multiples of the fundamental frequency.
These are termed "overtone modes", and oscillator circuits can be designed to excite them. The
overtone modes are at frequencies which are approximate, but not exact odd integer multiples of
that of the fundamental mode, and overtone frequencies are therefore not exact harmonics of the
fundamental.

High frequency crystals are often designed to operate at third, fifth, or seventh overtones.

Manufacturers have difficulty producing crystals thin enough to produce fundamental

frequencies over 30 MHz. To produce higher frequencies, manufacturers make overtone crystals

tuned to put the 3rd, 5th, or 7th overtone at the desired frequency, because they are thicker and

therefore easier to manufacture than a fundamental crystal that would produce the same

frequency—although exciting the desired overtone frequency requires a slightly more

complicated oscillator circuit. A fundamental crystal oscillator circuit is simpler and more

efficient and has more pullability than a third overtone circuit. Depending on the manufacturer,

the highest available fundamental frequency may be 25 MHz to 66 MHz.

A major reason for the wide use of crystal oscillators is their high Q factor. A typical Q value for

a quartz oscillator ranges from 104 to 106, compared to perhaps 102 for an LC oscillator. The

maximum Q for a high stability quartz oscillator can be estimated as Q = 1.6 × 107/f, where f is

the resonance frequency in megahertz.

One of the most important traits of quartz crystal oscillators is that they can exhibit very

low phase noise. In many oscillators, any spectral energy at the resonant frequency will be

amplified by the oscillator, resulting in a collection of tones at different phases. In a crystal

oscillator, the crystal mostly vibrates in one axis, therefore only one phase is dominant. This

property of low phase noise makes them particularly useful in telecommunications where stable

signals are needed, and in scientific equipment where very precise time references are needed.

Environmental changes of temperature, humidity, pressure, and vibration can change the

resonant frequency of a quartz crystal, but there are several designs that reduce these

environmental effects. These include the TCXO, MCXO, and OCXO (defined below). These

designs (particularly the OCXO) often produce devices with excellent short-term stability. The

limitations in short-term stability are due mainly to noise from electronic components in the

oscillator circuits. Long term stability is limited by aging of the crystal.

Due to aging and environmental factors (such as temperature and vibration), it is difficult to keep

even the best quartz oscillators within one part in 1010 of their nominal frequency without
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constant adjustment. For this reason, atomic oscillators are used for applications requiring better

long-term stability and accuracy.

For crystals operated at series resonance or pulled away from the main mode by the inclusion of

a series inductor or capacitor, significant (and temperature-dependent) spurious responses may

be experienced. Though most spurious modes are typically some tens of kilohertz above the

wanted series resonance their temperature coefficient will be different from the main mode and

the spurious response may move through the main mode at certain temperatures. Even if the

series resistances at the spurious resonances appear higher than the one at wanted frequency a

rapid change in the main mode series resistance can occur at specific temperatures when the two

frequencies are coincidental. A consequence of these activity dips is that the oscillator may lock

at a spurious frequency (at specific temperatures). This is generally minimized by ensuring that

the maintaining circuit has insufficient gain to activate unwanted modes.

Spurious frequencies are also generated by subjecting the crystal to vibration. This modulates the

resonance frequency to a small degree by the frequency of the vibrations. SC-cut crystals are

designed to minimize the frequency effect of mounting stress and they are therefore less sensitive

to vibration. Acceleration effects including gravity are also reduced with SC cut crystals as is

frequency change with time due to long term mounting stress variation. There are disadvantages

with SC cut shear mode crystals, such as the need for the maintaining oscillator to discriminate

against other closely related unwanted modes and increased frequency change due to temperature

when subject to a full ambient range. SC cut crystals are most advantageous where temperature

control at their temperature of zero temperature coefficient (turnover) is possible, under these

circumstances an overall stability performance from premium units can approach the stability of

Rubidium frequency standards.

