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INTRODUCTION

Certai n substances like germanium, silicon, car-
bon etc. are neither good conductors like cop-
per nor insulators like glass. In other words,
theresistivity of these material sliesinbetween conduc-
tors and insulators. Such substances are classified as
semiconductors.  Semiconductors have some useful
properties and are being extensively used in electronic
circuits. For instance, transi stor—asemiconductor de-
viceisfast replacing bulky vacuum tubesin ailmost all
applications. Transistors are only one of the family of
semiconductor devices ; many other semiconductor
devicesarebecomingincreasingly popular. Inthischap-
ter, we shall focus our attention on the different aspects
of semiconductors.
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56 B Principles of Electronics

5.1 Semiconductor

Itisnot easy to define asemiconductor if wewant to takeinto account all its physical characteristics.
However, generally, a semiconductor is defined on the basis of electrical conductivity as under :

A semiconductor is a substance which has resistivity (10~ to 0.5 £2m) inbetween conductors
and insulators e.g. germanium, silicon, selenium, carbon etc.

The reader may wonder, when asemiconductor is neither agood conductor nor aninsulator, then
why not to classify it asaresistance material ? The answer shall bereadily availableif we study the
following table:

S.No. Substance Nature Resistivity
1 Copper good conductor 1.7x10°Qm
2 Germanium semiconductor 0.6Qm
3 Glass insulator 9x 10" Qm
4 Nichrome resistance material 10°Qm

Comparing the resistivities of above materias, it is apparent that the resistivity of germanium
(semiconductor) is quite high as compared to copper (conductor) but it is quite low when compared
with glass (insulator). Thisshowsthat resistivity of a semiconductor liesinbetween conductors and
insulators. However, it will be wrong to consider the semiconductor as a resistance material. For
example, nichrome, which is one of the highest resistance material, has resistivity much lower than
germanium. This shows that electrically germanium cannot be regarded as a conductor or insulator
or aresistance material. This gave such substances like germanium the name of semiconductors.

It is interesting to note that it is not the resistivity alone that decides whether a substance is
semiconductor or not. For example, itisjust possibleto prepare an alloy whoseresistivity fallswithin
the range of semiconductors but the alloy cannot be regarded as a semiconductor. In fact, semicon-
ductors have anumber of peculiar propertieswhich distinguish them from conductors, insulators and
resistance materials.

Properties of Semiconductors
(i) Theresistivity of asemiconductor islessthan an insulator but more than a conductor.

(if) Semiconductors have negative temperature co-efficient of resistance i.e. the resistance
of asemiconductor decreases with theincrease in temperature and vice-versa. For example, germa-
nium is actually an insulator at low temperatures but it becomes a good conductor at high tempera-
tures.

(ill) When asuitable metallicimpurity (e.g. arsenic, gallium etc.) isadded to asemiconductor, its
current conducting properties change appreciably. This property is most important and is
discussed later in detail.

5.2 Bonds in Semiconductors

The atoms of every element are held together by the bonding action of valence electrons. This
bonding is dueto thefact that it isthe tendency of each atom to completeitslast orbit by acquiring 8
electronsinit. However, in most of the substances, the last orbit isincompletei.e. thelast orbit does
not have 8 electrons. This makes the atom active to enter into bargain with other atomsto acquire 8
electrons in the last orbit. To do so, the atom may lose, gain or share valence electrons with other
atoms. In semiconductors, bonds are formed by sharing of valence electrons. Such bondsare called
co-valent bonds. In the formation of a co-valent bond, each atom contributes equal number of va-
lence el ectrons and the contributed el ectrons are shared by the atoms engaged in the formation of the
bond.
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Fig. 5.1 shows the co-valent bonds among germanium atoms. A germanium atom has *4
valenceelectrons. Itisthetendency of each germanium atom to have 8 electronsin thelast orbit. To
do so, each germanium atom positions itself between four other germanium atoms as shown in Fig.
5.1 (i). Each neighbouring atom shares one valence electron with the central atom. In thisbusiness
of sharing, the central atom completesitslast orbit by having 8 electronsrevolving around the nucleus.
In thisway, the central atom sets up co-valent bonds. Fig. 5.1 (ii) shows the bonding diagram.

The following points may be noted regarding the co-valent bonds :
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(i) Co-valent bondsare formed by sharing of valence electrons.

(ii) In the formation of co-valent bond, each valence
electron of an atom formsdirect bond with thevalence electron
of an adjacent atom. In other words, valence electrons are
associated with particular atoms. For this reason, valence
electrons in a semiconductor are not free.

5.3 Crystals

A substance in which the atoms or molecules are arranged in
an orderly pattern isknown asacrystal. All semi-conductors
have crystalline structure. For example, referring to Fig. 5.1,
itisclear that each atom is surrounded by neighbouring atoms
in a repetitive manner. Therefore, a piece of germanium is
generally called germanium crystal. [ 1
5.4 Commonly Used Semiconductors R
Thereare many semiconductorsavailable, but very few of them
have a practical application in electronics. The two most fre-
quently used materias are germanium (Ge) and silicon (Si). It is because the energy required to
break their co-valent bonds (i.e. energy required to release an electron from their valence bands) is
very small; being about 0.7 eV for germanium and about 1.1 eV for silicon. Therefore, we shall
discuss these two semiconductorsin detail.

