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UNIT-I: CURRENT ELECTRICITY AND NUCLEAR PHYSICS

Kirchhoff’s law —Wheatstone’s bridge — Metre Bridge — Carey foster’s bridge — Measurement of
specific resistance — Potentiometer — Calibration of low range voltmeter

Nucleus — Nuclear Size — Charge — Mass and Spin — Shell Model — Nuclear fission and fusion —
Liquid drop model — Binding energy — Mass defect

KIRCHHOFF’S RULES
Ohm’s law is useful only for simple circuits. For more complex circuits, Kirchhoff ’s rules can be used to
find current and voltage. There are two generalized rules: 1) Kirchhoff ’s current rule ii) Kirchhoff ’s voltage rule.

Kirchhoff’s first rule (Current rule or Junction rule)

It states that the algebraic sum of the currents at any junction of a circuit is zero. It is a statement of
conservation of electric charge. All charges that enter a given junction in a circuit must leave that junction since
charge cannot build up or disappear at a junction. Current entering the junction is taken as positive and current
leaving the junction is taken as negative.

Il +12—I3—I4—15 =0
(or)
L+L=L+L+Is
Kirchhoff’s Second rule (Voltage rule or Loop rule)

It states that in a closed circuit the algebraic sum of the products of the current and resistance of each part
of the circuit is equal to the total emf included in the circuit. This rule follows from the law of conservation of
energy for an isolated system (The energy supplied by the emf sources is equal to the sum of the energy delivered
to all resistors). The product of current and resistance is taken as positive when the direction of the current is
followed. Suppose if the direction of current is opposite to the direction of the loop, then product of current and
voltage across the resistor is negative. The emf is considered positive when proceeding from the negative to the
positive terminal of the cell. I Kirchhoff voltage rule has to be applied only when all currents in the circuit reach
a steady state condition (the current in various branches are constant).




‘Wheatstone’s bridge

An important application of Kirchhoff ’s rules is the Wheatstone’s bridge. It is used to compare
resistances and also helps in determining the unknown resistance in electrical network. The bridge consists of
four resistances P, Q, R and S connected as shown in Figure 2.25. A galvanometer G is connected between the
points B and D. The battery is connected between the points A and C. The current through the galvanometer is
IG and its resistance is G. Applying Kirchhoff’s current rule to junction B, I, — I — I = 0 ; Applying Kirchhoff ’s
current rule to junction D, I, + Ig— I, = 0.
Applying Kirchhoff ’s voltage rule to loop ABDA, I,P + IciG-LR =0
Applying Kirchhoff ’s voltage rule to loop ABCDA, ,P + ,Q-LS-LR =0

When the points B and D are at the same potential, the bridge is said to be balanced. As there is no
potential difference between B and D, no current flows through galvanometer (IG = 0). Substituting IG = 0 in
equation we get 11: I3 ; 12 :I4 ; I]P :IzR
Substituting the equations in above equation: LP + ;Q-LS-LR=0;; (P + Q) = L,(R +S)

Dividing both equations we get: ~= == ; 1+ 2= 1+ ~2=2 = g = <. This is the bridge balance condition.
Only under this condition, galvanometer shows null deflection. Suppose we know the values of two adjacent
resistances, the other two resistances can be compared. If three of the resistances are known, the value of
unknown resistance (fourth one) can be determined.

Meter bridge

The meter bridge is another form of Wheatstone’s bridge. It consists of a uniform manganin wire AB of one
meter length. This wire is stretched along a meter scale on a wooden board between two copper strips C and D.
Between these two copper strips another copper strip E is mounted to enclose two gaps G1 and G2 as shown in
Figure. An unknown resistance P is connected in G1 and a standard resistance Q is connected in G2. A jockey
(conducting wire) is connected to the terminal E on the central copper strip through a galvanometer (G) and a
high resistance (HR). The exact position of jockey on the wire can be read on the scale. A Lechlanche cell and a
key (K) are connected across the ends of the bridge wire.



The position of the jockey on the wire is adjusted so that the galvanometer shows zero deflection. Let the point

be J. The lengths AJ and JB of the bridge wire now replace the resistance R and S of the Wheatstone’s bridge.
P_R_RA
Then - =—-=——
Q S RJB

where R’ is the resistance per unit length of wire

P _A4_1
Q JB 12
_ A~
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The bridge wire is soldered at the ends of the copper strips. Due to imperfect contact, some resistance might be
introduced at the contact. These are called end resistances. This error can be eliminated, if another set of readings
are taken with P and Q interchanged and the average value of P is found.

To find the specific resistance of the material of the wire in the coil P, the radius r and length / of the wire is
measured. The specific resistance or resistivity p can be calculated using the relation Resistance = p //4

By rearranging the above equation, we get p = ResistanceX A4//
If P is the unknown resistance equation becomes, p = P x nr?/]

Carey Foster’s bridge

The Carey Foster bridge is a bridge circuit used to measure medium resistances, or to measure small
differences between two large resistances. It was invented by Carey Foster as a variant on the Wheatstone bridge.
He first described it in his 1872 paper "On a Modified Form of Wheatstone's Bridge, and Methods of Measuring
Small Resistances". In the adjacent diagram, X and Y are resistances to be compared. P and Q are nearly equal
resistances, forming the other half of the bridge. The bridge wire EF has a jockey contact D placed along it and is
slid until the galvanometer G measures zero. The thick-bordered areas are thick copper busbars of almost zero
resistance.

i o
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|

Place a known resistance in position Y.

Place the unknown resistance in position X.

Adjust the contact D along the bridge wire EF so as to null the galvanometer. This position (as a percentage of
distance from E to F) is £;.

Swap X and Y. Adjust D to the new null point. This position is ¢5.

If the resistance of the wire per percentage is o, then the resistance difference is the resistance of the length of
bridge wire between ¢, and (,: X -Y = o (L, - 1))

To measure a low unknown resistance X, replace Y with a copper busbar that can be assumed to be of zero
resistance.


https://en.wikipedia.org/wiki/Bridge_circuit
https://en.wikipedia.org/wiki/Carey_Foster
https://en.wikipedia.org/wiki/Wheatstone_bridge
https://en.wikipedia.org/wiki/Busbar

In practical use, when the bridge is unbalanced, the galvanometer is shunted with a low resistance to avoid
burning it out. It is only used at full sensitivity when the anticipated measurement is close to the null point.

