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Energy Band Diagrams of Solids

In a solid, the energy levels of atoms split into a large number of closely spaced levels forming energy bands.
The two important bands are: Valence Band (contains valence electrons) and Conduction Ba!ld (allows free movement of electrons).

=

e — —— N7
1. CONDUCTOR (e.g., Copper, Aluminium, Silver) 2. SEMICONDUCTOR (e.g., Si, Ge, GaAs) 3. INSULATOR (e.g., Diamond, Glass, Wood)
High energy High energy High energy
A
CONDUCTION BAND f =
> > >
O\ U777 / , Overl o Small energy gap Forbidden o '
8| %% o | B FoiTen }band 6 | B i I S
no energy (T}
| VALENCE BAND gap) | VALENCE BAND y
|  / 4 VALENCE BAND
| Low energy ‘ Low energy | Low energy

Valence band and conduction band overlap
(or there is no forbidden energy gap).

_ Key Points _ |
@ No forbidden energy gap. ‘
@ Valence and conduction bands overlap.

@ Large number of free electrons are available.

@ Hence, conductors have high electrical conductivity.

@ Examples: Copper (Cu), Aluminium (Al), Silver (Ag), etc.

Valence band and conduction band are separated
by a small energy gap (= 0.1 -3 eV).

Small forbidden energy gap.
At absolute zero, electrons are in the valence band.

At room temperature, some electrons gain enough
energy to cross the small gap and move to conduction band.

Hence, semiconductors have moderate conductivity.

Examples: Silicon (Si) - 1.1 eV,
, Germanium (Ge) — 0.7 eV, Gallium Arsenide (GaAs) — 1.4 eV.

Valence band and conduction band are separated
by a large energy gap (> 3 - 5 eV).

Large forbidden energy gap.

Very few electrons can cross the gap even at high
temperature.

Hence, they have very low conductivity (almost no current).

Examples: Diamond (= 5.5 eV), Glass (= 9 eV),
Wood, Rubber, Mica, etc.

i

\ T~ 3 S =
Important Takeaway

-

property Semiconductor nsulator
Energy gap (E;) = 0 eV (bands overlap) | ~01-3eV >3-5¢eV IR 2:::::; ?;Ef:::llggtr%ﬂ:tu s
Band arrangem Overla Small ga Large ga : ! .
_N:l:nber :f-"?r‘:e Eerll:ctmns_ = Very Iarge Mndergat: Ue?y fgeu: _{J from valenne_band - cunl_:ll.l_ct]nn bandt, |
el e A = | e i : ] = 5o the electrical conductivity
Electrical conductivity High Moderate Very low (almost zero) - increases!
| Examples . Cu, Al, Ag Si, Ge, GaAs Diamond, Glass, Wood J
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Intrinsic and Extrinsic Semiconductors

( - N T — g { ' h
H H - n ionin nsi micon r - H H
ntrinsic Semiconductor Serent conduction in intrinse semiconcuto Extrinsic Semiconductor
. ' Free electrons (move towards A)
A semiconductor in an extremely pure form < A semiconductor with a small amount of suitable
(is free from impurities) is called an < 54 . impurities added to increase its conductivity is
intrinsic semiconductor. . A B . called an extrinsic semiconductor.
® Examples: Pure Silicon (Si) or Germanium (Ge) g @ 4 @ Obtained by adding impurities to a pure semiconductor
+ .
- @ At room temperature, some covalent bonds break Holes (move towards B) (known as doping).
due to thermal energy and electron—hole pairs are L | I_ 1 @ The amount and type of impurity are carefully controlled.
generated. - + ® Extrinsic semiconductors are of two types:
® Number of free electrons (n) = Number of holes (p) When a voltage is applied, free electrons move ——— :
n= pimn; towards the positive terminal (A) and holes move n-type semiconductor p-type semiconductor
. towards the negative terminal (B). Hence, the total
® Both electrons and holes contribute to current current is the sum of electron current and hole current.
conduction. | = — s — — -
. n-type Semiconductor ] p-type Semiconductor
@ Formed by adding a small amount of pentavalent @ Formed by adding a small amount of trivalent impurity
impurity (5 valence electrons) such as Phosphorus (P), (3 valence electrons) such as Boron (B), Aluminium (Al)
Free electron Arsenic (As) or Antimony (Sh). or Gallium (Ga). |
Q H“/ @ Four electrons form covalent bonds and the fifth @ Only three electrons take part in covalent bonds,
p electron is loosely held and becomes a free electron. leaving one vacant bond (hole).
@ Electrons are majority carriers and holes are minority @ Holes are majority carriers and electrons are minority
Hole carriers. carriers.
(positive charge)
In an intrinsic semiconductor, electron—hole pairs — :
are created due to breaking of covalent bonds Majority carriers — electrons Majority carriers — holes
by thermal energy. | Minority carriers — holes Minority carriers — electrons
. € Intrinsic semiconductor is pure; extrinsic is doped with impurities. 0 p-type: trivalent impurity, holes are majority carriers.
Key PO' ntS @ Intrinsic: n=p = n; (both electrons and holes conduct). @ Doping greatly increases the conductivity of a semiconductor.