Bonds in Semiconductor

* A germanium atom has 32 electrons. First orbit has 2 electrons, second 8 electrons, third 18 electrons and
the fourth orbit has 4 electrons.
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(i) Germanium. Germanium hasbecomethe model substance among the semiconductors; the
main reason being that it can be purified relatively well and crystallised easily. Germanium is an
earth element and was discovered in 1886. It isrecovered from the ash of certain coals or from the
flue dust of zinc smelters. Generally, recovered germanium is in the form of germanium dioxide
powder which is then reduced to pure germanium.
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Fig. 5.2

The atomic number of germanium is 32. Therefore, it has 32 protons and 32 electrons. Two
electrons are in the first orbit, eight electrons in the second, eighteen electrons in the third and four
electrons in the outer or valence orbit [See Fig. 5.2 (i)]. It is clear that germanium atom has four
valence electrons i.e, it is a tetravalent element. Fig. 5.2 (ii) shows how the various germanium
atoms are held through co-valent bonds. As the atoms are arranged in an orderly pattern, therefore,
germanium has crystalline structure.

(if) Silicon. Siliconisan element in most of the common rocks. Actualy, sand issilicon diox-
ide. The silicon compounds are chemically reduced to silicon which is 100% pure for use as a
semiconductor.
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The atomic number of siliconis14. Therefore, it has 14 protons and 14 electrons. Two electrons
arein thefirst orbit, eight electronsin the second orbit and four electronsin the third orbit [ See Fig.
5.3(i)]. Itisclear that silicon atom hasfour valence electronsi.e. itisatetravalent element. Fig. 5.3
(i) shows how various silicon atoms are held through co-valent bonds. Like germanium, silicon
atoms are also arranged in an orderly manner. Therefore, silicon has crystalline structure.
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5.5 Energy Band Description of Semiconductors

It has already been discussed that a semiconductor is a substance whose resistivity lies between
conductors and insulators. Theresistivity is of the order of 10" to 0.5 ohm metre. However, a semi-
conductor can be defined much more comprehensively on the basis of energy bands as under :
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A semiconductor isa substance which hasalmost filled val ence band and nearly empty conduc-
tion band with a very small energy gap (=~ 1 eV) separating the two.

Figs. 5.4 and 5.5 show the energy band diagrams of germanium and silicon respectively. It may
be seen that forbidden energy gap isvery small; being 1.1 eV for silicon and 0.7 eV for germanium.
Therefore, relatively small energy isneeded by their valence electronsto cross over to the conduction
band. Even at room temperature, some of the val ence el ectrons may acquire sufficient energy to enter
into the conduction band and thus become free electrons. However, at thistemperature, the number of
free electrons available is very *small. Therefore, at room temperature, a piece of germanium or
silicon is neither agood conductor nor an insulator. For this reason, such substances are called semi-
conductors.

The energy band description is extremely helpful in understanding the current flow through a
semiconductor. Therefore, we shall frequently use this concept in our further discussion.

5.6 Effect of Temperature on Semiconductors

Theelectrical conductivity of asemiconductor changes appreciably with temperature variations. This
isavery important point to keep in mind.

(i) At absolute zero. At absolute zero temperature, al the electrons are tightly held by
the semiconductor atoms. The inner orbit electrons are bound whereas the valence electrons are
engaged in co-valent bonding. At this temperature, the co-valent bonds are very strong and there
are no free electrons. Therefore, the semiconductor crystal behaves as a perfect insulator [See
Fig. 5.6 (i)].

In terms of energy band description, the valence band isfilled and there is alarge energy gap
between valence band and conduction band. Therefore, no valence electron can reach the conduction
band to become free electron. It is due to the non-availability of free electrons that a semiconductor
behaves as an insulator.

*  Out of 10" semiconductor atoms, one atom provides a free electron.
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(ii) Above absolute zero. When the temperature is raised, some of the covalent bonds in the
semiconductor break due to the thermal energy supplied. The breaking of bonds sets those el ectrons
freewhich areengaged in theformation of thesebonds. Theresultisthat afew freeelectronsexist inthe
semiconductor. These free electrons can constitute atiny electric current if potential differenceis
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applied across the semiconductor crystal [See Fig. 5.7 (i)]. This shows that the resistance of a semi-
conductor decreaseswith theriseintemperaturei.e. it has negative temperature coefficient of resis-
tance. It may be added that at room temperature, current through a semiconductor istoo small to be
of any practical value.
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Fig. 5.7 (ii) shows the energy band diagram. As the temperature is raised, some of the valence
electrons acquire sufficient energy to enter into the conduction band and thus become free electrons.
Under the influence of electric field, these free electrons will constitute electric current. It may be
noted that each time a valence electron enters into the conduction band, a hole is created in the
valenceband. Asweshall seeinthenext article, holesal so contributeto current. Infact, hole current
isthe most significant concept in semiconductors.

5.7 Hole Current

At room temperature, some of the co-valent bondsin pure semiconductor break, setting up free elec-
trons. Under the influence of electric field, these free electrons constitute electric current. At the



Semiconductor Physics B g1

same time, another current — the hole current — also flows in the semiconductor. When a covalent
bond is broken due to thermal energy, the removal of one electron leaves a vacancy i.e. amissing
electroninthe covalent bond. Thismissing electroniscalled a*holewhich actsasapositive charge.
For one electron set free, one holeiscreated. Therefore, thermal energy creates hole-electron pairs;
there being as many holes asthe free electrons. The current conduction by holes can be explained as
follows:

The hole showsamissing electron. Supposethevalenceelectron at L (See Fig. 5.8) hasbecome
free electron due to thermal energy. This creates a hole in the co-valent bond at L. The holeisa
strong centre of attraction **for the electron. A valence electron (say at M) from nearby co-valent
bond comestofill intheholeat L. Thisresultsinthe creation of holeat M. Another valence electron
(say at N) in turn may leave its bond to fill the hole at M, thus creating a hole at N. Thus the hole
having a positive charge has moved from L to N i.e. towards the negative terminal of supply. This
constitutes hole current.