To measure 0. To measure the unit resistance of the bridge wire EF, put a known resistance (e.g., a standard 1 ohm
resistance) that is less than that of the wire as X, and a copper busbar of assumed zero resistance as Y.

Theory: Two resistances to be compared, X and Y, are connected in series with the bridge wire. Thus, considered
as a Wheatstone bridge, the two resistances are X plus a length of bridge wire, and Y plus the remaining bridge
wire. The two remaining arms are the nearly equal resistances P and Q, connected in the inner gaps of the bridge.

Let ¢, be the null point D on the bridge wire EF in percent. « is the unknown left-side extra resistance EX and f is the
unknown right-side extra resistance FY, and o is the resistance per percent length of the bridge wire:

P/Q=X+oc(;+a)/y+c(100-1; + )

and add 1 to each side:
P/Q+1=X+Y+c(100+a+B)/y+c(100-1; +PB)
Now swap X and Y. €, is the new null point reading in percent:
P/Q=Y+o(,+a)/x+c(100-1, + B)

and add 1 to each side:
P/Q+1=X+Y+c(100+a+B)/x+0c(100-1,+ )

Equations 1 and 2 have the same left-hand side and the same numerator on the right-hand side, meaning the
denominator on the right-hand side must also be equal:

Y+o(100-L+B)=x+c(100-1,+B);xy=0(—1)
Thus: the difference between X and Y is the resistance of the bridge wire between ¢; and ¢,. The bridge is most
sensitive when P, Q, X and Y are all of comparable magnitude.

Potentiometer
Potentiometer is used for the accurate measurement of potential differences, current and resistances. It consists
of ten meter long uniform wire of manganin or constantan stretched in parallel rows each of 1 meter length, on
a wooden board. The two free ends A and B are brought to the same side and fixed to copper strips with
binding screws. A meter scale is fixed parallel to the wire. A jockey is provided for making contact.

The principle of the potentiometer is illustrated in Figure 2.27. A steady current is maintained across the wire CD
by a battery Bt. The battery, key and the potentiometer wire are connected in series forms the primary circuit.
The positive terminal of a primary cell of emf & is connected to the point C and negative terminal is connected to
the jockey through a galvanometer G and a high resistance HR. This forms the secondary circuit.

Let contact be made at any point J on the wire by jockey. If the potential difference across CJ is equal to the emf
of the cell & then no current will flow through the galvanometer and it will show zero deflection. CJ is the
balancing length /. The potential difference across CJ is equal to Il where [ is the current flowing through the
wire and 7 is the resistance per unit length of the wire. Hence & = I7/; Since I and r are constants, & o« /. The emf of
the cell is directly proportional to the balancing length.



Calibration of low range voltmeter:

Observations measured from voltmeter is errorful due to different reasons:
(1) In built mechanical error,
(i1) Parallex error,
(i) Unsymmetrically in the spring of voltmeter etc. Potentiometer can increase precise value of potential difference.
Checking the errors of observations of voltmeter by potentiometer is known as Calibration of Voltmeter. In figure.
necessary circuit diagram is shown for calibration of voltmeter. Primary circuit is usually connected as section before.
In secondary circuit positive terminal of standard cell is connected at point A (high potential end) while negative terminal
is connected with the terminal 1 of two way key. In this circuit other cell €, rtheostate Rh2, key K2 and resistance
box (R.B.) is connected in series as shown in figure. The high potential end of R.B. is connected at A while lower
potential end is connected at the terminal 3 of two way key. The voltmeter which is to be calibrated should be connected
across the ends of R.B. The middle terminal of two way key is connected with the one end of galvanometer (G) and
other end of (G) is connected with jockey.

Working : Firstly we completed the primary circuit and insert the plug between terminal 1 and 2 and by the help of
jockey finding balancing length 10 for the standard cell €S

€S=kl, ork= €S /1,....(1)

k is potential gradient.

By the standardisation of cell, then find out k.

Now eliminate the plug between 1 and 2 and insert it between 2 and 3. Now key K2 be closed and suitable resistance out
from R.B. By the help of Rh2 necessary current pass through the resistance and takes the deflection in voltmeter, which
is V. It is errorful observation, corresponding to V. Find out the real value of potential difference by potentiometer. Find
the balancing length 12. Now by the principle of potentiometer the real value of potential difference

V'=kl,

V'=(eS/ L......(2)

Error in the observation of voltmeter

AV=V-V'

By the help of R.B. and Rh2, observe different values of voltmeter and for it find corresponding values of potential
difference by potentiometer. Now taking difference of V (observations of voltmeter) and V' (potential difference by
potentiometer) we can find error in it

AV=V-V'

Calibration Curve : A graph is plotted between the readings of voltmeter and the corresponding errors. This graph is
called calibration curve of the voltmeter. The graph has been no definite shape. The any graph of calibration is shown in
figure.



NUCLEUS

Composition of nucleus

Atoms have a nucleus surrounded by electrons. The nucleus contains protons and neutrons. The neutrons are
electrically neutral (¢ = 0) and the protons have positive charge (¢ = + ¢) equal in magnitude of the charge of the
electron (¢ = —¢). The number of protons in the nucleus is called the atomic number and it is denoted by Z. The
number of neutrons in the nucleus is called neutron number (V). The total number of neutrons and protons in
the nucleus is called the mass number and it is denoted by 4. Hence, 4 = Z+N.

The two constituents of nucleus namely neutrons and protons, are collectively called nucleons. The mass of a
proton is 1.67x10?” kg which is roughly 1836 times the mass of the electron. The mass of a neutron is slightly
greater than the mass of the proton and it is equal to 1.67x10?%" kg .

To specify the nucleus of any element, we use the following general notation: *X;

Where X is the chemical symbol of the element, A is the mass number and Z is the atomic number.

Nuclear Size

The alpha particle scattering experiment and many other measurements using different methods have been
carried out on the nuclei of various atoms. The nuclei are found to be approximately spherical in shape. It is
experimentally found that radius of nuclei for Z > 10, satisfies the following empirical formula R= RcA'”?

Here A is the mass number of the nucleus and the constant RO = 1.2 F, where 1 F = 1 X 10"°m.The unit fermi
(F) is named after Enrico Fermi.