0 n-type: pentavalent impurity, electrons are majority carriers.
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DOPING PROCESS IN SEMICONDUCTORS (cietbptinetiatsia

into a pure semiconductor to change

e its electrical properties.
[ 3 ) n-type Semiconductor
-’ 4 | p-type Semiconductor

;__2 }. Doping Process

:' 1 Pure (Intrinsic) Semiconductor

e Made of pure silicon (Si) or germanium (Ge). e A small amount of impurity atoms are e Doped with pentavalent (Group V)
e Fach atom has 4 valence electrons. added to pure semiconductor. impurity atoms such as Phosphorus (P), e Doped with trivalent (Group Ill)
e All electrons are involved in covalent bonds.  ® The impurity atoms replace some of Arsenic (As) or Antimony (Sh). impurity atoms such as Boron (B),
e Very few free charge carriers — low the silicon atoms in the crystal lattice. e Impurity atom has 5 valence electrons. Aluminium (Al) or Gallium (Ga).
conductivity. e This process is called doping. . Fuyr electfuns furm bonds with e Impurity atom has 3 valence electrons.
e Even a very small amount (about 1in neighbouring Si atoms. e |t can form only three bonds with
10 to 108 atoms) is enough to change e The 5th electron is loosely bound and neighbouring Si atoms.
the conductivity. becomes a free electron. e One bond is incomplete, creating a
o Electrons are the majority carriers hole (positive charge).
® and holes are minority carriers. e Holes are the majority carriers and
’ @ @ Q Free electron electrons are minority carriers.
Q (easily moves)
_ Impurity
atoms
Pure silicon crystal (very small amount)
(very low conductivity)
After doping O@Q

w— o Hole

@ Silicon atom ( Valence electron (missing electron)

_______ Covalent bond

Common Dopant Elements n-type semiconductor p-type semiconductor
; Majority carriers : Electrons Majority carriers : Holes
Type Dopant elements | Valence electrons Minority carriers : Holes Minority carriers : Electrons
Phosphorus (P) —
n-type 4 =
(G,ﬁm v) | Arsenic (As) 5 4 ) Applications
Antimony (Sh) e Doping increases the electrical conductivity of the semiconductor. —
e Only a small amount of impurity (1 ppm to 100 ppm) is required. e Diodes, transistors and
p-type Boron (B) e n-type — extra electrons (negative charge carriers). integrated circuits
(Group II) Aluminium (Al) 3 e p-type — holes (positive charge carriers). : :olar cells
Gallium (Ga) e Doped semiconductors are used to make diodes, transistors, ICs and 2 LEB?; il encpindibtinont
other electronic devices. SR

A SMALL CHANGE MAKES A BIG DIFFERENCE - DOPING TURNS A POOR CONDUCTOR INTO A USEFUL SEMICONDUCTOR!




Formed by donor doping — Electrons are the majority charge carriers
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N - Type Semiconductor
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“N” stands for
Negative
because electrons
are the majority carriers.

o What is an N - type semiconductor? 9 Formation of N - type semiconductor o Energy level diagram
@

o An N-type semiconductor is obtained
by doping an intrinsic semiconductor
(like silicon) with a pentavalent impurity
(donor) such as Phosphorus (P), Arsenic (As)
or Antimony (Sb).

e The impurity atom has 5 valence electrons,
so after forming four covalent bonds with
neighbouring silicon atoms, one electron
remains free.

o This free electron is loosely bound and can
easily move in the crystal.

e Thus, electrons become the majority charge
carriers and holes are the minority charge
carriers.

o Why free electron is formed?

Each Si atom has 4 valence electrons

Complete
covalent bond ——

999

Free electron

=
N type semiconductor (Si doped with P)
Si = Intrinsic semiconductor atom
P = Pentavalent impurity atom (Donor)

Conduction Band

——0—0—0—0

'
@— Donor energy level

<«—— Benni |guy

____________________ Fermi level

+— Band gap

Energy level diagram of N type semiconductor

and forms 4 covalent bonds. e
e Phosphorus (P) has 5 valence ®
electrons. o

e When P replaces a Si atom, it forms
4 covalent bonds with 4 neighbouring
Si atoms.

* The fifth electron is not required for
bonding and remains as a free electron
(loosely bound). °

e This free electron can easily move
through the crystal and contributes
to conduction.