It may be noted that hole current is due to the movement of ***valence electrons from one co-
valent bond to another bond. The reader may wonder why to call it a hole current when the conduc-
tion is again by electrons (of course valence electrons!). The answer is that the basic reason for
current flow is the presence of holes in the co-valent bonds. Therefore, it is more appropriate to
consider the current as the movement of holes.

Energy band description. The hole current
can be beautifully explained in terms of energy
bands. Suppose dueto thermal energy, an electron
|eaves the valence band to enter into the conduc-
tion band as shownin Fig. 5.9. eV

Thisleavesavacancy at L. Now the valence
electron at M comestofill theholeat L. Theresult . .
isthat hole disappearsat L and appearsat M. Next, i, ! | VALENGE BAND
thevalence electron at N movesinto the hole at M.
Consequently, holeiscreated at N. Itisclear that
valence electrons move along the path PNML
whereas holes move in the opposite direction i.e. Fig. 5.9
along the path LMNP.

CONDUCTION BAND

> o

*  Note that hole acts as avirtual charge, although there is no physical charge onit.

** Thereisastrong tendency of semiconductor crystal to form co-valent bonds. Therefore, ahole attracts an
electron from the neighbouring atom.

*** Unlike the normal current which is by free electrons.
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5.8 Intrinsic Semiconductor
A semiconductor in an extremely pure formisknown as an intrinsic semiconductor.

In anintrinsic semiconductor, even at room temperature, hole-electron pairs are created. When
electric field is applied across an intrinsic semiconductor, the current conduction takes place by two
processes, namely ; by free electrons and holes as shown in Fig. 5.10. The free electrons are pro-
duced due to the breaking up of some covalent bonds by thermal energy. At the sametime, holesare
created in the covalent bonds. Under theinfluence of electric field, conduction through the semicon-
ductor isby both free electronsand holes. Therefore, thetotal current inside the semiconductor isthe
sum of currents due to free electrons and holes.

It may be noted «-—
that current in the ex- FREE ELECTRONS
ternal wires is fully
electronic i.e. by 2 < =< —
electrons. What ,~— | E—
about theholes? Re- o > ; -
ferring to Fig. 5.10, FOLES I
holes being posi-

towardsthe negative
terminal of supply.
As the holes reach
the negative terminal ~
B, electronsenter the
semiconductor crys- Fig. 5.10

tal near the terminal

and combine with holes, thus cancelling them. At the sametime, theloosely held electrons near the
positive terminal A are attracted away from their atoms into the positive terminal. This creates new
holes near the positive terminal which again drift towards the negative terminal.

5.9 Extrinsic Semiconductor

The intrinsic semiconductor has little current conduction capability at room temperature. To be
useful in electronic devices, the pure semiconductor must be altered so asto significantly increaseits
conducting properties. Thisisachieved by adding asmall amount of suitableimpurity to asemicon-
ductor. Itisthen called impurity or extrinsic semiconductor. The process of adding impuritiesto a
semiconductor is known as doping. The amount and type of such impurities have to be closely
controlled during the preparation of extrinsic semiconductor. Generally, for 10° atoms of semicon-
ductor, one impurity atom is added.

The purpose of adding impurity isto increase either the number of free electrons or holesin the
semiconductor crystal. As we shall see, if a pentavalent impurity (having 5 valence electrons) is
added to the semiconductor, alarge number of free electrons are produced in the semiconductor. On
the other hand, addition of trivalent impurity (having 3 valence electrons) creates alarge number of
holes in the semiconductor crystal. Depending upon the type of impurity added, extrinsic semicon-
ductors are classified into:

(i) n-type semiconductor (i) p-type semiconductor

tively charged move I I

5.10 n-type Semiconductor

When a small amount of pentavalent impurity is added to a pure semiconductor, it is known as
n-type semiconductor.
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Theaddition of pentavalent impurity pro-
vides alarge number of free electronsin the
semiconductor crystal. Typica examples of

pentavalent impuritiesarearsenic (At. No. 33) FREE

and antimony (At. No. 51). Such impurities ELECTRON

which produce n-type semiconductor are

known as donor impurities because they do-

nate or provide free el ectrons to the semicon- PENTAVALENT

ductor crystal. IMPURITY
ATOM

To explain the formation of n-type semi-
conductor, consider a pure germanium crys-
tal. We know that germanium atom has four
valence electrons. When a small amount of Fig. 5.11
pentavalent impurity like arsenic is added to
germanium crystal, alarge number of free electrons become available in the crystal. Thereason is
simple. Arsenicis pentavalent i.e. its atom has five valence electrons. An arsenic atom fitsin the
germanium crystal in such away that itsfour valence el ectronsform covalent bondswith four germa-
nium atoms. The fifth valence electron of arsenic atom finds no place in co-valent bonds and isthus
freeasshowninFig. 5.11. Therefore, for each arsenic atom added, onefree electron will be available
in the germanium crystal. Though each arsenic atom provides one free electron, yet an extremely
small amount of arsenic impurity provides enough atomsto supply millions of free electrons.