Nuclear charge: Effective nuclear charge (often symbolized as or ) is the net positive
charge experienced by an electron in a polyelectronic atom. The term "effective" is used because the shielding
effect of negatively charged electrons prevents higher orbital electrons from experiencing the full nuclear charge
of the nucleus due to the repelling effect of inner-layer electrons. The effective nuclear charge experienced by
the electron is also called the core charge. It is possible to determine the strength of the nuclear charge by
the oxidation number of the atom. Most of the physical and chemical properties of the elements can be explained
on the basis of electronic configuration. Consider the behavior of ionization energies in the periodic table. It is
known that the magnitude of ionization potential depends upon the following factors:

(a) Size of atom;
(b) The nuclear charge;
(c) The screening effect of the inner shells, and;

(d) The extent to which the outermost electron penetrates into the charge cloud set up by the inner lying
electron.

Nuclear Spin

It is common practice to represent the total angular momentum of a nucleus by the symbol I and to call it
"nuclear spin". For electrons in atoms we make a clear distinction between electron spin and electron orbital
angular momentum, and then combine them to give the total angular momentum.
Liquid drop model

One of the first models which could describe very well the behavior of the nuclear binding
energies and therefore of nuclear masses was the mass formula of von Weizsaecker (also called the
semi-empirical mass formula — SEMF), that was published in 1935 by German physicist Carl
Friedrich von Weizsdcker. This theory is based onthe liquid drop model proposed by George
Gamow.
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According to this model, the atomic nucleus behaves like the molecules in a drop of liquid. But

in this nuclear scale, the fluid is made of nucleons (protons and neutrons), which are held together
by the strong nuclear force. The liquid drop model of the nucleus takes into account the fact that the
nuclear forces on the nucleons on the surface are different from those on nucleons in the interior of the
nucleus. The interior nucleons are completely surrounded by other attracting nucleons. Here is the
analogy with the forces that form a drop of liquid.
In the ground state the nucleus is spherical. If the sufficient kinetic or binding energy is added, this
spherical nucleus may be distorted into a dumbbell shape and then may be splitted into two fragments.
Since these fragments are a more stable configuration, the splitting of such heavy nuclei must be
accompanied by energy release. This model does not explain all the properties of the atomic nucleus,
but does explain the predicted nuclear binding energies.

Similarities between liquid drop and nucleus:

The density of theliquid dropis independent of its volume, similarly the density of
the nucleus is independent of its volume, i.e mass number. ... The nuclear force is short range force,
similarly as that ofliquid dropin which intermolecular forces are short range forces.

Shell Model

In nuclear physics and nuclear chemistry, the nuclear shell model is a model of the atomic
nucleus which uses the Pauli exclusion principle to describe the structure of the nucleus in terms of
energy levels.!! The first shell model was proposed by Dmitry Ivanenko (together with E. Gapon) in
1932. The model was developed in 1949 following independent work by several physicists, most
notably Eugene Paul Wigner, Maria Goeppert Mayer and J. Hans D. Jensen, who shared the
1963 Nobel Prize in Physics for their contributions.

The shell model is partly analogous to the atomic shell model which describes the arrangement
of electronsin an atom, in that a filled shell results in greater stability. When
adding nucleons (protons or neutrons) to a nucleus, there are certain points where the binding energy of
the next nucleon is significantly less than the last one. This observation, that there are certain magic
numbers of nucleons (2, 8, 20, 28, 50, 82, 126) which are more tightly bound than the next higher
number, is the origin of the shell model.
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The shells for protons and for neutrons are independent of each other. Therefore, "magic
nuclei" exist in which one nucleon type or the other is at a magic number, and "doubly magic nuclei",
where both are. Due to some variations in orbital filling, the upper magic numbers are 126 and,
speculatively, 184 for neutrons but only 114 for protons, playing a role in the search for the so-
called island of stability. Some semi-magic numbers have been found, notably Z = 40 giving nuclear
shell filling for the various elements; 16 may also be a magic number.?

In order to get these numbers, the nuclear shell model starts from an average potential with a shape
something between the square well and the harmonic oscillator. To this potential, a spin orbit term is
added. Even so, the total perturbation does not coincide with experiment, and an empirical spin orbit
coupling must be added with at least two or three different values of its coupling constant, depending
on the nuclei being studied. Nevertheless, the magic numbers of nucleons, as well as other properties,
can be arrived at by approximating the model with a three-dimensional harmonic oscillator plus a spin—
orbit interaction. A more realistic but also complicated potential is known as Woods—Saxon potential.

Magic Numbers

Together with the spin-orbit interaction, and for appropriate magnitudes of both effects, one is
led to the following qualitative picture: At all levels, the highest jstates have their energies shifted
downwards, especially for high 7 (where the highest j is high). This is both due to the negative spin-
orbit interaction energy and to the reduction in energy resulting from deforming the potential to a more
realistic one. The second-to-highest j states, on the contrary, have their energy shifted up by the first
effect and down by the second effect, leading to a small overall shift. The shifts in the energy of the
highest j states can thus bring the energy of states of one level to be closer to the energy of states of a
lower level. The "shells" of the shell model are then no longer identical to the levels denoted by 7, and
the magic numbers are changed.

We may then suppose that the highest jstates forn = 3 have an intermediate energy between the
average energies of » = 2 and n = 3, and suppose that the highest ; states for larger # (at least up to n =
7) have an energy closer to the average energy of n—1. Then we get the following shells (see the figure)

e Istshell: 2 states (=0, j = %).

e 2nd shell: 6 states (n =1, j =% or ).

e 3rd shell: 12 states (n =2, j =%, % or 7).

e 4th shell: 8 states (n= 3, j = %).

e Sthshell: 22states (n=3,7="%,or %, n=4,7=%).

e O6thshell: 32 states (n=4, 7= %, %, Yor %, n=15,7="%).

e 7thshell: 44 states (n=15,7= ", 4, %, Yhor Vs, n=6,j="%).
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o 8thshell: 58 states (n =6, /=Y, %, %, ¥, % or 's; n="17,j="4). and so on.

Note that the numbers of states after the 4th shell are doubled triangular numbers plus two. Spin-orbit
coupling causes so-called 'intruder levels' to drop down from the next higher shell into the structure of
the previous shell. The sizes of the intruders are such that the resulting shell sizes are themselves
increased to the very next higher doubled triangular numbers from those of the harmonic oscillator. For
example, 1f2p has 20 nucleons, and spin-orbit coupling adds 1g9/2 (10 nucleons) leading to a new shell
with 30 nucleons. 1g2d3s has 30 nucleons, and addition of intruder 1h11/2 (12 nucleons) yields a new
shell size of 42, and so on.

