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• In p-type semiconductors, holes are the majority charge
carriers while free electrons are the minority charge carriers.
• On the other hand, in n-type semiconductors free electrons
are the majority charge carriers while holes are the minority
charge carriers.

P-type and N-type Semiconductor

P-N Junction

Semiconductor Diodes
Assistant Professor
Department of Physics
P P N College, Kanpur
www.satish0402.weebly.com

• If p-type semiconductor is joined with n-type semiconductor,
a p-n junction is formed. The region in which the p-type and
n-type semiconductors are joined is called p-n junction.
• This p-n junction separates n-type semiconductor from p-type
semiconductor.
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P-N Junction

P-N Junction
• The free electrons that are crossing the junction from n-side
provide extra electrons to the atoms on the p-side by filling
holes in the p-side atoms.
• The atom that gains extra electron at p-side has more number
of electrons than protons and it will become a negative ion.
• Similarly, each free electron that left the parent atom at nside to fill the hole in p-side atom creates a positive ion at nside.

P-N Junction

P-N Junction
• Negative ion has more number of electrons than protons.
Hence, it is negatively charged. Thus, a net negative charge is
build at the p-side of p-n junction.
• Similarly, positive ion has more number of protons than
electrons. Hence, it is positively charged. Thus, a net positive
charge is build at n-side of the p-n junction.
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P-N Junction

P-N Junction

• The net negative charge at p-side of the p-n junction prevents
further flow of free electrons crossing from n-side to p-side
because the negative charge present at the p-side of the p-n
junction repels the free electrons.
• Similarly, the net positive charge at n-side of the p-n junction
prevents further flow of holes from p-side to n-side.
• Thus, immobile positive charge at n-side and immobile
negative charge at p-side near the junction acts like a barrier
or wall and prevent the further flow of free electrons and
holes.

Depletion Region

Depletion Region

• The region near the junction where flow of charges carriers
are decreased over a given time and finally results in empty
charge carriers or full of immobile charge carriers is called
depletion region.
• The depletion region is also called as depletion zone,
depletion layer, space charge region, or space charge layer.
• The depletion region acts like a wall between p-type and ntype semiconductor and prevents further flow of free
electrons and holes.
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Barrier Potential
• The potential in p-region, Vp
• The potential, in n-region, Vn

• Built-in-potential, VB is the total potential across the junction
when no external voltage is applied. It is same as the barrier
potential or contact potential.

Depletion Region
• This region of uncovered positive and negative ions is called
the depletion region due to the depletion of carriers in this
region.
• Since the numerical values of charges on two sides of the
junction are the same, the overall charge neutrality we must
have,
• Where Na and Nd are the accepter and donor densities,
respectively. The xp and xn are width of depletion regions in ptype and n-type region, respectively.
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Width of Depletion Region
• The width of depletion region on p-side

Width of Depletion Region
• The total depletion width, x can be expressed as

• The width of depletion region on n-side

P-N Junction

P-N Junction
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Unbiased PN Junction

Energy Band Diagram

• When a pn-junction is formed, the Fermi levels on both sides
of the junction line up and as a result, there is a shift in energy
levels given by,
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• where VB is the built-in-potential.

ECn
EF

ECp
E0 = eVB

EVn

ECp
EF
EVp
E0 = eVB

Eg
Eg
Junction

Forward Biased PN Junction

E0 = eVB
ECn
EF
EVn

Hole’s Energy

Electron’s Energy

Unbiased PN Junction

Depletion
Region

6

9/4/2018

Forward Biased PN Junction

• When only a small current flows through a pn-junction, the
voltage drop across the p- or n-type bulk material is usually
small compared to that across the junction.
• Since the barrier potential, VB is actually a reverse voltage, it is
lowered when a forward voltage is applied, and increases
when a reverse voltage is applied.

• Thus, the effective barrier voltage across the pn-junction, in
the presence of an applied forward voltage VF is

Forward Biased PN Junction

Reverse Biased PN Junction
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• The total depletion width is, therefore
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Reverse Biased PN Junction

Reverse Biased PN Junction

Variation in Minority Carrier
Concentration

• According to Mass action law,

• The concentration of majority carriers (holes) is larger as
doping of p-side is high, then we find that number of minority
carriers ( electrons) is less in p-type material.
• While as doping of n-side is normal, hence number of
majority carriers (i.e. electrons) in n-side is not large and
hence number of minority carriers is larger as compared to
that in p-side.
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• The total depletion width is, therefore

Electron’s Energy

• Thus, the effective barrier voltage across the pn-junction, in
the presence of an applied reverse voltage VR is

Variation in Minority Carrier
Concentration - Unbiased
Depletion
Region
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Variation in Minority Carrier
Concentration

Variation in Minority Carrier
Concentration – Forward Biased

• The Np0 is defined as the concentration of minority carriers in
N-type material i.e. holes and Pn0 is defined as the
concentration of minority carriers in P-type material i.e.
electrons when diode is in un-biased state

• When diode is forward biased, the majority carriers of both sides
cross the junction and start combining. So holes from p-side start
moving to n-side and electrons from n-side start moving to p-side.
• When holes enter the n-side they become the minority carriers and
just at the junction there would be high concentration of holes in nside as the recombining has just started.
• Also all the holes can not recombine at the junction. Hence when
we move away from the junction in the n-side, the concentration of
holes is decreasing as more and more holes are recombining.
• Similarly in the p-side, concentration of the electrons is high near
the junction and it starts decreasing as we move away from the
junction in the p-side.