Fig. 5.12 shows the energy band description of
n-type semi-conductor. The addition of pentavalent
impurity has produced anumber of conduction band . . . . CONDUCTION
electronsi.e, free electrons. The four valence elec- ° ° ° ° BAND
trons of pentavalent atom form covalent bonds with
four neighbouring germanium atoms. The fifth left
over valence electron of the pentavalent atom can-
not be accommodated in the valence band and trav-
els to the conduction band. The following points
may be noted carefully :

VALENCE
BAND

BAND ENERGY
—

(i) Many new free electrons are produced by
the addition of pentavalent impurity. Fig. 5.12

(if) Thermal energy of room temperature still generatesafew hole-electron pairs. However, the
number of free electrons provided by the pentavalent impurity far exceeds the number of holes. It is
due to this predominance of electrons over holes that it is called n-type semiconductor (n stands for
negetive).

n-type conductivity. The current conduction in an n-type semiconductor is predominantly by
free electronsi.e. negative charges and is called n-type or el ectron type conductivity. To understand
n-type conductivity, refer to Fig. 5.13. When p.d. isapplied acrossthe n-type semiconductor, the free
electrons (donated by impurity) in the crystal will be directed towardsthe positiveterminal, constitut-
ing electric current. Asthe current flow through the crystal is by free electrons which are carriers of
negative charge, therefore, thistype of conductivity iscalled negative or n-type conductivity. It may
be noted that conduction isjust asin ordinary metals like copper.
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5.11 p-type Semiconductor

When a small amount of trivalent impurity is added to a pure semiconductor, it is called p-type
semiconductor.

The addition of trivalent impurity providesalarge number of holesin the semiconductor. Typical
examples of trivalent impurities are gallium (At. No. 31) and indium (At. No. 49). Such impurities
which produce p-type semiconductor are known asacceptor impurities because the holes created can
accept the electrons.

To explain the formation of p-type
semiconductor, consider a pure
germanium crystal. When asmall amount
of trivalent impurity like galliumisadded
to germanium crystal, there exists alarge
number of holesinthecrystal. Thereason
issimple. Galiumistrivalenti.e. itsatom
hasthree valence electrons. Each atom of
galiumfitsinto the germanium crystal but
now only three co-valent bonds can be
formed. It is because three valence
electrons of gallium atom can form only
three single co-valent bonds with three
germanium atoms as shown in Fig. 5.14.
In the fourth co-valent bond, only
germanium atom contributes one valence Fig.5.14
electron while gallium has no valence
electron to contribute as all its three valence electrons are already engaged in the co-valent bonds
with neighbouring germanium atoms. In other words, fourth bond isincomplete; being short of one
electron. Thismissing electroniscalled ahole. Therefore, for each gallium atom added, one holeis
created. A small amount of gallium provides millions of holes.

Fig. 5.15 showsthe energy band description of the p-type semiconductor. The addition of triva-
lent impurity has produced a large number of holes. However, there are a few conduction band
electrons due to thermal energy associated with room temperature. But the holes far outnumber the
conduction band electrons. Itisdueto the predominance of holes over free electronsthat it iscalled
p-type semiconductor ( p stands for positive).

ATOM
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p-typeconductivity. The current conduction in p-type semiconductor is predominantly by holes
i.e. positive charges and is called p-type or hole-type conductivity. To understand p-type conductiv-
ity, refer to Fig. 5.16. When p.d. is applied to the p-type semiconductor, the holes (donated by the
impurity) are shifted from one co-valent bond to another. Asthe holesare positively charged, there-
fore, they are directed towards the negative terminal, constituting what is known as hole current. It
may be noted that in p-type conductivity, the valence electrons move from one co-valent bond to
another unlike the n-type where current conduction is by free electrons.

5.12 Charge on n-type and p-type Semiconductors

Asdiscussed before, in n-type semiconductor, current conduction is dueto excess of el ectronswhereas
in ap-type semiconductor, conduction isby holes. Thereader may think that n-type material hasanet
negative charge and p-type anet positive charge. But thisconclusioniswrong. Itistruethat n-type
semiconductor has excess of electrons but these extra el ectrons were supplied by the atoms of donor
impurity and each atom of donor impurity is electrically neutral. When the impurity atom is added,
the term “excess electrons” refers to an excess with regard to the number of electrons needed to fill
the co-valent bonds in the semiconductor crystal. The extra electrons are free electrons and increase
the conductivity of the semiconductor. Thesituation with regard to p-type semiconductor isalso similar.
It follows, therefore, that n-type as well as p-type semiconductor is electrically neutral.

5.13 Majority and Minority Carriers

It has already been discussed that due to the effect of impurity, n-type material has alarge number of
free electrons whereas p-type material hasalarge number of holes. However, it may be recalled that
even at room temperature, some of the co-valent bonds break, thus rel easing an equal number of free
electronsand holes. An n-type material hasits share of electron-hole pairs (released due to breaking
of bonds at room temperature) but in addition has amuch larger quantity of free electrons dueto the
effect of impurity. Theseimpurity-caused free el ectronsare not associated with holes. Consequently,
an n-type material has alarge number of free electrons and asmall number of holes as shownin Fig.
5.17 (i). Thefreeelectronsin this case are considered majority carriers—since the mgjority portion
of current in n-type material isby theflow of free electrons— and the holesaretheminority carriers.