The magic numbers are then

° 2
o 8=2+6
. 20=2+6+12

o 28=2+6+12+8

o 50=2+6+12+8+22

o 82=2+6+12+8+22+32
126=2+6+12+8+22+32+44
184=2+6+12+8+22+32+44+58

and so on. This gives all the observed magic numbers, and also predicts a new one (the so-called island
of stability) at the value of 184 (for protons, the magic number 126 has not been observed yet, and more
complicated theoretical considerations predict the magic number to be 114 instead).

Another way to predict magic (and semi-magic) numbers is by laying out the idealized filling order
(with spin-orbit splitting but energy levels not overlapping). For consistency s is split into j = 1”2 and j =
-1/2 components with 2 and 0 members respectively. Taking leftmost and rightmost total counts within
sequences marked bounded by / here gives the magic and semi-magic numbers.

o 5(2,00/p(4,2) > 2,2/6,8, s0 (semi)magic numbers 2,2/6,8

o d(6,4):5(2,0)/£8,6):p(4,2) > 14,18:20,20/28,34:38,40, so 14,20/28,40

o 9(10,8):d(6,4):5(2,0)/A(12,10):/8,6):p(4,2) >  50,58,64,68,70,70/82,92,100,106,110,112,  so
50,70/82,112

o i(14,12):9(10,8):d(6,4):5(2,0)//(16,14):(12,10):/(8,6):p(4,2) >
126,138,148,156,162,166,168,168/184,198,210,220,228,234,238,240, so 126,168/184,240

The rightmost predicted magic numbers of each pair within the quartets bisected by / are double
tetrahedral numbers from the Pascal Trangle: 2,8, 20,40, 70,112, 168,240 are 2x
1,4, 10, 20, 35, 56, 84, 120, ..., and the leftmost members of the pairs differ from the rightmost by
double triangular numbers: 2-2=0,8-6=2,20-14=6,40-28 =12, 70 - 50 = 20, 112 - 82 = 30,
168 — 126 = 42, 240 — 184 = 56, where 0, 2, 6, 12, 20, 30, 42, 56, ... are 2 X 0, 1, 3, 6, 10, 15, 21, 28, ...

Nuclear Fission

Fission occurs when a neutron slams into a larger atom, forcing it to excite and spilt into two
smaller atoms—also known as fission products. Additional neutrons are also released that can initiate a
chain reaction.
When each atom splits, a tremendous amount of energy is released.
Uranium and plutonium are most commonly used for fission reactions in nuclear power reactors
because they are easy to initiate and control.
The energy released by fission in these reactors heats water into steam. The steam is used to spin a
turbine to produce carbon-free electricity.
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Nuclear Fusion

Fusion occurs when two atoms slam together to form a heavier atom, like when two hydrogen
atoms fuse to form one helium atom.
This is the same process that powers the sun and creates huge amounts of energy—several times greater
than fission. It also doesn’t produce highly radioactive fission products.
Fusion reactions are being studied by scientists, but are difficult to sustain for long periods of time
because of the tremendous amount of pressure and temperature needed to join the nuclei together.

Binding energy, amount of energy required to separate a particle from a system of particles or to
disperse all the particles of the system. Binding energy is especially applicable to subatomic particles in
atomic nuclei, to electrons bound to nuclei in atoms, and to atoms and ions bound together in crystals.

Nuclear binding energy is the energy required to separate an atomic nucleus completely into
its constituent protons and neutrons, or, equivalently, the energy that would be liberated by combining
individual protons and neutrons into a single nucleus. The hydrogen-2 nucleus, for example, composed
of one proton and one neutron, can be separated completely by supplying 2.23 million electron volts
(MeV) of energy. Conversely, when a slowly moving neutron and proton combine to form a hydrogen-
2 nucleus, 2.23 MeV are liberated in the form of gamma radiation. The total mass of the bound
particles is less than the sum of the masses of the separate particles by an amount equivalent (as
expressed in Einstein’s mass—energy equation) to the binding energy.

Mass Defect

The actual mass of the atomic nucleus is always less than the mass of protons and neutrons
present in the nucleus. When a nucleus is formed, energy is released. This energy is removed in the
form of a reduction in total mass. This missing mass is known as the ‘mass defect’ and it accounts for
the energy released.

The mass defect (AM) can be calculated by subtracting the original atomic mass (M,) from the sum of
the mass of protons (m,= 1.00728 amu) and neutrons (m,= 1.00867 amu) present in the nucleus.

Mass defect formula: AM = (Zm, + Nm,) - M,

AM — mass defect, M, — mass of the nucleus, m, — mass of a proton, i.e. 1.00728 amu, m, — mass of a
neutron, i.e. 1.00867 amu, Z — number of protons, N — number of neutrons.
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UNIT-lI

Opto Electronic devices

Photo Electric Effect-Laws of Photoelectric Emission-Photoconduction-
Photodiode-Phototransistor-LED-Construction-working-Solar cell-Working-
characteristics-Uses

INTRODUCTION

In this chapter, we introduce the underlying theory and operating principles
of semiconductor optoelectronic devices. There exist today a plethora of
optoelectronic devices that are used in a multitude of applications.These devices
include sources such as light-emitting diodes (LEDs) and laser diodes, photo
detectors, opticalamplifiers, and optical modulators. With such devices,one can
generate, modulate, detect, and switch photons in an analogous way to electrons
in an electrical circuit.We begin this chapter by considering the underlying
physical interactions between electrons and photons that occur in
semiconductors and how they may be harnessed to produce a wide variety of
devices. At the time of writing, optoelectronic devices have found their way into
many different aspects of modern life whether it be the ubiquitous indicator LEDs
on hi-fi systems, televisions, computers, solid-state lighting and countless other
items or in the bar-code scanning systems at the supermarket, compact disk (CD),
digital versatile disk(DVD) and blue-ray systems at home, the laser printer in the
office, or when using a telephone or watching cable television. Over the past
decade or so there has been an information explosion whereby information from

