CHAPTER 1
SEMICONDUCTOR DIODE & Applications:

 Diode:working, characteristic parameters and specifications, Shockley’s Equation.  Half-Wave and Bridge Rectifier: Working principle and parameters Ripple Factor and Efficiency Derivations, Peak Inverse Voltage, Shunt Capacitor Filter, Zener Diode, Zener Diode as a Voltage Regulator, Regulated Power Supply.
Ref: 
1.Basic Electronics Devices, Circuits and its Fundamentals,  Santiram Kal, PHI.2009 

2. Electronic Devices and Circuits, David A Bell, PHI, 5th Edition, 2007
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When a p-type semiconductor material is suitably joined to n-type semiconductor the contact surface is called a p-n junction. The p-n junction is also called as semiconductor diode.
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[image: image66.png]Example
Consider a full wave bridge rectifier. The capacitor C = 20.3 iF is connectedin
parallel o a resistor, R = 10kE2. The nput voltage, v, = 505in (27(60}t.
‘Assume the diode turn-on voltage, V, = 0.7 V. Calculate the value of the ripple
voltage

V,=48.6 / (2°60°10510%20.5x10%)
V,=2v
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                                                                                                                  (b)



(a)
          Depletion region

                            Fig.  1(a) p-n junction                             Fig 1 (b) symbolic representation

· The left side material is a p-type semiconductor having  +vely charged holes. The right side material is n-type semiconductor having  -vely charged free electrons.

· Suppose the two pieces are suitably treated to form pn junction, then due to concentration gradient,  the free electrons from n-type to diffuse over to the p-side and holes from p-type to the n-side . This process is called diffusion.

· As the free electrons move across the junction from n-type to p-type, a +ve charge is built on the n-side of the junction. At the same time, the free electrons cross the junction and  fill  the holes. Therefore a net –ve charge is established on p-side of the junction.

· Thus a barrier is set up against further movement of charge carriers. This is called potential barrier or junction barrier 

Note: outside this barrier on each side of the junction, the material is still neutral. Only inside the barrier, there is a +ve charge on n-side and –ve charge on p-side. This region is called depletion layer or space charge region
1.1 Biasing: Connecting a p-n junction to an external d.c. voltage source is called 

      biasing.

1. Forward biasing

2. Reverse biasing

(i). Forward biasing

· When external voltage applied to the junction is in such a direction that it cancels the potential barrier, thus permitting current flow is called forward biasing.

· To apply forward bias, connect +ve terminal of the battery to p-type and –ve terminal to n-type as shown in fig.1.1 below.

· The applied forward potential establishes the 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. 1.1. 

· Since the potential barrier voltage is very small, 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. This is called forward current. 
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                                         Fig.1.1 forward biasing of p-n junction

(ii). Reverse biasing
· When  the external voltage applied to the junction is in such a direction the potential barrier is increased it is called reverse biasing.

· To apply reverse bias, connect –ve terminal of the battery to p-type and +ve terminal to n-type as shown in figure below.

· The 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.2.2. 

· The increased potential barrier prevents the flow of charge carriers across the junction. Thus a high resistance path is established for the entire circuit and hence current does not flow.
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                                 Fig.1.2 Reverse biasing of p-n junction

1.2 Volt- Ampere characteristics(V-I)
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Fig. 1.3 V-I characteristics of p-n junction diode.

(i) Circuit diagram

(ii) Characteristics 

· The V-I characteristics of a semiconductor diode can be obtained with the help of the circuit shown in fig. 1.3 (i)

· The supply voltage V is a regulated power supply, the diode is forward biased in the circuit shown. The resistor R is a current limiting resistor. The voltage across the diode is measured with the help of voltmeter and the current is recorded using an ammeter.

· By varying the supply voltage different sets of voltage and currents are obtained. By plotting these values on a graph, the forward characteristics can be obtained. It can be noted from the graph the current remains zero till the diode voltage attains the barrier potential.

· For silicon diode, the barrier potential is 0.7 V and for Germanium diode, it is 0.3 V. The barrier potential is also called as knee voltage or cur-in voltage.

· The reverse characteristics can be obtained by reverse biasing the diode. It can be noted that at a particular reverse voltage, the reverse current increases rapidly. This voltage is called breakdown voltage.
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Fig 1.3(iii) :Typical forward and reverse characteristics for Si and Ge diodes.
 ( Diode equivalent circuit

It is generally profitable to replace a device or system by its equivalent circuit. Once the device is replaced by its equivalent circuit, the resulting network can be solved by traditional circuit analysis technique.
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Fig.2.4 Diode equivalent circuit. (i) symbol (ii) equivalent circuit

The forward current If  flowing through the diode causes a voltage drop in its internal resistance rf. Therefore the forward voltage VF applied across the actual diode has to overcome 

1. potential barrier Vo

2. internal drop If rf
Vf = Vo + If rf

For silicon diode Vo=0.7V whereas for Germanium diode Vo = 0.3 V.