Similarly, in a p-type material, holes outnumber the free electrons as shown in Fig. 5.17 (ii).
Therefore, holes are the majority carriers and free electrons are the minority carriers.
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5.14 pn Junction

When a p-type semiconductor is suitably joined to n-type semiconductor, the contact surfaceiscalled
pn junction.

Most semiconductor devices contain one or more pn junctions. The pn junction is of great
importance becauseit isin effect, the control element for semiconductor devices. A thorough know!-
edge of the formation and properties of pn junction can enable the reader to understand the semicon-
ductor devices.

Formation of pn junction. In actua practice, the characteristic properties of pn junction will
not be apparent if a p-type block isjust brought in contact with n-type block. In fact, pnjunctionis
fabricated by special techniques. One common method of making pn junctioniscalled alloying. In
this method, a small block of indium (trivalent impurity) is placed on an n-type germanium slab as
shown in Fig. 5.18 (i). The system isthen heated to atemperature of about 500°C. The indium and

INDIUM some of the germanium melt to form a small puddle of molten

o

germanium-indium mixtureasshowninFig. 5.18 (ii). Thetem-
perature is then lowered and puddle begins to solidify. Under
proper conditions, the atoms of indium impurity will be suitably
adjustedinthegermanium dabtoformasinglecrysta. The addi-
tion of indium overcomes the excess of electrons in the n-type
germanium to such an extent that it creates a p-type region.

As the process goes on, the remaining molten mixture
becomesincreasingly rich inindium. When all germanium has
been redeposited, the remaining material appearsasindium but-
ton which is frozen on to the outer surface of the crystallised
portion as shown in Fig. 5.18 (iii). Thisbutton serves as a suit-
able base for soldering on leads.
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5.15 Properties of pn Junction

At theinstant of pn-junction formation, the free electrons near the junction in the n region begin to
diffuse across the junction into the p region where they combine with holes near the junction. The
result is that n region loses free electrons as they diffuse into the junction. This creates a layer of
positive charges (pentaval ent ions) near the junction. Asthe electrons move acrossthejunction, thep
region loses holes as the electrons and holes combine. The result is that there is alayer of negative
charges (trivalent ions) near the junction. These two layers of positive and negative chargesform the
depletion region (or depletion layer). The term depletion is due to the fact that near the junction, the
region is depleted (i.e. emptied) of charge carries (free electrons and holes) due to diffusion across
thejunction. It may be noted that depletion layer isformed very quickly and is very thin compared to
the n region and the p region. For clarity, the width of the depletion layer is shown exaggerated.
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Once pn junction is formed and depletion layer created, the diffusion of free electrons stops. In
other words, the depletion region acts as a barrier to the further movement of free electrons across the
junction. The positive and negative charges set up an electric field. Thisis shown by ablack arrow in
Fig. 5.19 (i). The electric field isabarrier to the free electronsin the n-region. There exists a potential
difference across the depletion layer and is called barrier potential (V,). The barrier potential of apn
junction depends upon severd factors including the type of semiconductor material, the amount of
doping and temperature. Thetypical barrier potential is approximately:

For silicon, V,=0.7 V ; For germanium, V, = 0.3V

Fig. 5.20 shows the potential (V) distribution curve.

5.16 Applying D.C. Voltage Across pn Junction or Biasing
a pn Junction

In electronics, the term bias refers to the use of d.c. voltage to establish certain operating conditions
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for an electronic device. In relation to a pn junction, there are following two bias conditions :
1. Forward biasing 2. Reversebiasing

1. Forward biasing. When external d.c. voltage applied to the junction isin such a direction
that it cancels the potential barrier, thus permitting current flow, it is called forward biasing.

To apply forward bias, connect positiveterminal of the battery to p-type and negative terminal to
n-type as shown in Fig. 5.21. The applied forward potentia establishes an electric field which acts
against the field due to potential barrier. Therefore, the resultant field is weakened and the barrier
height is reduced at the junction as shown in Fig. 5.21. As potential barrier voltage is very small
(0.1 to 0.3 V), therefore, a small forward voltage is sufficient to completely eliminate the barrier.
Once the potential barrier is eliminated by the forward voltage, junction resistance becomes almost
zero and a low resistance path is established for the entire circuit. Therefore, current flows in the
circuit. Thisiscalled forward current. With forward bias to pn junction, the following points are
worth noting :

(i) The potential barrier isreduced and at some forward voltage (0.1 to 0.3 V), it iseliminated
atogether.

(i) Thejunction offerslow resistance (called forward resistance, R) to current flow.

(iii) Current flowsin the circuit due to the establishment of low resistance path. The magnitude
of current depends upon the applied forward voltage.
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2. Reverse biasing. When the external d.c. voltage applied to the junction is in such a
direction that potential barrier isincreased, it is called reverse biasing.