all over the world can be quickly accessed by anyone with an Internet-enabled



device. In all of these applications, it is a semiconductor-based optoelectronic
device that forms an essential part of the system.One of the major advantages of
semiconductor devices is their small size.Several thousands such devices can be
made from a single wafer. Thus, even when packaged, these form very compact
sources of coherent radiation. Other types of laser, such as the gas laser, simply
cannot be compared with the semiconductor laser in terms of size,modulation
rates, flexibility of application, and power consumption. Furthermore,
semiconductor devices can be tailored to meet the exacting requirements of an
application by simply altering the composition of the various layers forming the
structure.Of the uses of semiconductor devices outlined above, their use in
telecommunications stands out as having the largest impact on modern life.
Digital-based data transmission allows information to be transmitted over large
distances with a much lower degradation in signal quality compared with older,
analog-based systems. Optical telecommunications are ideal for use in digital
systems, enabling data transmission rates well in excess of 10 G bit using short
optical pulses 0f<100 ps in duration. Even at this exceptionally fast rate of data
transmission, bit error rates of better than 1 in every 109bits can be routinely
achieved. Such capabilities are a direct consequence of significant research and
development work that has gone into producing semi-conductor devices for the

emission and detection of light.
History of the Photoelectric Effect

The photoelectric effect was first introduced by Wilhelm Ludwig Franz
Hallwachs in the year 1887 and the experimental verification was done by
Heinrich Rudolf Hertz. They observed thatwhen a surface is exposed to
electromagnetic radiation at a higher threshold frequency, the radiation is
absorbed and the electrons are emitted. Today, we study photoelectric effect as a



phenomenon which involves a material absorbing electromagnetic radiation and
releasing electrically charged particles.To be more precise, light incident on the
surface of a metal in the photoelectric effect causes electrons to be ejected. The
electron ejected due to the photoelectric effect is called a photoelectron and is
denoted by e. The current produced as a result of the ejected electrons is called
photoelectric current.The photoelectric effect is the process that involves the
ejection or release of electrons from the surface of materials (generally a metal)
when light falls on them. The photoelectric effect is an important concept that
enables us to clearly understand the quantum nature of light and electrons.

According to Einstein, each photon of energy E is

E = hv, Where E = Energy of photon in joule h = planks constant (6.626 x 10°* J.s)

v = frequency of photon in Hz.

Experimental Study of Photoelectric Effect

PHOTOELECTRIC EFFECT
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The given set up D experiment is used to study the photoelectric effect
experimentally. In an evacuated glass tube,Two zinc plates C and D are enclosed.
Plates C acts as anode and D acts as a photosensitive plate.Two plates are
connected to a battery B and ammeter A. If the radiation is incident on the plate



D through a quartz window W electrons are ejected out of the plate and current
flows in the circuit this is known as photocurrent. Plate C can be maintained at
desired potential (+ve or — ve) with respect to plate D.

Characteristics of Photoelectric Effect

The threshold frequency varies with material; it is different for different
materials. The photoelectric current is directly proportional to the light
intensity.The kinetic energy of the photoelectrons is directly proportional to the
light frequency.The stopping potential is directly proportional to the frequency
and the process is instantaneous.

Applications of Photoelectric Effect

o Used to generate electricity in Solar Panels. These panels contain metal
combinations that allow electricity generation from a wide range of
wavelengths.

« Motion and Position Sensors: In this case, a photoelectric material is
placed in front of a UV or IR LED. When an object is placed in between
the Light-emitting diode (LED) and sensor, light is cut off and the electronic
circuit registers a change in potential difference

o Lighting sensors such as the ones used in smartphones enable automatic
adjustment of screen brightness according to the lighting. This is because
the amount of current generated via the photoelectric effect is dependent
on the intensity of light hitting the sensor.

» Digital cameras can detect and record light because they have photoelectric
sensors that respond to different colors of light.

o X-Ray Photoelectron Spectroscopy (XPS): This technique uses x-rays to
irradiate a surface and measure the kinetic energies of the emitted
electrons. Important aspects of the chemistry of a surface can be obtained
such as elemental composition, chemical composition, the empirical
formula of compounds and chemical state.

« Photoelectric cells are used in burglar alarms.



Photoelectric Emission

When the beam of the light enlightens the surface of the metals like sodium,
potassium, caesium and rubidium then their electrons start emitting. The
phenomenon of emission of electrons is known as the photoelectric emission.

Laws of Photoelectric Emission

The emission of electrons from the surface of the metal can only be done
when the sufficient amount of energy incident on their surface.

The number of electrons emitted per second is directly proportional to the
amount of light incident on the surface.

The energy of the emitted electrons is free from the amount of the photons
incident on the surface, and it depends on the frequency of the light flux.

Photoconduction

o Photoconductivity is an optical and electrical phenomenonin which a
material becomes more electrically conductive due to the absorption
of electromagneticradiation suchas visiblelight, ultraviolet light, infrared lig

ht, or gamma radiation.

« When light is absorbed by a material such as a semiconductor, the number
of free electrons and electron holesincreases and raises its electrical
conductivity.To cause excitation, the light that strikes the semiconductor
must have enough energy to raise electrons across the band gap, or to
excite the impurities within the band gap. When a bias voltage and a
load resistor are used in series with the semiconductor, a voltage drop
across the load resistors can be measured when the change in electrical

conductivity of the material varies the current through the circuit.



Photodiode

A photodiode is a semiconductor device that converts light
into an electrical current. The current is generated when photons are
absorbed in the photodiode. Photodiodes may contain optical filters, built-
in lenses, and may have large or small surface areas. Photodiodes usually
have a slower response time as their surface area increases. The common,
traditional solar cell used to generate electric solar power is a large area
photodiode.Photodiodes are similar to regular semiconductor diodes
except that they may be either exposed (to detect vacuum UV or X-rays) or
packaged with a window or optical fiber connection to allow light to reach
the sensitive part of the device. Many diodes designed for use specially as a
photodiode use a PIN junction rather than a p—n junction, to increase the
speed of response. A photodiode is designed to operate in reverse bias. A
photodiode is a PN-junction diode that consumes light energy to produce an
electric current. Sometimes it is also called a photo-detector, a light detector,
and photo-sensor. These diodes are particularly designed to work in reverse
bias conditions, it means that the P-side of the photodiode is associated with
the negative terminal of the battery, and the n-side is connected to the
positive terminal of the battery. This diode is very complex to light so when
light falls on the diode it easily changes light into an electric current. The
solar cell is also branded as a large-area photodiode because it converts solar

energy into electric energy. Though, solar cell works only in bright light.