Crystals can be manufactured for oscillation over a wide range of frequencies, from a few

kilohertz up to several hundred megahertz. Many applications call for a crystal oscillator

frequency conveniently related to some other desired frequency, so hundreds of standard crystal

frequencies are made in large quantities and stocked by electronics distributors. For example,

many (non-television) applications use 3.579545 MHz crystals since they are made in large

quantities for NTSC color television receivers. Using frequency dividers,frequency

multipliers and phase locked loop circuits, it is practical to derive a wide range of frequencies

from one reference frequency.

The most common material for oscillator crystals is quartz. At the beginning of the technology,

natural quartz crystals were used; now synthetic crystalline quartz grown by hydrothermal

synthesis is predominant due to higher purity, lower cost, and more convenient handling. One of

the few remaining uses of natural crystals is for pressure transducers in deep wells.

During World War II and for some time afterwards, natural quartz was considered a strategic

material by the USA. Large crystals were imported from Brazil. Raw "lascas", the source

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



material quartz for hydrothermal synthesis, are imported to USA or mined locally by Coleman

Quartz. The average value of as-grown synthetic quartz in 1994 was 60 USD/kg.

Two types of quartz crystals exist: left-handed and right-handed, differing in the optical

rotation but identical in other physical properties. Both left and right-handed crystals can be used

for oscillators, if the cut angle is correct. In manufacture, right-handed quartz is generally

used. The SiO4 tetrahedrons form parallel helices; the direction of twist of the helix determines

the left- or right-hand orientation. The helixes are aligned along the z-axis and merged, sharing

atoms. The mass of the helixes forms a mesh of small and large channels parallel to the z-axis;

the large ones are large enough to allow some mobility of smaller ions and molecules through the

crystal.[21]

Quartz exists in several phases. At 573 °C at 1 atmosphere (and at higher temperatures and

higher pressures) the α-quartz undergoesquartz inversion, transforms reversibly to β-quartz. The

reverse process however is not entirely homogeneous and crystal twinning occurs. Care has to be

taken during manufacture and processing to avoid the phase transformation. Other phases, e.g.

the higher-temperature phases tridymite and cristobalite, are not significant for oscillators. All

quartz oscillator crystals are the α-quartz type.

Infrared spectrophotometry is used as one of the methods for measuring the quality of the grown

crystals. The wavenumbers 3585, 3500, and 3410 cm−1 are commonly used. The measured value

is based on the absorption bands of the OH radical and the infrared Q value is calculated. The

electronic grade crystals, grade C, have Q of 1.8 million or above; the premium grade B crystals

have Q of 2.2 million, and special premium grade A crystals have Q of 3.0 million. The Q value

is calculated only for the z region; crystals containing other regions can be adversely affected.

Another quality indicator is the etch channel density; when the crystal is etched, tubular channels

are created along linear defects. For processing involving etching, e.g. the wristwatch tuning fork

crystals, low etch channel density is desirable. The etch channel density for swept quartz is about

10–100 and significantly more for unswept quartz. Presence of etch channels and etch pits

degrades the resonator's Q and introduces nonlinearities.

Quartz crystals can be grown for specific purposes.

Crystals for AT-cut are the most common in mass production of oscillator materials; the shape

and dimensions are optimized for high yield of the required wafers. High-purity quartz crystals

are grown with especially low content of aluminium, alkali metal and other impurities and

minimal defects; the low amount of alkali metals provides increased resistance to ionizing

radiation. Crystals for wrist watches, for cutting the tuning fork 32768 Hz crystals, are grown

with very low etch channel density.

Crystals for SAW devices are grown as flat, with large X-size seed with low etch channel

density.
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Special high-Q crystals, for use in highly stable oscillators, are grown at constant slow speed and

have constant low infrared absorption along the entire Z axis. Crystals can be grown as Y-bar,

with a seed crystal in bar shape and elongated along the Y axis, or as Z-plate, grown from a plate

seed with Y-axis direction length and X-axis width. The region around the seed crystal contains a

large number of crystal defects and should not be used for the wafers.