Majority carriers : Electrons Impurity | Symbol
Minority carriers : Holes Phosphorus P
Conduction in n-type semiconductor e A

is mainly due to the movement of IS :
electrons. Antimony Sb

Electrons are treated as negative
charge carriers.

At room temperature, the number of
electrons is much larger than the
number of holes.

Valence
electrons

5

5
5

These are pentavalent elements from
Group V of the periodic table.

So, they are called donor impurities
because they donate an extra electron.

9 Majority and minority carriers o Examples of donor impurities o Important points

e Formed by doping intrinsic
semiconductor with pentavalent
impurity.

Four covalent bonds are complete
and one extra electron is free.

Electrons are the majority carriers.
Holes are the minority carriers.

Donor energy level is very close to
the conduction band.

Fermi level is near the conduction band.
Examples: Si doped with P, As, Sb.

N - type semiconductor — Formed by donor doping — Electrons are the majority charge carriers — Fermi level near conduction band
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P-Type Semiconductor

Formed by acceptor doping — Holes are the majority charge carriers

o What is a P - type semiconductor? 9 Formation of P - type semiconductor 9 Energy level diagram

e A p-type semiconductor is obtained by
doping an intrinsic seminconductor (like
silicon) with a trivalent impurity (acceptor)
such as Aluminium (Al), Boron (B), Gallium (Ga)
or Indium (In).

Conduction Band

covalent bond ——» 4

—— Band gap

e The impurity has only 3 valenceelectrons, @ @®@ExiN@ ©®LAL@® @O  Fecmmmmemmeee e Fermi level

so one covalent bond remains incomplete.

L 0—0—0—0—0—0—0+—o0— Acceptor
+— Incomplete y energy level

covalent bond Valence Band

e This creates a vacancy called a hole. Presence

e Thus, holes become the majority charge of hole
carriers and electrons are the minority ol
charge carriers.

P type semiconductor (Si doped with Al)

Si = Intrinsic semiconductor atom
Al = Trivalent impurity atom (Acceptor)

Energy level diagram of P type semiconductor

o Why hole is formed? 9 Majority and minority carriers o Examples of acceptor impurities o Important points

e Each Si atom has 4 valence electrons g . . Valence e Formed bv doping intrinsic
and forms 4 covalent bonds. : M?]ur!ty L e Impurity | Symbol | electrons SEI‘I"IiCDI‘IdTJCtDI:‘ 1uﬂ.rgilth trivaltent impurity.

e Aluminium (Al) has only 3 valence * Minority carriers : Electrons Boron B 3 e One covalent bond remains incomplete.
electrons. ¢ Conduction in p-type semiconductor Aluminium Al 3 e Creates a hole in the crystal.

e When Al replaces a Si atom, it can form is mainly due to the movement of Gallium Ga 3 e Holes are majority carriers.
only 3 covalent bonds. holes. - thaium w | 3 e Electrons are minority carriers.

* The fourth bond is incomplete and 2 * Holes are treated as positive charge e Fermi level is closer to the valence band.
s s crearee. EAlEE These are trivalent elements from e Conduction takes place mainly due to

® Th{s hole can accept an glectmn from a e At room temperature, the number of Group lll of the periodic table. holes.
neighbouring atom, making the hole holes is much larger than the number So, they are called acceptor impurities e Examples: Si doped with B, Al, Ga, In.
move through the crystal. of electrons. because they accept an electron.

P - type semiconductor — Formed by acceptor doping — Holes are the majority charge carriers —> Fermi level near valence band
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Both are extrinsic

Comparison of P Type and N Type Semiconductors JEErcaier

doping an intrinsic
P - Type Semiconductor m

semiconductor.
Formed by acceptor doping - Holes are the majority carriers

N - Type Semiconductor
Formed by donor doping - Electrons are the majority carriers

Formation of P type semiconductor Trivalent (Acceptor) Type of impurity Pentavalent (Donor) Formation of P type semiconductor
i
Aluminium (AL), Phosphorus (P), .
Boron (B), Gallium (Ga), Examples Arsenic (As), @ ®
Complete : . Complete
covalent bond—* Indium (In) Antimony (Sb) covalent bond —,
3 Valence electrons . ® _ ®
of impurity atom '@O P @@ é
/e Creates a hole Provides an extra ® /-r. ®
Presence r\g/.;__ Incomplete (vacancy of electron) Effect on crystal electron Free electron
of hole covalent bond ;
Majority cha
¢ @ ¢ Holes j m’mm o Electrons ® ¢
Si = Intrinsic semiconductor atom Minotity charge Si = Intrinsic semiconductor atom
Al = Trivalent impurity atom (Acceptor) Electrons calgiers & Holes P = Pentavalent impurity atom (Donor)