Construction and working process



A photodiode is one type of light detector, used to convert the light into
current or voltage based on the mode of operation of the device. It
comprises optical filters, built-in lenses, and also surface areas. These
diodes have a slow response time when the surface area of the photodiode
increases. Photodiodes are alike to regular semiconductor diodes, but that
they may be either visible to let light reach the delicate part of the device.
Several diodes intended for use exactly as a photodiode will also use a PIN

junction somewhat than the usual PN junction.

Some photodiodes will look like a light-emitting diode. They have two
terminals coming from the end. The smaller end of the diode is the cathode
terminal, while the longer end of the diode is the anode terminal. See the
following schematic diagram for the anode and cathode sides. Under the
forward bias condition, the conventional current will flow from the anode
to the cathode, following the arrow in the diode symbol. Photocurrent
flows in the reverse direction.The development of a P+ diffusion layer

can be done over the heavily doped N-type epitaxial layer. The



contacts are designed with metals to make two terminals like anode
and cathode. The front region of the diode can be separated into two
types like active & non-active surfaces. The designing of the non-
active surface can be done with silicon dioxide (SiO;). On an active
surface, the light rays can strike over it whereas, on a non-active
surface, the light rays cannot strike. & the active surface can be
covered through the material of anti-reflection so that the energy of
light cannot lose and the highest of it can be changed into the current.
The working principle of a photodiode is, when a photon of ample energy
strikes the diode, it makes a couple of an electron-hole. This mechanism is
also called the inner photoelectric effect. If the absorption arises in the
depletion region junction, then the carriers are removed from the junction

by the inbuilt electric field of the depletion region.

Therefore, holes in the region move toward the anode, and electrons move
toward the cathode, and a photocurrent will be generated. The entire
current through the diode is the sum of the absence of light and the

photocurrent. So the absent current must be reduced to maximize the



sensitivity of the device. The photodiode operates in the mode of
photoconductive. When the diode is connected in reverse bias, then the
depletion layer width can be increased. So this will diminish the capacitance
of the junction & the response time. In fact, this biasing will cause quicker
response times for the diode. So the relation between photocurrent &

illuminance is linearly proportional.

V-l Characteristics of Photodiode

A photodiode continually operates in a reverse bias mode. The
characteristics of the photodiode are shown clearly in the following figure
that the photocurrent is nearly independent of reverse bias voltage which is
applied. For zero luminance, the photocurrent is almost zero excluding for

small dark current.

It is of the order of nano amperes. As optical power rises the photocurrent

also rises linearly. The max photocurrent is incomplete by the power



dissipation of the photodiode. Thus, this is all about the photodiode
working principle, characteristics, and applications. Optoelectronic devices
like Photodiodes are available in different types which are used in almost all
electronic devices. These diodes are used with IR light sources such as
neon, laser LED & fluorescent. As compared with other light detection

diodes, these diodes are not expensive.
Phototransistor

A Phototransistor is a device that has the ability to detect the level of
the incident radiation and accordingly change the flow of electric
current between emitter and collector terminal. It is a 3-layer
semiconductor device that consists of a light sensitive base region.
It is basically a transistor whose action depends on the application of
light. Hence named phototransistor.

Construction and working of Phototransistor
The operation of a phototransistor depends on the intensity of radiation

falling at its base region. Its working is almost similar to a normal
transistor, however; the variation lies in the input current that drives the
Circuit. And in the case of a phototransistor, the incident light generates

driving current.



In the circuit arrangement, we can clearly see that the base region is kept
unconnected with the external supply voltage and is used as the region for
radiation incidence. Only the collector region is connected to the positive side of
the supply provided along with emitter which is connected to the negative side.

However, the output is taken at the emitter terminal of the transistor.

When no any light is allowed to incident at the base region of the transistor, the
due to temperature variation, movement of minority carriers across the junction
generates a very small current through the transistor which is reverse saturation
current basically termed as dark current. Here, the base current IB is majorly O.
Here, in this case, the output current will be less as compared to supply provided.
But, when a certain amount of light energy is allowed to fall at the base of the
transistor, then electron and hole pair gets generated. The applied electric field
causes the electrons to move into the emitter region, thereby generating large

electric current.



Characteristics Curve of Phototransistor

The figure below represents the characteristics curve of phototransistor:

Here x-axis represents the voltage applied at the collector-emitter terminal of the
transistor and the y-axis represents the collector current that flows through the
device in mill amperes. As all the curves in the above figure are clearly indicating
that current increases with the intensity of the radiation that falls at the base
region.Also, the figure below represents the variation in the base current with the
variation in the light intensity.



Advantages of Phototransistor

1. These are a highly sensitive optoelectronic device.

2. ltis less complex and inexpensive.

3. Phototransistors provide a large output current with high gain.
Disadvantages of Phototransistor

1. It provides a low-frequency response.

2. In the case when a small amount of illumination is provided, the circuit is not
able to detect it effectively.

3. Electric surges are more severe in phototransistors rather than a photodiode.

4. Phototransistors gets affected by the variation in electromagnetic energy.

Applications of Phototransistor

« In light controlling and detection: As phototransistors are a very sensitive light
detector. Thus these are widely used in light detection and controlling
applications.

o In an indication of level and relays: The device finds its uses in indicating the
level of some systems because of their light sensing ability.

« In counting systems: Phototransistors can be effectively utilized in counting

systems. As it has tremendous ability to combinely operate as photodiode and

transistors. Thus, failure of supply will not cause much adverse effects on the

system.
« In punch card readers: Phototransistors widely finds its applications in punch

card reading.

Light emitting diode



The light emitting diode is P-N junction diode, which consists of two leads and
semiconductor light source. When it is activated by applying the suitable
voltages across its leads then it emits the light energy in the form of photons
and the color of this light was determined by the band gap of semiconductor
material. This light energy is produced by the recombination of electrons and
electron holes with in this device and this process is called
electroluminescence process. This process was stated in twentieth century
from solid state material when it is heated at room temperature then it emits
the light energy.