Crystals grow anisotropically; the growth along the Z axis is up to 3 times faster than along the X

axis. The growth direction and rate also influences the rate of uptake of impurities.[23] Y-bar

crystals, or Z-plate crystals with long Y axis, have four growth regions usually called +X, -X, Z,

and S. The distribution of impurities during growth is uneven; different growth areas contain

different levels of contaminants. The z regions are the purest, the small occasionally present s

regions are less pure, the +x region is yet less pure, and the -x region has the highest level of

impurities. The impurities have a negative impact on radiation hardness, susceptibility

to twinning, filter loss, and long and short term stability of the crystals.[25] Different-cut seeds in

different orientations may provide other kinds of growth regions.[26] The growth speed of the -x

direction is slowest due to the effect of adsorption of water molecules on the crystal surface;

aluminium impurities suppress growth in two other directions. The content of aluminium is

lowest in z region, higher in +x, yet higher in -x, and highest in s; the size of s regions also grows

with increased amount of aluminium present. The content of hydrogen is lowest in z region,

higher in +x region, yet higher in s region, and highest in -x.[27] Aluminium inclusions transform

into color centers with gamma ray irradiation, causing a darkening of the crystal proportional to

the dose and level of impurities; the presence of regions with different darkness reveals the

different growth regions.

The dominant type of defect of concern in quartz crystals is the substitution of an Al(III) for

a Si(IV) atom in the crystal lattice. The aluminium ion has an associated interstitial charge

compensator present nearby, which can be a H+ ion (attached to the nearby oxygen and forming

ahydroxyl group, called Al-OH defect), Li+ ion, Na+ ion, K+ ion (less common), or an electron

hole trapped in a nearby oxygen atom orbital. The composition of the growth solution, whether it

is based on lithium or sodium alkali compounds, determines the charge compensating ions for

the aluminium defects. The ion impurities are of concern as they are not firmly bound and can

migrate through the crystal, altering the local lattice elasticity and the resonant frequency of the

crystal. Other common impurities of concern are e.g. iron(III) (interstitial), fluorine, boron(III),

phosphorus(V) (substitution), titanium(IV) (substitution, universally present in magmatic quartz,

less common in hydrothermal quartz), and germanium(IV) (substitution). Sodium and iron ions

can cause inclusions of acnite and elemeusite crystals. Inclusions of water may be present in fast-

grown crystals; interstitial water molecules are abundant near the crystal seed. Another defect of

importance is the hydrogen containing growth defect, when instead of a Si-O-Si structure, a pair

of Si-OH HO-Si groups is formed; essentially a hydrolyzed bond. Fast-grown crystals contain
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more hydrogen defects than slow-grown ones. These growth defects source as supply of

hydrogen ions for radiation-induced processes and forming Al-OH defects. Germanium

impurities tend to trap electrons created during irradiation; the alkali metal cations then migrate

towards the negatively charged center and form a stabilizing complex. Matrix defects can also be

present; oxygen vacancies, silicon vacancies (usually compensated by 4 hydrogens or 3

hydrogens and a hole), peroxy groups, etc. Some of the defects produce localized levels in the

forbidden band, serving as charge traps; Al(III) and B(III) typically serve as hole traps while

electron vacancies, titanium, germanium, and phosphorus atoms serve as electron traps. The

trapped charge carriers can be released by heating; their recombination is the cause

of thermoluminescence.

The mobility of interstitial ions depends strongly on temperature. Hydrogen ions are mobile

down to 10 K, but alkali metal ions become mobile only at temperatures around and above 200

K. The hydroxyl defects can be measured by near-infrared spectroscopy. The trapped holes can

be measured by electron spin resonance. The Al-Na+ defects show as an acoustic loss peak due

to their stress-induced motion; the Al-Li+ defects do not form a potential well so are not

detectable this way. Some of the radiation-induced defects during their thermal annealing

produce thermoluminescence; defects related to aluminium, titanium, and germanium can be

distinguished.