 For ideal diode rf =0.)
1.3. Characteristic parameters and specifications
(i).Forward voltage dropVF:  It is the voltage drop across a p-n junction when forward biased. Typical value for Si p-n Junction is 0.7V and for Ge p-n Junction is 0.3V.
VF changes with temperature. (VF  decreases with increase in temperature- -1.8mV/0 C for Si and -2.02mV/0 C for Ge.

(ii) Maximum Forward current IF(Max):
It is the Max.  forward current that a p-n junction can conduct without damaging the junction. If the forward current is more than the specified rating then the junction gets destroyed due to over heating

(iii)Diode forward resistance: two resistances are defined

1. Static or dc resistance (RF = VF/ IF)
2. Dynamic or ac resistance is the incremental resistance offered to changing levels of forward voltage(rd=ΔVF/Δ IF)
From rule of thumb, rd is estimated as rd’=26mV/ IF (At room temperature )

rd changes with IF)
Note: rd is only junction resistance. It does not include resistance of semi conductor  layer)

(iv)Reverse saturation current(Io): is the minority carrier  current that flows through reverse biased junction. Reverse saturation current varies with temperature. It doubles approximately for every 10oC rise in temperature. Io2= Io1(2ΔT/10)
(v)Reverse Break downVoltage: When the applied reverse voltage exceeds some threshold value (for a given diode) the reverse current increases rapidly. The diode is said to have undergone “reverse break down” It is the reverse voltage at which the diode (p-n junction) breaks down with sudden rise  in reverse current while the voltage across the diode remains almost constant independent of the current. Break down of junction is not destructive provided max. power dissipation is not exceeded.

 1.Knee voltage or Cut-in Voltage.

It is the forward voltage at which the diode starts conducting.

2. Peak-inverse voltage (PIV)

It is the max. reverse voltage that can be applied to a p-n junction without causing damage to the junction.

If the reverse voltage across the junction exceeds its peak-inverse voltage,  then the junction gets destroyed because of excessive heat. In rectification, one thing to be kept in mind is that care should be taken that reverse voltage across the diode during –ve half cycle of a.c. does not exceed the peak-inverse voltage of the diode.

3.Maximum Power rating

It is the maximum power that can be dissipated at the junction without damaging it. The power dissipated across the junction is equal to the product of junction current and the voltage across the junction.

4.Reverse recovery time:. It is the time taken by the diode to switch from On-state to off state (and vice-versa)
5.Peak Repetitive Reverse Voltage (VRRM): This is the maximum permissible value of the instantiations reverse voltage appearing periodically across the device. The time period between two consecutive appearances is assumed to be equal to half the power cycle (i.e 10ms for 50 HZ supply). This type of period reverse voltage may appear due to “commutation” in a converter. 

6.Peak Non-Repetitive Reverse Voltage (VRSM): It is the maximum allowable value of the instantaneous reverse voltage across the device that must not recur. Such transient reverse voltage can be generated by power line switching (i.e circuit Breaker opening / closing) or lightning surges.
1.4 Shockley’s equation

The current in a diode is given by the diode current equation

I = I0( e V/ηVT –1)

Where, I------ diode current

             I0------ reverse saturation current

             V------ diode voltage

             η------- ideality factor

                        =1  for Ge, 2 for Si.

        VT------ Voltage equivalent of temperature= T/11,600 (Temperature T is in Kelvin)

VT=KT/q, where Kis Boltzmann constant=1.38X10-23J/oK, T =absolute temperature in

 o K, q=1.6X10-19Coulomb is charge on the carrier
Note----- If the temperature is given in 0C then it can be converted to Kelvin by the help of following relation, 0C+273 = oK

1.5 RECTIFIERS

“Rectifiers are the circuits used in converting  ac  to  dc”

1.Every electronic circuit such as amplifiers needs a dc power source for its operation. 

2. This dc voltage has to be obtained from the ac supply. 

3. For this the ac supply has to be reduced (stepped down) first using a step down transformer and then converted to dc by using rectifier. 

Rectifiers are grouped into two categories depending on the period of conductions.