Construction of Light Emitting Diode

The construction of light emitting diode is so much simple, it is made by
depositing the three layers of semiconductor material on a substrate. These
three semiconductor material layers are made three regions which are called a
P-type region which is top one, active region which is middle one and N-type
region which is bottom one. The figure 2 shows all of three semiconductor
material regions. The light LED works on the same principle of simple PN
junction diode means when the anode is connected to positive terminal of dc
supply and cathode is connected to the negative terminal of dc supply then
the PN junction is forward biased. When the PN junction is forward biased
then the holes’ form P-type region and electrons from N-type region are
recombined then the conduction band is formed for emitting the light energy
in the form of light energy photons. This whole phenomenon is called
electroluminescence phenomena and this light energy depends upon the
amount of current absorbed by the LED. In other words, this light energy is

directly proportional to the absorbing current means when it absorbs more



current then the light would be high similarly when it absorbs low current then
the light would be low.
I-V Characteristics of Light Emitting Diode
When the light emitting diode is forward biased by applying 2 or 3
volts across its terminals then it emits the visible coloured, invisible infrared or
laser light of narrow band width. In this condition, it shows that the forward
current is almost constant at early stage but when it is fully on then the forward

current is increased up constantly shown is figure.

The light intensity depends upon this current when this current is high then the
intensity of output light would be high. The voltage at which the current is
increased constantly is called forward voltage and is denoted by Vd . In reverse
bias condition the reverse current or leakage current is almost linearly constant
but a point is come when its PN junction is breakdown and reverse current is

increased constantly in negative current region.



Solar Cell

A solar cell (also known as a photovoltaic cell or PV cell) is defined as an
electrical device that converts light energy into electrical energy through the
photovoltaic effect. A solar cell is basically a p-n junction diode. Solar cells are
a form of photoelectric cell, defined as a device whose electrical characteristics

— such as current, voltage, or resistance — vary when exposed to light.

Construction of Solar Cell

A solar cell is basically a junction diode, although its construction it is little bit
different from conventional p-n junction diodes. A very thin layer of p-type
semiconductor is grown on a relatively thicker n-type semiconductor. We then
apply a few finer electrodes on the top of the p-type semiconductor layer.

These electrodes do not obstruct light to reach the thin p-type layer. Just below

the p-type layer there is a p-n junction.


https://www.electrical4u.com/what-is-photovoltaic-effect/
https://www.electrical4u.com/n-type-semiconductor/

Working Principle of Solar Cell

When light reaches the p-n junction, the light photons can easily enter in
the junction, through very thin p-type layer. The light energy, in the form of
photons, supplies sufficient energy to the junction to create a number of electron-
hole pairs. The incident light breaks the thermal equilibrium condition of the
junction. The free electrons in the depletion region can quickly come to the n-
type side of the junction. Similarly, the holes in the depletion can quickly come to
the p-type side of the junction. Once, the newly created free electrons come to
the n-type side, cannot further cross the junction because of barrier potential of
the junction.Similarly, the newly created holes once come to the p-type side
cannot further cross the junction became of same barrier potential of the
junction. As the concentration of electrons becomes higher in one side, i.e. n-type
side of the junction and concentration of holes becomes more in another side, i.e.
the p-type side of the junction, the p-n junction will behave like a small battery
cell. A voltage is set up which is known as photo voltage. If we connect a small

load across the junction, there will be a tiny current flowing through it.
V-l Characteristics of a Solar Cell
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Advantages of Solar Cell

1. No pollution associated with it.
2. It must last for a long time.
3. No maintenance cost.

Disadvantages of Solar Cell

1. It has high cost of installation.

2. It has low efficiency.

3. During cloudy day, the energy cannot be produced and also at night we will
not get solar energy.

Uses of Solar Generation Systems

It may be used to charge batteries.
Used in light meters.

It is used to power calculators and wrist watches.

ol A .

It can be used in spacecraft to provide electrical energy.


https://www.electrical4u.com/solar-energy-system-history-of-solar-energy/

















































UNIT-III

OPERATIONAL AMPLIFIER

Ideal Op-Amp — Op-Amp Parameters (Qualitatively): Input offset voltage, Input impedance, Output
impedance, CMRR, Slew Rate — Inverrting — Non-inverting Amplifier — Adder — Subtractor —
Differentiator — Integrator.

Basic operational amplifier

The operational amplifier is a direct coupled high-gain differential input amplifier. Originally the
operational amplifier had only one input and the output voltage was always inverted with respect to the
input voltage. However common operational amplifiers which are recently available are of differential
type and these amplifier have both inverting and non-inverting inputs.

An ideal operational amplifier must have the following properties.

Input resistance must be infinite.

Output resistance Ro should be as small as zero.
Voltage gain shouuld be as high as infinite.

Band width should be as wide as infinite.

Output voltage Vo=0 when V=V,

The characteristics do not change with temperature.

ok~ wbdE

OP — AMP Parameters
Input offset voltage

For an ideal OP —~AMP when the inverting input and non inverting input are grounded an supplied
with equal voltages, we may expect the output voltage to be equal to zero. But in practice a small
difference in voltage is required to make the output zero. This voltage which is required to make the
output zero is called input offset voltage.

Input impedance

The input impedance of the Op-Amp is the equivalent resistance that is measured at the inverting
input or non invertin input while the other input is grounded.

The input impedance can also be defined as the ratio of the change in input voltage to the change
in input current measured at either of the input terminals with respect to ground. The input impedance is
also referred as input resistance.

Output impedance

The output impedance of the Op-Amp is the equivalent resistance that is measured at the output
terminal with respect to ground.

The output impedance can also be defined as the ratio of the change in output voltage to the
change in output current. The output impedance is also referred as output resistance.

Common — Mode Rejection Ratio (CMRR)
In an ideal DIFF-AMP, the output signal may be given by the equation

VO = Ad (Vl - Vz) """""""""" (1)
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Where Ad is the gain of the differential amplifier. If Vi = V>, then Vo = 0. That is the signals
common to both inputs gets cancelled and produces no output voltage. This is true only for an ideal OP-
AMP. But a practical OP-AMP exhibits some small response to the common mode components of the
input voltage too. The output depends not only upon the difference signal Vd of the two signals, burt also
upon the average level called common mode signal Vc.

The common mode signal

For differential amplifier , the gain at the ouutput with respect to the positive terminal is slightly
different in magnitude to that of the negative terminal. So even with the same voltage applied to both
inputs, the outpuut is not zero. The output can be expressed as a liner combination of the two input
voltages.