Energy level diagram of P type semiconductor Near valence band  Position of Fermi level Near conduction band Energy level diagram of N type semiconductor

Conduction Band Acceptor level Biovorlevel Conduction Band
(slightly above Impurity energy level (slightly below 1 D Gl
Band gap valence band) conduction band) Bl dlhais i i
____________________ Fermi level b ———— e — === ==~ —~ Fermi level
-— Acceptor +«—— Band gap
-energy level | Due to movement of holes Conductivity Due tulmavement o 1
Valence Band PIECHDNS Valence Band
- - L - L - H\\I &
P type and N type semiconductors are opposite in nature — one has holes as majority carriers, the other has electrons. _ Doping converts an
, . ) . . i ; intrinsic semiconductor
Both are widely used to form PN junction diodes, transistors and other semiconductor devices. into a useful device
=] | material.
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[ In semiconductors, current '
is carried by two types of
charge carriers:

Electrons and Holes

Charge Carriers in Semiconductors

1. What are Charge Carriers?

3. p-type Semiconductor

2. n-type Semiconductor

e |n a semiconductor, current flows due to e Formed by adding donor (pentavalent) e Formed by adding acceptor (trivalent)
movement of charge carriers. impurities such as P, As or Sb. impurities such as B, Al, Ga or In.
e There are two charge carriers: e Each donor atom contributes one extra ® Each acceptor atom creates a hole by
: , : accepting an electron from a covalent bond.
e Electrons — negatively charged particles electran iz
e These extra electrons are free electrons e Holes are the majority carriers and

e Holes — positively charged vacancies |

and increase the conductivity. electrons are the minority carriers.

e Both electrons and holes are created ina pure = ® Electrons are the majority carriers and ® Holes behave as positively charged
(intrinsic) semiconductor in equal numbers holes are the minority carriers. carriers.
at room temperature. ® The semiconductor as a whole remains e The semiconductor as a whole remains

electrically neutral. electrically neutral.

4. Diagrams of Charge Carriers 5. Key Points to Remember
DONOR IONS ACCEPTOR IONS @ n-type semiconductor has a large number
NAIOREEY of free electrons (majority carriers).
v d MAJORITY CARRIERS "5 = CARRIERS (HOLES) @ p-type semiconductor has a large number
. &1 G@ @& e @Jg \ELEGTRONS) 0", o . o © . of holes (majority carriers).
®
® o °© o€—— MINORITY CARRIERS 9 - DE MINORITY @ Minority carriers are due to thermal generation
. . P . R (HOLES) B4 @ L0 .0 CARRIERS of electran-hole pairs.
(ELECTRONS) : b X
n-type p-type @ Donor impurities give extra electrons.
(i) (i) o Acceptor impurities create holes.
o Both n-type and p-type semiconductors are

In semiconductors, current is carried by electrons and holes. n-type has electrons as majority carriers,
whereas p-type has holes as majority carriers. Both are electrically neutral.

electrically neutral overall.

lectrons

End hafesk
ether make
sm:iignductnrs useful!
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Effect of Temperature on Semiconductors

r R = )
o At Absolute Zero Temperature (0 K) /6 At Higher Temperature (Room Temperature and above)
CONDUCTION s =
Pure BAND Pure - EEHEUCTIDN Frasalection
- — Se[n;!cuntgm)tar N — Sezg!mndauc)tur — 0o ® o ® o ® (in conduction band)
i or Ge i or Ge
Sume valence electrons ® Hole
(EQ} I to conduction band :
@ B———— Electron gains
I S W *—> *—» Q’ T thermal energy
] . J ‘| VALENCE
roy || g 7/ /| VALENCE l ;j Pt =
1% BAND el ks 7 e
No current flows Current flows
(insulator) (conductor)
|
e At 0 K, all electrons are tightly held in covalent bonds. . WTE tETF:cE"at;"E Is fﬂiSIEd= 5;”"3 valence electrons gain thermal energy i
|
e Valence band is completely filled and conduction band is empty. Angbreak freeiom Govalont behds ,
& anee fe e clestronears avittabie shd | e These electrons move to the conduction band and become free electrons.
tha se:'niconductc}r bakaves a8 an hualiton || ® Each time an electron leaves a covalent bond, a hele is created in the valence band.
L L e Both free electrons and holes contribute to current in a semiconductor. |
J J

Key Takeaways

9 Effect on Electrical Conductivity

! o At 0 K, semiconductor behaves as an insulator.
" L] L L)
e As temperature increases, Resistivity decreases 9 Increase in temperature breaks some covalent bonds.
number of free electrons and holes as temperature
AT tckadtas 9 More free electrons and holes are generated.
e Hence electrical conductivity Resistivity | o Electrical conductivity increases and resistivity decreasses.
increases and resistivity decreases. () 6 Semiconductors have a negative temperature
; . | coefficient of resistance (NTC).
e The semiconductor has a negative |\ J
- Ll - ._.-' ' , - -_\
:;r;.'ig;rature coefficient of resistance - — > | N RealLifé Eximple
: emperature
e Devices like thermistors use the temperature dependence
| of semiconductor resistance for temperature sensing. |

|
L

7
.
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A p-n junction is formed by

joining p-type and n-type
semiconductors in a single crystal.