1. Half-wave rectifier

2. Full- wave rectifier.

1.5.1 Half-wave rectifier

The circuit diagram of  a half-wave rectifier is shown in fig. 1.5 below along with the I/P and O/P waveforms.          
Transformer:A transformer consists of two coils of wire on a common iron core. The voltages on these two coils are related by the turns ratio, which is the ratio of the number of turns of wire in the secondary coil to that in the primary coil                            
                                                           [image: image2.png]



(i)                                        (ii)
Fig. 1.5 Half wave rectifier (i) Circuit diagram (ii) waveforms

· The transformer is employed in order to step-down the supply voltage and also to prevent from shocks.

· The diode is used to rectify the a.c. signal while , the pulsating d.c. is taken across the load resistor RL.

· During the +ve half cycle, the top end  of the secondary is +ve and bottom end  is  -ve . Thus , forward biasing the diode. As the diode is forward biased, the current flows through the load RL and a voltage is developed across it.

· During the –ve half-cycle the  bottom end is +ve and topy end  is –ve  thus, reverse biasing the diode. As the diode is reverse biased there is no flow of current through RL thereby the output voltage is zero.

1.5.2 Performance Parameters
· Average value of the output voltage, Vdc
· Average value of the output current, Idc
· Output dc power, Pdc
Pdc = VdcIdc
· rms value of the output voltage, Vrms
· Output ac power, Pac
Pac = VrmsIrms
· Efficiency, η
η = Pdc/Pac
· Effective (rms) value of the ac component of the output voltage, Vac
Vac = (Vrms2 – Vdc2
· Form factor, FF
FF = Vrms/Vdc
· Ripple factor, RF
RF = Vac/Vdc
· Alternate form for ripple factor
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· Transformer utilization factor, TUF
TUF = 
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Vs, Is are rms voltage and current of the transformer secondary
Efficiency of a rectifier
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The ratio of d.c. power to the applied imp ac power is known as rectifier efficiency.


Rectifier efficiency η = 
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1.5.3Derivation of rectifier efficiency of Half wave rectifier

Let  ωt=Ө
V = Vmsinθ be the voltage across the secondary winding

        rf = diode resistance

        RL = load resistance

d.c. power 
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d.c. power Pdc   = I2dc * RL

                                     = 
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a.c. power input

The a.c. power input is given by Pac = I2rms ( rf + RL)
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Squaring both sides we get
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 EMBED Equation.3  [image: image18.wmf]
But  i = Im Sinθ


(  current flows through diode only for duration 0 to Π  )  
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The efficiency is maximum if rf is negligible as compared to RL
Therefore maximum rectifier efficiency  = 40.6 %

Ripple factor: The pulsating output of a rectifier consists of d.c. component and a.c. component ( also known as ripple). The a.c. component is undesirable and account for the pulsations in the rectifier output. The effectiveness of a rectifier depends upon the magnitude of a.c. component in the output : the smaller this component, the more effective is the rectifier.

Ripple content is defined as the amount of AC content present in the output of the rectifier. If the ripple factor is less, the rectifier performance is better. 
. The ripple factor value for a half wave rectifier is 1.21 .
RF = Vac/Vdc
Vac2=Vrms2 - Vdc2
Dividing throughout by Vdc2, and taking square root

We get

Vac/Vdc =
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Transformer utilization factor, TUF

TUF = 
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Vs, Is are rms voltage and current of the transformer secondary

1.5.4 Full-wave rectifier

Full-wave rectifier are of two types

1. Centre tapped full-wave rectifier

2. Bridge rectifier

Disadvantages of Centre tapped full-wave rectifier
· Each diode uses only one-half of the transformer secondary voltage the d.c. output is comparatively small.

· It is difficult to locate the center-tap on secondary winding of the transformer.

· The diodes used must have high Peak-inverse voltage.

1.5.4.2  Full wave Bridge rectifier
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(ii)
Fig. 1.7 Full wave bridge wave rectifier (i) Circuit diagram (ii) waveforms.

· The circuit diagram of a bridge rectifer is shown above. It uses four diodes and a transformer. 

· During the +ve half-cycle, top end  is +ve and bottom end  is –ve thus diodes D1 and D2 are forward bias while diodes D3 and D4 are reverse biased thus a current flows through diode D1, load RL and diode D2. 

· During the –ve half-cycle,bottom end  is  +ve and top  end  is –ve thus diodes D3 and D4  are forward biased while the diodes D1 and D2 are reverse biased. Now the flow of current is through diode D4 load RL ( D to C) and diode D3. 