VO = A1 V1 +A2 Vz """"""""" (3)

Where A is the voltage amplification from input 1 to the output under the condition that the input
2 is grounded and A; is the voltage amplification from input 2 to the output under the condition that the
input 1 is grounded. We know that

Vo= (Vi+V2)
Vd = (V1 - Vz) """"""""" (4)
2Ve= (V1 + V)

From equation (4)

Vi= G+Va/2) e (5)
A (20 7775 N — (6)
Vo= Ag Vg + AV, e )
Ag= 5 (M1—4p) e ®)
Ac = (A +4y) s )

The voltage gain for the difference signal is Ad and that for the common-mode signal is Ac.

The relative sensitivity of an OP-AMP to a difference signal ad compared to a common — mode
signal is called Common —Mode rejection ratio (CMRR). It gives the signal figure merit p for the
differential amplifier.

Agq

Ac

CMRR=p =

Slew Rate

When a step voltage is applied at the input an ideal Op-Amp responds instantaneously. But for
practical Op-Amps, it takes some time ( few micro seconds). This property is called the Slew rate of the
Op-Amp.



Slew rate of an Op-Amp is defined as the maximum rate of change of output voltage in response
to a step input

. dv
i.e., Slew rate =—
dt

Inverting operational amplifier

The basic inverting amplifier is shown in figure. The non-inverting terminal has been grouunded
where as Ri connects the input signal Vi to the inverting input. A feedback resistor R has been
connected from the output to the inverting input.

The input voltage is V1 and the output voltage is Vo. The gain of the operational amplifier is very
large. So the voltage V at the inverting input terminal is very small. In fact, it will be close to the ground
potential. It means that the point G is held virtually at ground potential irrespective of the magnitude of
the potential V1 and Vo. The input impedence of OP-AMP is infinite. So the current i will flow through
Rrand not into the OP-AMP. Applying Kirchhoffs current law at the point G, we can write,

) I (VA P — 1)

Since the point G is at a virtual ground, ie V = 0, we get from equation (1)

Vi/R1=-Vo/lRt e 2)
Vo/Vi=-RfRy e ©)
GainAyv=-R¢{/R1 = - (4)

Thus the voltage gain is given by the ratio of the feedback resistance R¢to the input resistance Ri.
The negative sign indicates that the output voltage is inverted with respect to the input voltage.

RF/ Rl =K
Vo/V1 = -K
Vo=-KVi e (5)

Hence the closed loop gain of the inverting amplifier depends on the ratio of the two external
resistors R and Ry and it is independent of amplifier parameters.

Non — oinverting operational amplifier

The non — inverting amplifier is shown in figure. In this case, the input voltage V:is applied to
the non — inverting terminal. So this circuit is called non — inverting amplifier.



The gain of OP-AMP is infinite. So the potential of the point G is also Vs. The output voltage is

Vo. The voltage across R is V2 and that across Rt is (Vo — V2).

I=V2/ Ry and P (Vo—Vz)/Rf .......

Applying Kirchhoff’s current law ot the junction G, we get,

ly+@0x)=0 e

Vo/Ri+(Mo—-V2)/Rg=O -

(V()*VZ)/VZzRf/R]_
(VO/VZ)*].:Rf/R]_

Vo/V: =1+ (Ri/Ry)

Ay = l+(Rf/R1) -----

In this case, the gain is 1 plus the ratio of the two resistances Rt and R;. Also the output voltage
is in phase with the input voltage. This circuit offers a high input impedence and a low output impedence.

If R = 0 and Ry = oo, the gain of the amplifier is unity. Thus this circuit is referred as voltage
follower or a unit gain buffer. This circuit can be used air an impedence matching device between a high-

impedence source and a low impedence load.

Adder or Summing Amplifier

An adder or a summing amplifier using on OP-AMP is shown in figure.
flowing into the virtual ground is equal to that flowing out of it, we can write.

(Vi/Ra) + (V2IRy) +............ + (VolRy) =-(Vo/Ry)  —emmeee )

R R R
VO:_R_fV1+R_£V2+”""+R_Vn ------------- 3)

Since the current



Let Ry = R,= = =R

If Rf=R, then,

ie., the output voltage Vo is numerically equal to the algebraic sum of the output voltages.
Difference Amplifier (Subtractor)

A circuit that amplifiers the difference between two signals is called difference amplifier or

subtractor. This type of amplifier is very useful in instrucmentation circuit. A basic differential amplifier
employing operational amplifier is shown in figure.

Here V1 and V; are the input signal voltages and Vo is the output voltage. Since the gain of the
OP-AMP is infinite the potential of the points 1 and 2 will be the same say V.

Application of Kirchhoff’s current law at points 1 and 2 gives

Vi-V3 _ V3=V

> 1)
o-vs_ v
TR )
Subtraction of (1) from (2) we get
R,
Vo = R, V1 =V2)
Vo R
V,-V, R,
L
Ag =7 3

Thus is gain of DIFF — AMP is Ro/Ra.

Such a circuit is very useful in detecting very small difference is signals, since the gain R2/R; can
be chosen to be very large. For example if Rz = 100 Ry, then a small difference (V1 —V5) is amplified 100
times.



Differentiators

Differentiation is the inverse of integration and may be obtained by interchanging R and
components of the integrator circuit. The differentiator is shown in figure.

If we neglect the current through the amplifier and Vs is taken to be negligibly small, we get

P e ——— 1)
ai-Vs) _ Vs—Vo
c—= == (2)
Neglecting Vs we get,
vy Vg
dt R
- _(R™
Vo = —CR— (3)

The input voltage Vo is equal to a constant CR times the time derivative of the input voltage V1.
Integrator

Integration is the reverse process of differentiation. And the integrator circuit is obtained by simply
interchanging the resistor, R and capacitor, C in the differentiator circuit.

The feedback resistor Ry is replaced by a condenser C. The input resistor R1 is now called as R.
As in the case of differentiator, the values of voltages and currents are to be taken as instantaneous values.

Let Vi be the input voltagee applied to the inverting input through the resistor, R.

g=CV
_4dq_ 4d —
I_dt_dt V_Cdt
— _c%%
Iy = Cdt

Since If = I;, we can write



vy Vi
dt R

The output is given by,
1
Vo= —— [V, dt

VOOC —fVi dt
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