Y ol B
P-type and N-type Brlng them ff Depletion region Electric field and
Diffusion starts : ;
semiconductors together forms barrier potential
P-type semiconductor MNiloa Depletion region Depletion region
(acceptor doping) P-type E N-type move P — N = |
{i} 09— zq (region with | (region with P-type | N-type -type | u | N-type P-type | : ! N-type
| | holes) | free electrons) | [ : | Ly : = BN ay
40O cOp—9 ! ¢RI 99 910106909 | 9¢ 909
. Q —Q-‘? i _Q‘ 'Q‘ _q} el I I 1y =1 I e : e: .
VN . . | b T DEH Q*@v‘neﬁ*-ﬁ? ©0:0! 01909 t}*@a;e;@.f@@
] ! ' I i :
>0 0000 % »Q«?e} ¢£:~~a>»¢r 210i0iv 3B ooyiSiigoo
| | | | . A 1
e Holes are majority carriers i I @ QP “""' —s)— {:} 0‘*’ @0 I‘Ye 9 L it o0
(shown as @ ). 'ﬂ 4, {}%Q &ﬁ%q—{ @ -Q:e:e:@-@--@ _
o Electrons are minority carriers t I e!(} : : : Built-in electric field
(shown as @ ). | Electrons (from N to P)
N-type semiconductor Junctlon move N - P o After recombination, mobile » = Np = >
{dunur dup[ng} carriers near the junction <023 3ﬂfmg potgr;tu; If Si
o s T e P-type and N-type materials o Due to concentration are depleted. (= 02V forte. MOV fESH)
b : 2 g T {q} "g are joined in a single crystal. difference, holes diffuse from | & Only immobile ions remain in « The fixed ions create an electric
O a(;;. : P to N and electrons diffuse this region: field directed from the N side
; ‘C( . o At the_mnment of contact, fronil Lo P % Negative S608taH ors o B side (positive ions) to the P side
1?- W 8 3 4?' -Q- -k;) there is a large difference _ Bositive dendrions ok N Side (negative ions).
0006 In carrier concentration e They recombine with each | o This creates a barrier potential
s po between the two sides. other near the junction. e This region is called the across the junction.
e Free electrons are majority depletion region (or space charge | o The electric field o f
: pposes further
cHarlrlers o .Et's o). region). diffusion of majority carriers,
2 (sﬁ:uir?fsrgqm 4 e J and equilibrium is reached.
L == ——

Thus, when p-type and n-type semiconductors are joined, diffusion and recombination of carriers
create a depletion region, an internal electric field and a barrier potential at the junction.




DEPLETION REGION AND BARRIER POTENTIAL

o Diffusion of carriers \‘9 Formation of depletion region |

p-type n-type

(hole majority) (electron majority)
Holes move
O 0 ® 0O P->N e © o o
O 0 ® © | g o o o o
O O O @ : e o o o
O O © 9O ¢ | e © o ©
© O © O FElectronsmove © © o @
O 00 D N-=>P o o o @

e Due to concentration difference,
holes diffuse from p to n and
electrons diffuse from n to p.

e They recombine with each other
near the junction.

@ Depletion region is free from mobile charge carriers.
| & It contains immobile ions (negative on p side, positive on n side). |
@ Anelectric field is set up from n to p.
@ The potential difference across this region is the barrier potential. l
& Barrier potential depends on the material and temperature.

10
Downloaded from Www.mmelectricalacademy.com

in a p-n Junction

DEPLETION
LAYER
————»|
P L 7
t...i@@ioncn
ce..O®:, ...
---:.!@@E----
.. JOI®R ¢ 0|

e After recombination, mobile carriers

disappear near the junction.

e Only immobile ions remain:

— Negative acceptor ions on the p side
— Positive donor ions on the n side

e This region with no free charge carriers
is called the depletion region.

WA
ELECTRICAL
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When a p-type and n-type
semiconductor are joined, carriers
diffuse across the junction and create
a depletion region and a potential
barrier.

Electric field across

‘ Typical Diagrams

the junction
ELECTRIC
<4— FIELD
S
----i@ @:ll o o
o e ™ i@ ®:n e o o
-.--i@ @iui e o
e o o o | o o o @
j—V,—*

The fixed ions create an electric field
directed from the n side (positive ions)
to the p side (negative ions).