Variation in Minority Carrier
Concentration – Forward Biased

Variation in Minority Carrier
Concentration – Reverse Biased
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• When we reverse bias any diode, the minority carriers from both
sides cross the junction and then recombine after reaching the
other side. Hence the holes from n-side move towards p-side and
after reaching p-type material become majority carriers.
• These holes combine with minority carriers of p-side i.e. electrons.
So the minority carriers at junction i.e. holes in the n-side which are
near junction would immediately cross the junction on reverse bias
and other holes move slowly.
• Similar to the above, electrons of p-side move to n-side. Hence the
concentration of minority carriers falls on both sides
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Variation in Minority Carrier
Concentration – Reverse Biased
–
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Junction Capacitance
• In a p-n junction diode, two types of capacitance take place.
They are,
– Transition capacitance (CT)
– Diffusion capacitance (CD)

np

Capacitance

Transition Capacitance
• Just like capacitors, a reverse biased p-n junction diode also stores
electric charge at the depletion region. The depletion region is
made of immobile positive and negative ions.
• In a reverse biased p-n junction diode, the p-type and n-type
regions have low resistance. Hence, p-type and n-type regions act
like the electrodes or conducting plates of the capacitor.
• The depletion region of the p-n junction diode has high resistance.
Hence, the depletion region acts like the dielectric or insulating
material.
• Thus, p-n junction diode can be considered as a parallel plate
capacitor.
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Transition Capacitance

Transition Capacitance
• The capacitance means the ability to store electric charge.
• The p-n junction diode with narrow depletion width and large
p-type and n-type regions will store large amount of electric
charge whereas the p-n junction diode with wide depletion
width and small p-type and n-type regions will store only a
small amount of electric charge.
• Therefore, the capacitance of the reverse bias p-n junction
diode decreases when voltage increases.

Transition Capacitance

Transition Capacitance

• In a forward biased diode, the transition capacitance exist.
However, the transition capacitance is very small compared to
the diffusion capacitance. Hence, transition capacitance is
neglected in forward biased diode.
• The amount of capacitance changed with increase in voltage
is called transition capacitance. The transition capacitance is
also known as depletion region capacitance, junction
capacitance or barrier capacitance.
• Transition capacitance is denoted as CT.

The change of capacitance at the depletion region can be
defined as the change in electric charge per change in voltage.

where,
CT = Transition capacitance
dQ = Change in electric charge
dV = Change in voltage
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Transition Capacitance
The transition capacitance can be mathematically written as,

where,
ε = Permittivity of the semiconductor
A = Area of plates or p-type and n-type regions
x = Width of depletion region

Diffusion Capacitance

Diffusion Capacitance
• When forward bias voltage is applied to the p-n junction
diode, the electrons (majority carriers) which cross the
depletion region and enter into the p-region will become
minority carriers of the p-region similarly; the holes (majority
carriers) which cross the depletion region and enter into the
n-region will become minority carriers of the n-region.
• A large number of charge carriers, which try to move into
another region will be accumulated near the depletion region
before they recombine with the majority carriers.
• As a result, a large amount of charge is stored at both sides of
the depletion region.

Diffusion Capacitance
• The accumulation of holes in the n-region and electrons in the
p-region is separated by a very thin depletion region or
depletion layer.
• This depletion region acts like dielectric or insulator of the
capacitor and charge stored at both sides of the depletion
layer acts like conducting plates of the capacitor.
• The diffusion capacitance occurs due to stored charge of
minority electrons and minority holes near the depletion
region.
• Diffusion capacitance is also sometimes referred as storage
capacitance. It is denoted as CD.
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Diffusion Capacitance
• Diffusion capacitance is directly proportional to the electric
current or applied voltage.
• If large electric current flows through the diode, a large
amount of charge is accumulated near the depletion layer. As
a result, large diffusion capacitance occurs.
• In the similar way, if small electric current flows through the
diode, only a small amount of charge is accumulated near the
depletion layer. As a result, small diffusion capacitance occurs.
• When the width of depletion region decreases, the diffusion
capacitance increases.

V-I Characteristics

+ –

–

+

Diffusion Capacitance
The formula for diffusion capacitance is

where,
CD = Diffusion capacitance
dQ = Change in number of minority carriers stored outside the
depletion region
dV = Change in voltage applied across diode

Forward V-I Characteristics
• If the positive terminal of the battery is connected to the ptype semiconductor and the negative terminal of the battery
is connected to the n-type semiconductor, the diode is said to
be in forward bias.
• In forward biased p-n junction diode, VF represents the
forward voltage whereas IF represents the forward current.