Swept crystals are crystals that have undergone a solid-state electrodiffusion purification

process. Sweeping involves heating the crystal above 500 °C in a hydrogen-free atmosphere,

with a voltage gradient of at least 1 kilovolt/cm, for several (usually over 12) hours. The

migration of impurities and the gradual replacement of alkali metal ions with hydrogen (when

swept in air) or electron holes (when swept in vacuum) causes a weak electric current through

the crystal; decay of this current to a constant value signals the end of the process. The crystal is

then left to cool, while the electric field is maintained. The impurities are concentrated at the

cathode region of the crystal, which is cut off afterwards and discarded.[30] Swept crystals have

increased resistance to radiation, as the dose effects are dependent on the level of alkali metal

impurities; they are suitable for use in devices exposed to ionizing radiation, e.g. for nuclear and

space technology. Sweeping under vacuum at higher temperatures and higher field strengths

yields yet more radiation-hard crystals. The level and character of impurities can be measured by

infrared spectroscopy. Quartz can be swept in both α and β phase; sweeping in β phase is faster,
but the phase transition may induce twinning. Twinning can be mitigated by subjecting the

crystal to compression stress in the X direction, or an AC or DC electric field along the X axis

while the crystal cools through the phase transformation temperature region.

Sweeping can be also used to introduce one kind of an impurity into the crystal. Lithium,

sodium, and hydrogen swept crystals are used for e.g. studying quartz behavior.
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Very small crystals for high fundamental mode frequencies can be manufactured by

photolithography.

Crystals can be adjusted to exact frequencies by laser trimming. A technique used in the world

of amateur radio for slight decrease of the crystal frequency may be achieved by exposing

crystals with silver electrodes to vapors of iodine, which causes a slight mass increase on the

surface by forming a thin layer of silver iodide; such crystals however had problematic long-term

stability. Another method commonly used is electrochemical increase or decrease of silver

electrode thickness by submerging a resonator in lapis dissolved in water, citric acid in water, or

water with salt, and using the resonator as one electrode, and a small silver electrode as another.

By choosing the direction of current, one can either increase, or decrease the mass of electrodes.

Details were published in "Radio" magazine (3/1978) by UB5LEV.

Raising frequency by scratching off parts of the electrodes is advised against, as this may

damage the crystal and lower its Q factor. Capacitor trimmers can be also used for frequency

adjustment of the oscillator circuit.

Some other piezoelectric materials than quartz can be employed; e.g. single crystals of lithium

tantalate, lithium niobate, lithium borate,berlinite, gallium arsenide, lithium

tetraborate, aluminium phosphate, bismuth germanium oxide, polycrystalline zirconium

titanate ceramics, high-alumina ceramics, silicon-zinc oxide composite, or dipotassium tartrate;

some materials may be more suitable for specific applications. An oscillator crystal can be also

manufactured by depositing the resonator material on the silicon chip surface. Crystals

of gallium phosphate, langasite, langanite and langanate are about 10 times more pullable than

the corresponding quartz crystals, and are used in some VCXO oscillators.
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Colpitts oscillator

A Colpitts oscillator, invented in 1918 by American engineer Edwin H. Colpitts, is one of a

number of designs for LC oscillators, electronic oscillators that use a combination

ofinductors (L) and capacitors (C) to produce an oscillation at a certain frequency. The

distinguishing feature of the Colpitts oscillator is that the feedback for the active device is taken

from a voltage divider made of two capacitors in series across the inductor

he Colpitts circuit, like other LC oscillators, consists of a gain device (such as a bipolar
junction transistor, field effect transistor, operational amplifier, or vacuum tube) with its output
connected to its input in a feedback loop containing a parallelLC circuit (tuned circuit) which
functions as a bandpass filter to set the frequency of oscillation.