This electric field opposes further
diffusion of majority carriers.

An equilibrium is reached when the
drift due to this field balances the
diffusion.

-~

Potential (Voltage)
across the junction

DEPLETION
—p

LAYER

e The potential difference across the
depletion region is called the
barrier potential (V).

e It is the minimum voltage required
to overcome the potential barrier
and allow large current flow.

e Typical values (at room temperature):
— Silicon (Si): V, = 0.7 V
— Germanium (Ge): V, = 0.3V

A~

=
DEPLETION < E‘,ﬁﬁ[g":
LAYER ol The depletion region
P ! P ¥ g i P, B is very thin in practice
o O © e @ oo o @ [_ @ @ . {ml’yame)-
Rl o= B | Q|® For clarity, the width is
o 00 |[O@|eeee | O|® shown exaggerated
= == : in the diagrams.
Charge distribution across a p—n junction Electric field and barrier potential

Thus, the depletion region and barrier potential prevent further diffusion of carriers and keep the p-n junction in equilibrium.
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Forward Biasing and Reverse Biasing of a PN Junction Diode A diode allows

current in one
direction only!

Reverse Biasing (Reverse Bias)

Forward Biasing (Forward Bias)

P-side connected to positive (+) and N-side connected to P-side connected to negative (-) and N-side connected to
negative (=) of the supply. positive (+) of the supply.
+ +
Anode (P) Dl Cathode (N) Diode is Anode (P) ’ Cathode (N) Diode is
+ ‘ e FORWARD +l ’I REVERSE
DC B BIASED DC i Gieresit) BIASED
Supply _ Conventional current (1) and conducts Supply and blocks
(V) current (v) X current
' (ideally).
Depletion region becomes thin Depletion region becomes wide
ol _— e
T - r )
P Rt hd Electrons P R e N El
Holes i o Holes . 4 ectrons
(maj‘"ity\\‘i @ @ ; = %4 @ @ & o 2?::':3 (majurity“*"nl.* @ @ i — + , @ @ ‘#‘/ (majf:rity),r
i i carriers
carriers) @ @ ; e @ @ carriers) @ @ E B n : @ @
Key Points (Forward Bias) Key Points (Reverse Bias)
® P-side to positive, N-side to negative. ® P-side to negative, N-side to positive.
@ Depletion region width decreases (becomes thin). @ Depletion region width increases (becomes wide).
@ Barrier potential is reduced. @ Barrier potential is increased.
® Diode offers low resistance and allows current to flow. @ Diode offers very high resistance and blocks current (only a

very small leakage current flows).
@ Ideally no current flows.

Conclusion & Forward bias = Diode conducts (low resistance). A PN junction diode acts like
& Reverse bias - Diode blocks (high resistance). a one-way valve for current!

® Conventional current flows from P to N.
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V - | CHARACTERISTICS OF A PN:JUNCTION DIODE

The V-I characteristic of a pn junction diode is the curve between the voltage across the junction (V) and the current through the diode (I).
Voltage is taken along the X-axis and current along the Y-axis.

Circuit arrangement V - | Characteristic Curve

®
I (mA)
A ®
B
200
@
150 - Forward
Barrier bias region °
100 4 voltage

50
0

M

Forward Bias (First quadrant: OA and AB)

p-side is connected to positive terminal and
n-side to negative terminal.

The potential barrier is reduced. At a certain
voltage, called knee (cut-in) voltage, current
starts to flow.

For silicon diode, knee voltage = 0.7 V.

For germanium diode, knee voltage = 0.3 V.
In region OA, current is very small and the
curve is non-linear.

After the knee voltage (region AB), current
increases rapidly with a small increase in
voltage and the curve becomes almost linear.

K
o1 MW———(mA—
3 Nt
o G-D n
‘. J
Fig.
R is the current limiting resistance. It prevents the
forward current from exceeding the permitted value. 1'5 10 5
-« ]
How to obtain the characteristics V/{NOLIS)
Connect the circuit as shown in Fig. /
o For forward characteristic, connect p-side to
positive and n-side to negative. Vary the supply Breakdown
voltage and note the ammeter and voltmeter voltage
readings.
o For reverse characteristic, reverse the supply Reverse |
connections (p-side to negative and n-side to bias region

positive) and note the readings.

o Plot the graph between diode voltage (X-axis)
and current (Y-axis).

Important Points

@ At zero external voltage, current is zero (point O).

o Forward current is in mA range, reverse current is in pA range.

o A current limiting resistor (R) is used to prevent excessive forward current.
Q Reverse current is due to minority carriers.