13

9/4/2018

Forward V-I Characteristics

Reverse V-I Characteristics
• If the negative terminal of the battery is connected to the ptype semiconductor and the positive terminal of the battery is
connected to the n-type semiconductor, the diode is said to
be in reverse bias.
• In reverse biased p-n junction diode, VR represents the
reverse voltage whereas IR represents the reverse current.

Reverse V-I Characteristics

V-I Characteristics

14

9/4/2018

Silicon versus Germanium
• The forward voltage at which
the junction diode starts
allowing large electric current
is called cut-in voltage. The
cut-in voltage for silicon diode
is ̴0.7 volts. Whereas, for
germanium diode, the cut-in
voltage is 0
̴ .3 volts.

Temperature Effects
• The reverse saturation
current I0 will just
about
double
in
magnitude for every
10°C
increase
in
temperature.

Reverse Saturation Current
• The current that exists under reverse-bias conditions is called
the reverse saturation current and is represented by I0.
• The reverse saturation current is depends on the temperature
T. If temperature increases the generation of minority charge
carriers increases.
• Hence, the reverse current increases with the increase in
temperature. However, the reverse saturation current is
independent of the external reverse voltage.

Diode Equation
Diode current equation expresses the relationship between the
current I flowing through the diode as a function of the voltage
V applied across it. Mathematically it is given as;

where, I0 is the reverse saturation current,
e is the charge on an electron,
η is the (exponential) ideality factor, 1 for Ge and 2 for Si
k = 1.38 x 10-23 JK-1 is the Boltzmann constant, and
T is the absolute temperature in Kelvin.
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Diode Equation

Diode Equation

• In forward biased condition, there will a large amount of
current flow through the diode. Thus the diode current
equation becomes

• Now let us examine the mode the diode current equation
takes its form when we have the diode operating at room
temperature. In this case, T = 300 K,

• On the other hand, if the diode is reverse biased, then the
exponential term in diode equation becomes negligible. Thus
we have

• By reciprocating, one gets, 25.87 mV which is called thermal
voltage. Thus the diode equation at room temperature
becomes

Ideality Factor

Ideal Diode

• Ideality factor indicates the nearness with which the
considered diode behaves with respect to the ideal diode.
That is, if the diode under consideration behaves exactly as
that of an ideal diode, then η will be 1.
• Its value increases from 1 as the difference between the
behaviors of the ideal diode and diode under consideration
increases: greater is the deviation, greater is the value of η.
• The value of η is typically considered to be 1 for germanium
diodes and 2 for silicon diodes.
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Diode Resistance

Diode Resistance

• Resistance is the opposition offered to the flow of current through
the device.
• Hence, diode resistance can be defined as the effective opposition
offered by the diode to the flow of current through it.
• Ideally speaking, a diode is expected to offer zero resistance when
forward biased and infinite resistance when reverse biased.
• However, no device can ever be ideal. Thus, practically speaking,
every diode is seen to offer a small resistance when forward biased,
and a considerable resistance when reverse biased.

Forward Resistance
• In forward biasing, the diode will not conduct until it reaches
a minimum threshold voltage level. After the applied voltage
exceeds this threshold level, the diode starts to conduct.
• The resistance, offered by the diode under this condition is
the forward resistance of the diode. That is, the forward
resistance is nothing but the resistance offered by the diode
when the diode is working in its forward biased condition.
• Forward resistance is classified into two types viz., static or
dynamic depending on whether the current flowing through
the device is DC or AC (Direct or Alternating Current),
respectively.

DC or Static Resistance
It is the resistance offered by
the diode to the flow of DC
through it when we apply a DC
voltage to it.
Mathematically the static
resistance is expressed as the
ratio of DC voltage applied
across the diode terminals to
the DC flowing through it i.e.;
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AC or Dynamic Resistance
It is the resistance offered by the diode to
the flow of AC through it when we connect
it in a circuit which has an AC voltage
source as an active circuit element.
Mathematically the dynamic resistance is
given as the ratio of change in voltage
applied across the diode to the resulting
change in the current flowing through it.
This is expressed as,

Average AC Resistance
If the input signal is sufficiently large
to produce a broad swing the
resistance associated with the device
for this region is called the average ac
resistance.
The average ac resistance is the
resistance determined by a straight
line drawn between the two
intersections established by the
maximum and minimum values of
input voltage.

Reverse Resistance
• When we connect the diode in reverse biased condition, there will
be a small current flowing through it which is called the reverse
leakage current.
• We can attribute the cause behind this to the fact that when the
diode functions in its reverse mode, it will not be completely free of
charge carriers. That is, even in this state, one can experience the
flow of minority carriers through the device.
• Due to this current flow, the diode exhibits reverse resistance
characteristic. The mathematical expression for the same is similar
to that for the forward resistance and is given by
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