A Colpitts oscillator is the electrical dual of a Hartley oscillator, where the feedback signal is taken
from an "inductive" voltage divider consisting of two coils in series (or a tapped coil). Fig. 1 shows
the common-base Colpitts circuit. L and the series combination of C1 and C2 form the parallel
resonant tank circuit which determines the frequency of the oscillator. The voltage across C2 is
applied to the base-emitter junction of the transistor, as feedback to create oscillations. Fig. 2 shows
the common-collector version. Here the voltage across C1 provides feedback. The frequency of
oscillation is approximately the resonant frequency of the LC circuit, which is the series combination
of the two capacitors in parallel with the inductor

The actual frequency of oscillation will be slightly lower due to junction capacitances and resistive
loading of the transistor.

As with any oscillator, the amplification of the active component should be marginally larger than the
attenuation of the capacitive voltage divider, to obtain stable operation. Thus, a Colpitts oscillator
used as a variable frequency oscillator (VFO) performs best when a variable inductance is used for
tuning, as opposed to tuning one of the two capacitors. If tuning by variable capacitor is needed, it
should be done via a third capacitor connected in parallel to the inductor (or in series as in the Clapp
oscillator).

One method of oscillator analysis is to determine the input impedance of an input port neglecting any
reactive components. If the impedance yields a negative resistance term, oscillation is possible. This
method will be used here to determine conditions of oscillation and the frequency of oscillation.

An ideal model is shown to the right. This configuration models the common collector circuit in the
section above. For initial analysis, parasitic elements and device non-linearities will be ignored.
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These terms can be included later in a more rigorous analysis. Even with these approximations,
acceptable comparison with experimental results is possible.

Ignoring the inductor, the input impedance can be written as

Where is the input voltage and is the input current. The voltage is given by

Where is the impedance of . The current flowing into is , which is the sum of two
currents:

Where is the current supplied by the transistor. is a dependent current source given by

Where is the transconductance of the transistor. The input current is given by

Where is the impedance of . Solving for and substituting above yields

The input impedance appears as the two capacitors in series with an interesting term, which is
proportional to the product of the two impedances:

If and are complex and of the same sign, will be a negative resistance. If the
impedances for and are substituted, is

If an inductor is connected to the input, the circuit will oscillate if the magnitude of the negative
resistance is greater than the resistance of the inductor and any stray elements. The frequency of
oscillation is as given in the previous section.

For the example oscillator above, the emitter current is roughly 1 mA. The transconductance is
roughly 40 mS. Given all other values, the input resistance is roughly

This value should be sufficient to overcome any positive resistance in the circuit. By inspection,
oscillation is more likely for larger values of transconductance and smaller values of capacitance. A
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oscillation is more likely for larger values of transconductance and smaller values of capacitance. A
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This value should be sufficient to overcome any positive resistance in the circuit. By inspection,
oscillation is more likely for larger values of transconductance and smaller values of capacitance. A
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more complicated analysis of the common-base oscillator reveals that a low frequency amplifier
voltage gain must be at least four to achieve oscillation.[8] The low frequency gain is given by:

If the two capacitors are replaced by inductors and magnetic coupling is ignored, the circuit becomes
a Hartley oscillator. In that case, the input impedance is the sum of the two inductors and a
negative resistance given by:

In the Hartley circuit, oscillation is more likely for larger values of transconductance and larger values
of inductance.

Oscillation amplitude
The amplitude of oscillation is generally difficult to predict, but it can often be accurately estimated
using the describing function method.

For the common-base oscillator in Figure 1, this approach applied to a simplified model predicts an
output (collector) voltage amplitude given by:[9]

where is the bias current, and is the load resistance at the collector.

This assumes that the transistor does not saturate, the collector current flows in narrow pulses, and
that the output voltage is sinusoidal (low distortion).

This approximate result also applies to oscillators employing different active device, such
as MOSFETs and vacuum tubes.
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