@ Reverse voltage at which the current suddenly increases is called breakdown voltage.

—+> V¢ (VOLTS)
0.1 0.2 03 0.4 05

e

Typical knee voltage:

Silicon (Si) : 0.7V Germanium (Ge) : 0.3V

Point O : Zero external voltage o

300 :
(current is zero). ®
400 - Point A : Knee (cut-in) voltage. -
Point B : Current increases
v rapidly. -~
Ir (HA)

Reverse Bias (Third quadrant)

p-side is connected to negative terminal and
n-side to positive terminal.

The potential barrier is increased.

Only a very small current, called reverse
saturation current (lg), flows due to minority
carriers (in the order of a few pA).

At a high reverse voltage, the diode breaks
down at the breakdown voltage, and the current
increases sharply.

This high current may damage the diode.

€) Knee (cut-in) voltage : Forward voltage at which current starts increasing rapidly

(Si—-0.7V, Ge-0.3 V).

€) Reverse saturation current : Small current in reverse bias due to minority carriers (pA).
¢) Breakdown voltage : Reverse voltage at which the diode current increases sharply.

€) Barrier voltage : Internal potential barrier at the junction (= 0.7 V for Si, 0.3 V for Ge).
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What is a Zener Diode?

® A Zener diode is a heavily doped
p-n junction diode.

® |[tis designed to operate in the
reverse breakdown region.

@ It maintains an almost constant

Zener Diode

Designed to work in reverse breakdown region

Symbol Actual Appearance

voltage (called Zener voltage, V;) A'{‘ﬂ;’e —>_F CE'H“;“’E
across it when operated in reverse bias. 2
® It is mainly used for voltage regulation. Zener Diode Symbol Typical Zener Diode

V~-I Characteristics of Zener Diode

Current (1)

A Forward Bias
(acts like a normal diode)
Reverse Bias
-V,
< T o » Voltage (V)
b
: Knee point
Zener voltage, V _
| ( ge. V) In the breakdown region,
Ze'ner a large change in current
Breakdown causes only a small change
Region in voltage (= V).
(Voltage remains A/

almost constant)

Key Points to Remember

@ Operated in reverse bias.
@® Heavily doped p-n junction.
@ Works in breakdown region.
@® Maintains nearly constant voltage (V) across it.
@ Series resistor is essential to limit current.
. @ Used for voltage regulation and reference voltage.

] / ﬂ Lo’
ELECTRICAL
ACADEMY «e

Heavily doped
junction —
Low breakdown
voltage

Working of Zener Diode (Reverse Bias)

L
22
&
€2

Reverse Bias Applied

The p-side is connected to negative and
n-side to positive supply.

Small Reverse Current

Initially, only a very small reverse current
flows (leakage current).

At Breakdown Voltage (V;)
When the reverse voltage reaches V,, the
diode enters breakdown region (Zener breakdown).

Voltage Remains Constant

In this region, even if the current changes
largely, the voltage across the diode remains
almost constant at V.

Safe Operation

A series resistor is always used to limit the current
to a safe value.

T
| A
+ I
wfate v
Unregulated Zener out
DCgInput Diode : Rul (=vy)
(Vin) (Vz) (Almost

; constant)
- A

The Zener diode maintains a constant output voltage (V;)
despite changes in input voltage or load current.

Applications of Zener Diode

F\v

Voltage Reference Waveform  Waveform
Regulation  Voltage Source  Clipping Clamping

Overvoltage
Protection

Real-Life Example

Used in power supplies to provide

a stable output voltage for electronic
circuits, even if the input voltage
fluctuates. b 3

i Device (-
S’mﬁBl gtabshty-’ =



A special diode that gives off visible light when forward biased

Construction
Epoxy lens -
(transparent) 3 Semiconductor
t chip (p-n junction)
i Reflector cup
&' S (anode)
Anode Cathode

(+) —»

(longer lead) " vl

(shorter lead)

Working Principle (Energy Band Diagram)

n-type
- Electrons

p-type

Conduction @ @90
band SN

Recombination
+ % releases energy
fé’\ as light (photons)
Valence O O OO0 =

band b
Holes

When electrons and holes recombine at the p-n junction,
energy is released in the form of visible light.

Anode
(+)
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Light-Emitting Diode (LED)

WA
ELECTRICAL
ACADEMY «e

Working
When the LED is forward biased, electrons from the

n-type region cross the p-n junction and recombine
with holes in the p-type region.

During recombination, the electrons drop from a higher
energy level (conduction band) to a lower energy level
(valence band).

LED Symbol

Arrows pointing away from
the diode indicate emission
of light.