To apply reverse bias, connect negative terminal of the battery to p-type and positiveterminal to
n-typeasshowninFig. 5.22. Itisclear that applied reverse voltage establishes an electric field which
acts in the same direction as the field due to potential barrier. Therefore, the resultant field at the
junction is strengthened and the barrier height is increased as shown in Fig. 5.22. The increased
potential barrier preventstheflow of charge carriersacrossthejunction. Thus, ahigh resistance path
is established for the entire circuit and hence the current does not flow. With reverse bias to pn
junction, the following points are worth noting :

(i) The potential barrier isincreased.
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(ii) The junction offers very high
resistance (called reverseresistance, R)

DEPLETION REGION

to current flow. - “: s
(iif) No current flows in the circuit s “"t::::

due to the establishment of high resis- s 28]

tance path. I gl ————
Conclusion. From the above dis- ORIGINAL BARRIER

cussion, it followsthat with reverse bias
to the junction, a high resistance path is
established and hence no current flow
occurs. On the other hand, with forward NO ELECTROM FLOW
biasto thejunction, alow resistance path
is set up and hence current flows in the
circuit.

5.17 Current Flow in a Forward Biased pn Junction

We shall now see how current flows across pn junction when it isforward biased. Fig. 5.23 showsa
forward biased pn junction. Under theinfluence of forward voltage, the free electronsin n-type move
*towards the junction, leaving behind positively charged atoms. However, more electrons arrive
from the negative battery terminal and enter the n-region to take up their places. Asthefreeelectrons
reach the junction, they become **valence electrons. As valence electrons, they move through the
holesin the p-region. The valence electrons movetowards|eft in the p-region whichisequivalent to
the holesmoving to right. When the valence electronsreach theleft end of the crystal, they flow into
the positive terminal of the battery.
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The mechanism of current flow in aforward biased pn junction can be summed up as under :
(i) The free electrons from the negative terminal continue to pour into the n-region while the
free electronsin the n-region move towards the junction.
(il) Theelectronstravel through the n-region asfree-electronsi.e. current in n-region isby free
electrons.

*  Notethat negativeterminal of battery isconnected to n-type. It repelsthefreeelectronsin n-type towards
the junction.

** A holeisinthe co-valent bond. When afree electron combineswith ahole, it becomes avalence el ectron.
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(il1) When these electronsreach the junction, they combine with holes and become valence elec-
trons.
(iv) Thedectronstravel through p-region asvalence el ectronsi.e. currentinthe p-regionisby holes.
(v) When thesevalence electronsreach theleft end of crystal, they flow into the positive termi-
nal of the battery.
From the above discussion, it is concluded that in n-type region, current is carried by free elec-
tronswhereasin p-typeregion, it iscarried by holes. However, in the external connecting wires, the
current is carried by free electrons.

5.18 Volt-Ampere Characteristics of pn Junction

Volt-ampere or V- characteristic of apnjunction (also called acrystal or semiconductor diode) isthe
curve between voltage across the junction and the circuit current. Usually, voltage istaken along x-
axis and current along y-axis. Fig. 5.24 shows the *circuit arrangement for determining the V-I
characteristics of apn junction. The characteristics can be studied under three heads, namely; zero
external voltage, forward bias and reverse bias.
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Fig. 5.24

(i) Zero external voltage. When the external voltage is zero, i.e. circuit is open at K, the
potential barrier at the junction does not permit current flow. Therefore, the circuit current iszero as
indicated by point Oin Fig. 5.25.
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* Risthe current limiting resistance. It prevents the forward current from exceeding the permitted value.
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(i) Forward bias. With forward biasto the pnjunctioni.e. p-type connected to positive terminal
and n-type connected to negative terminal, the potential barrier isreduced. At some forward voltage
(0.7V for Si and 0.3V for Ge), the potential barrier is altogether eliminated and current starts flowing
in the circuit. From now onwards, the current increases with the increase in forward voltage. Thus, a
rising curve OB is obtained with forward biasas shownin Fig. 5.25. Fromtheforward characteristic, it
is seen that at first (region OA),the current increases very owly and the curve is non-linear. It is
because the external applied voltage is used up in overcoming the potential barrier. However, once the
external voltage exceedsthe potentia barrier voltage, the pn junction behaveslike an ordinary conduc-
tor. Therefore, the current risesvery sharply with increasein external voltage (region AB on the curve).
The curveisamost linear.

(iii) Reverse bias. With ELECTRON HOLE
reversebiastothepnjunctioni.e. (MINORITY CARRIER) n  (MINORITY CARRIER)
p-type connected to negative e e | o o]
terminal and n-type connected to
positive terminal, potential ° o
barrier at the junction is
increased. Therefore, the o ® |o °
junction resistance becomesvery
high and practically no current
flows through the circuit.

However, in practice, avery small | I

current (of the order of pA) flows

inthecircuit with reversebiasas Fig. 5.26
shown in the reverse

characteristic. Thisis called reverse *saturation current (I) and is due to the minority carriers. It
may be recalled that there are a few free electrons in p-type material and a few holes in n-type
material. These undesirablefree electronsin p-type and holesin n-type are called minority carriers.
As shown in Fig. 5.26, to these minority carriers, the applied reverse bias appears as forward bias.
Therefore, a**small current flowsin the reverse direction.

If reverse voltage is increased continuously, the kinetic energy of electrons (minority carriers)
may become high enough to knock out el ectrons from the semiconductor atoms. At this stage break-
down of thejunction occurs, characterised by asudden rise of reverse current and asudden fall of the
resistance of barrier region. This may destroy the junction permanently.

Note. The forward current through apn junction is due to the majority carriers produced by the impurity.
However, reverse current is due to the minority carriers produced due to breaking of some co-valent bonds at
room temperature.