2
©
4
5

LED Colours and Materials

Material ‘ Emitted Colour Example
Gallium Arsenide (GaAs) = Infrared IR LED
Gallium Phosphide (GaP) = Red / Green Red, Green LED
Gallium Arsenide Red / Yellow Red, Yellow,
Phosphide (GaAsP) Orange Orange LED
Gallium Nitride (GaN) Blue / White ] Blue LED
InGaN Green / White Green, White LED
AlGalnP Red / Orange [I'iig[;lsbrightness

By changing the semiconductor material, different
wavelengths (colours) of light can be produced.

The excess energy is released in the form of photons
(light).

In materials like gallium arsenide (GaAs), gallium
phosphide (GaP) etc., the emitted photons produce
visible light.

The intensity of light is directly proportional to the
forward current through the LED.

Applications

Indicator lights in electronic equipment

Seven-segment displays

Traffic signals

@600

General lighting (LED bulbs, tube lights)

Mobile phones, TV and computer displays

Automotive lighting (brake lights, headlamps)

Low power and energy-efficient lighting

Q0@

Brighter « Energy Efficient « Long Life



What is a Photodiode?

15

Downloaded from Www.mmelectricalacademy.com

A photodiode is a light sensitive
semiconductor device.

It converts incident light into an
electrical current.

It is usually a p—n junction operated
in reverse bias.

The current produced is called

photocurrent and it is proportional
to the intensity of light.

Circuit Diagram (Reverse Biased)

Light

B = H Reverse
Suppl Photodiode Cusrent
PPty (Iph)

(Ve)

| Key Points to Remember

® Operated in reverse bias.

Produces photocurrent when light falls on it.
Photocurrent increases with increase in light
intensity.

Faster response compared to many other
light sensors.

Used for detection and measurement of light.

Converts Light into Electrical Current

Incident
Light

light signals.

Photodiode

Anode Cathode
(p) (n)
Photodiode (Symbol)

© 0 060

\\

Anode N Cathode
(p) (n)

L/ D Lo’
ELECTRICAL
ACADEMY «e

Working of a Photodiode |

Reverse Bias Operation

The photodiode is normally operated in
reverse bias as shown in the circuit.

Light Absorption

When light (photons) falls on the p—n junction,
it creates electron—hole pairs in the depletion
region.

Generation of Current

The electric field of the depletion region separates |
these charge carriers, producing a reverse current
called photocurrent.

Current Proportional to Light |

The magnitude of photocurrent is proportional
to the intensity of the incident light.

Applications of Photodiode

Optical
Communication

Light Measurement
Systems

[

Used in light meters
and camera exposure
control,

Used in fiber optic

receivers to detect street lights and

Automatic Control

Used in automatic

security systems.

Optical Sensors Consumer Electronics

Used in object
detection, position
sensing and
counting systems.

Used in TV remote
controls and various
infrared devices.

=4

Detects Light = Produces Electrical Signal = Used in Many Real-Life Applications

Light Today,

Smarter Tomorrow! ¥



Light Dependent Resistor (LDR)

A resistor whose resistance varies with the intensity of light.

i o
e
by

® LDR (Light Dependent Resistor) is
a light sensitive resistor.

® Its resistance changes according
to the amount of light falling on it.

® [t is also called a photoresistor
or cadmium sulphide (CdS) cell.

@ It is a passive, non—polar device
with two terminals.

\.
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| U
LDR

A

A

L

_|

—

Resistance (Q)

LDR Symbol

"High resistance |
(in dark)

" Low resistance |
. (in bright light) |

VRS

Light intensity (Lux)

|

<*— Metallic
leads (terminals)

L

16

Light sensitive |

semiconductor
(CdS) track

Ceramic
substrate

V-1 Characteristics Typical Resistance Values

Condition
In dark

In normal indoor light

In bright light
(sunlight)

LDR converts light energy into an electrical signal by changing its resistance.

@Lm
ELECTRICAL
ACADEMY s

[ Brighter the light
Lower the resistance
Darker the light

X Higher the resistance )

Working Principle

@ LDR is made of a semiconductor material (usually
Cadmium Sulphide - CdS).

® When light falls on the surface, photons give energy to
electrons, creating more charge carriers.

@ As the light intensity increases, the number of charge
carriers increases, so the resistance decreases.

® In dark conditions, very few charge carriers are available,
so the resistance is high.

?"t:-r--l-rsf More light Less light (dark)
<( > — Low resistance — High resistance
; ( hundreds of kQ to MQ)

P4 (few QtofewkQ)

F N

Applications |

= Automatic street light

: Resistance (Approx.) I control
'! | " - Day-night switches
0.5 MQ - 10 MQ .
- Light meters in cameras
10k =100k0 @ Burglar/security alarms
500 O - 5 kQ Automatic brightness

control (TV, mobile, displays)

Used in various light
sensing and counting systems

v

W
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