5.19 Important Terms

Two important terms often used with pn junction (i.e. crystal diode) are breakdown voltage and knee
voltage. We shall now explain these two termsin detail .

(i) Breakdown voltage. Itisthe minimum reverse voltage at which pn junction breaks down
with sudden risein reverse current.

Under normal reverse voltage, avery little reverse current flows through a pn junction. How-
ever, if the reverse voltage attains a high value, the junction may break down with sudden rise in
*  Theterm saturation comes from the fact that it reaches its maximum level quickly and does not signifi-
cantly change with the increase in reverse voltage.
**  Reverse current increases with reverse voltage but can generally be regarded as negligible over the work-
ing range of voltages.
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reverse current. For understanding this point, refer to Fig. 5.27. Even at room temperature, some
hole-electron pairs (minority carriers) are produced in the depletion layer as shown in Fig. 5.27 (i).
With reverse bias, the electrons move towards the positive terminal of supply. At largereversevolt-
age, these electrons acquire high enough vel ocities to dislodge val ence el ectrons from semiconductor
atomsasshowninFig. 5.27 (ii). Thenewly liberated electronsin turn free other valenceelectrons. In
this way, we get an avalanche of free electrons. Therefore, the pn junction conducts a very large
reverse current.

Oncethe breakdown voltageisreached, the high reverse current may damagethejunction. There-
fore, care should be taken that reverse voltage across a pn junction isalwaysless than the breakdown
voltage.
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Fig. 5.27

(if) Kneevoltage. Itistheforward voltage at which the current through the junction startsto
increaserapidly.

When adiodeisforward biased, it conducts current very slowly until we overcome the potential
barrier. For silicon pnjunction, potential barrieris0.7 VV whereasitis0.3 V for germanium junction.
Itisclear from Fig. 5.28 that knee voltage for silicon diodeis 0.7 V and 0.3 V for germanium diode.

Oncethe applied forward voltage exceeds the knee voltage, the current startsincreasing rapidly.
It may be added herethat in order to get useful current through apn junction, the applied voltage must
be more than the knee voltage.

Note. The potential barrier voltage is also known as turn-on voltage. This is obtained by taking the
straight line portion of the forward characteristic and extending it back to the horizontal axis.
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5.20 Limitations in the Operating Conditions of pn Junction

Every pn junction has limiting values of maximum forward current, peak inver se voltage and maxi-
mum power rating. The pn junction will give satisfactory performanceif it is operated within these
limiting values. However, if these values are exceeded, the pn junction may be destroyed due to
excessive heat.

(i) Maximum forward current. It is the highest instantaneous forward current that a pn
junction can conduct without damageto the junction. Manufacturer’sdatasheet usually specifiesthis
rating. If theforward current in apnjunction is more than thisrating, the junction will be destroyed
due to overheating.

(if) Peakinversevoltage (PIV). Itisthe maximum reverse voltage that can be applied to the pn
junction without damage to the junction. If the reverse voltage across the junction exceedsits PIV,
thejunction may be destroyed dueto excessive heat. The peak inversevoltageisof particular impor-
tanceinrectifier service. A pnjunctioni.e. acrystal diodeisused asarectifier to change alternating
current into direct current. In such applications, care should be taken that reverse voltage across the
diode during negative half-cycle of a.c. does not exceed the PIV of diode.

(i) Maximum power rating. It isthe maximum power that can be dissipated at the junction
without damaging it. The power dissipated at the junction isequal to the product of junction current
and the voltage acrossthejunction. Thisisavery important consideration and isinvariably specified
by the manufacturer in the data sheet.

MULTIPLE-CHOICE QUESTIONS

1. A semiconductor isformed by ........ bonds. (iii) remainsthesame (iv) cannot say
(i) covalent (if) electrovalent 8. The strength of a semiconductor crystal
(iii) co-ordinate  (iv) none of the above comes from .......
2. A semiconductor has ........ temperature (i) forcesbetween nuclei
coefficient of resistan'(?e. (ii) forcesbetween protons
(i) positive (ii) zero (iii) electron-pair bonds
(iii) negative (iv) none of the above (iv) none of the above

3. Themost commonly used semiconductor is | 9. When a pentavalent impurity is added to a
........ pure semiconductor, it becomes........

(i) germanium (i) silicon (i) aninsulator
(iii) carbon (iv) sulphur (ii) anintrinsic semiconductor
4. A semiconductor has generally ........ (i) p-type semiconductor
valence electrons. (iv) n-typesemiconductor
(i) 2 (i) 3 10. Addition of pentavalent impurity to asemi-
(iii) 6 (iv) 4 conductor createsmany ........
5. The resistivity of pure germanium under (i) freeelectrons (ii) holes
standard conditionsis about ........ (iii) valenceelectrons
(i) 6x10°Qcm (i) 60Qcm (iv) bound electrons
(i) 3x10°Qcm (iv) 6x10 *Qcm 11. A pentavalent impurity has ........ valence
6. Theresistivity of puresiliconisabout ........ electrons.
(i) 100Qcm (i) 6000 Q2 cm @i 3 (i) 5
(i) 3x10°Qcm (iv) 1.6x 10 Qcm (iii) 4 (iv) 6
7. When a pure semiconductor is heated, its| 12. An n-type semiconductor is ........
resistance........ (i) positively charged

(i) goesup (i) goesdown (il) negatively charged



74 =
(i) electrically neutral
(iv) none of the above
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13. A trivalent impurity has ........ valence
electrons.
(i) 4 (i) 5
(iii)) 6 (iv) 3

14. Addition of trivalent impurity to asemicon-
ductor createsmany ........

(i) holes (ii) freeelectrons
(iii) valenceelectrons
(iv) bound electrons

15. A holeinasemiconductor isdefined as ........
(i) afreeelectron

(ii) theincomplete part of an electron pair
bond

(iii) afreeproton
(iv) afreeneutron

16. Theimpurity level in an extrinsic semicon-
ductor isabout ........ of pure semiconductor.

(i) 10 atomsfor 10° atoms
(i) 1 atom for 10° atoms
(iii) 1 atom for 10" atoms
(iv) 1atom for 100 atoms
17. As the doping to a pure semiconductor
increases, the bulk resistance of the
semiconductor ........
() remainsthesame
(ii) increases
(iii) decreases
(iv) none of the above
18. A holeand electronin close proximity would
tendto ........
(i) repel each other
(it) attract each other
(ili) have no effect on each other
(iv) none of the above
19. In a semiconductor, current conduction is

(i) onlytoholes
(ii) only tofree electrons
(iii) to holesand free electrons
(iv) none of the above
20. The random motion of holes and free elec-
tronsdueto thermal agitationiscalled ........

() diffusion (i) pressure
(iii) ionisation (iv) none of the above
21. A forward biased pnjunction hasaresistance
of the........
(i) order of Q (i) order of kQ
(iii) order of MQ  (iv) none of the above

22. Thebattery connectionsrequiredto forward
biasapnjunctionare........

(i) +veterminal to p and —veterminal ton
(if) —veterminal to p and +vetermina ton
(ili) —veterminal to p and —veterminal ton
(iv) none of the above

23. Thebarrier voltage at apn junction for ger-
manium isabout ........

(i) 35V (i) 3v
(iii) zero (iv) 0.3V
24. Inthedepletion region of apnjunction, there
isashortageof ..........
(i) acceptorions (ii) holesandelectrons
(iii) donor ions (iv) none of the above
25. A reversebiased pnjunction has........
(i) very narrow depletion layer
(ii) amost no current
(iii) very low resistance
(iv) largecurrent flow
26. A pnjunction actsasa........
(i) controlled switch
(i) bidirectional switch
(i) unidirectional switch
(iv) none of the above
27. A reverse biased pn junction has resistance

(i) order of Q (i) order of kQ
(iii) order of MQ  (iv) none of the above

28. The leakage current across apn junctionis
dueto........

() minority carriers

(ify majority carriers
(iii) junction capacitance
(iv) none of the above

29. When the temperature of an extrinsic semi-
conductor is increased, the pronounced
effectison........

(i) junction capacitance



(it) minority carriers
(iil) majority carriers
(iv) none of the above
30. Withforward biasto apnjunction, thewidth
of depletion layer ........
(i) decreases (i) increases
(iii) remainsthe same
(iv) none of the above
31. The leakage current in a pn junction is of
the order of
@i A (i) mA
(iii) kA (iv) uA
32. Inanintrinsic semiconductor, the number of
free electrons
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33. At room temperature, an intrinsic semicon-
ductor has
(i) many holesonly
(if) afew freeelectronsand holes
(iii) many free electronsonly
(iv) noholesor free electrons
34. At absolute temperature, an intrinsic semi-
conductor has

(i) afew freeelectrons
(i) many holes
(ifi) many free electrons
(iv) no holesor free electrons
35. At room temperature, an intrinsic silicon
crystal acts approximately as

(i) equalsthe number of holes (i) abattery

(i) isgreater than the number of holes (if) aconductor
(iii) islessthan the number of holes (i) aninsulator

(iv) none of the above (iv) apiece of copper wire

Answers to Multiple-Choice Questions
1. (i) 2. (iii) 3. (i) 4. (iv) 5. (ii)
6. (i) 7. (i) 8. (iii) 9. (iv) 10. (i)
11, (ii) 12. (iii) 13. (iv) 14. (i) 15. (i)
16. (ii) 17. (iii) 18. (i) 19. (iii) 20. (i)
21. (i) 22. (i) 23. (iv) 24. (ii) 25. (ii)
26. (iii) 27. (iii) 28. (i) 29. (ii) 30. (i)
31. (iv) 32. (i) 33. (i) 34. (iv) 35. (iii)
Chapter Review Topics

1. What do you understand by a semi-conductor ? Discuss some important properties of semiconductors.
2. Which are the most commonly used semiconductors and why ?

3. Givetheenergy band description of semiconductors.

4. Discussthe effect of temperature on semiconductors.

5. Give the mechanism of hole current flow in a semiconductor.

6. What do you understand by intrinsic and extrinsic semiconductors ?

7. What isapn junction ? Explain the formation of potential barrier in a pn junction.
8. Discuss the behaviour of apn junction under forward and reverse biasing.

9. Draw and explain the V-1 characteristics of apn junction.

[N
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. Write short notes on the following :
(i) Breakdown voltage
(ii) Kneevoltage

(iii) Limitationsin the operating conditions of pn junction

Discussion Questions
Why is a semiconductor an insulator at ordinary temperature ?
Why are electron carriers present in p-type semiconductor ?
. Why issilicon preferred to germanium in the manufacture of semiconductor devices ?
. What isthe importance of peak inverse voltage ?
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