Advantages

· The need for center-taped transformer is eliminated.

· The output is twice when compared to center-tapped full wave rectifier.

           for the same secondary voltage.

· The peak inverse voltage is one-half(1/2) compared to center-tapped full wave rectifier.

· Can be used where large amount of power is required.

Disadvantages

· It requires four diodes.

· The use of two extra diodes cause an additional voltage drop thereby reducing the output voltage.

1.5.6 Efficiency of Full-wave bridge rectifier

Let   ωt=Ө

V = Vmsinθ be the voltage across the secondary winding

       I = Imsinθ be the current flowing in secondary circuit
        rf = diode resistance

        RL = load resistance

dc power output
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input ac power
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Squaring both sides we get
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 EMBED Equation.3  [image: image36.wmf]
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The efficiency will be maximum if rf  is negligible as compared to RL.

Maximum efficiency  =  81.2 %

Ripple factor

The pulsating output of a rectifier consists of d.c. component and a.c. component ( also known as ripple). The a.c. component is undesirable and account for the pulsations in the rectifier output. The effectiveness of a rectifier depends upon the magnitude of a.c. component in the output : the smaller this component, the more effective is the rectifier.

Ripple content is defined as the amount of AC content present in the output of the rectifier. If the ripple factor is less, the rectifier performance is better. The ripple factor value is 0.48 for fullwave rectifier 
RF = Vac/Vdc
Vac2=Vrms2 - Vdc2
Dividing throughout by Vdc2, and taking square root

We get

Vac/Vdc =
[image: image42.wmf]48

.

0

1

8

1

2

2

=

-

=

-

÷

÷

ø

ö

ç

ç

è

æ

=

p

dc

rms

V

V

RF


This is the double the efficiency due to half wave rectifier. Therefore a Full-wave rectifier is twice as effective as a half-wave rectifier.

Transformer utilization factor, TUF

TUF = 
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Vs, Is are rms voltage and current of the transformer secondary

2.6 Comparision of Rectifiers

	Particulars
	Half wave rectifier
	Centre-tapped Full wave rectifier
	Bridge rectifier

	1. No. of diodes

2. Idc

3. Vdc

4.Irms

5.Efficiency

6.PIV

7.Ripple factor


	            1

      Im / Π

Vm / Π

Im / 2

40.6 %

Vm

1.21
	             2

2Im /Π

2Vm / Π

Im /√ 2

81.2 %

2Vm

0.48
	       4

2Im /Π

2Vm / Π

Im /√ 2

81.2 %

Vm

0.48


Note:

· The relation between turns ratio and voltages of primary and  secondary of the transformer is given by

· N1 / N2 = Vp / Vs
· RMS value of voltage and Max. value of voltage is related by the equation.

· Vrms = Vm / √2  ( for full-cycle of ac)

· If the type of diode is not specified then assume the diode to be of silicon type.

· For an ideal diode, forward resistance rf = 0 and cut-in voltage , Vγ = 0.

1.8 FILTERS

We know that the output of the rectifier is pulsating d.c. ie the output obtained by the rectifier is not pure d.c. but it contains some ac components along with the dc o/p. These ac components are called as Ripples, which are undesirable or unwanted. To minimize the ripples in the rectifier output filter circuits are used. These circuits are normally connected between the rectifier and load as shown below.



Vi



Vo
pure dc o/p





                                                    Pulsating d.c. output

Filter is a circuit which converts pulsating dc output from a rectifier to a steady dc output. In otherwords, filters are used to reduce the amplitudes of the unwanted ac components in the rectifier.

Note: A capacitor passes ac signal readily but blocks dc.

1.8.1 Types of Filters

1. Capacitor Filter (C-Filter)

2. Inductor Filter

3. Choke Input Filter (LC-filter)

4. Capacitor Input Filter (Π-filter)

1.8.2 Capacitor Filter( C-filter)
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Fig.1.8 Capacitor filter ( C-filter) (i)  Circuit diagram (ii) waveforms
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· When the Input signal rises from o to a the diode is forward biased therefore it starts conducting since the capacitor acts as a short circuit for ac signal it gets charged up to the peak of the input signal and the dc component flows through the load RL.
· When  the input signal fall from a to b the diode gets reverse biased . This is mainly because of the voltage across the capacitor obtained during the period o to a is more when comapared to Vi. Therefore there is no conduction of current through the diode. 

· Now the charged capacitor acts as a battery and it starts discharging through the load RL. Mean while the input signal passes through b,c,d section. When the signal reaches the point d the diode is still reverse biased since the capacitor voltage is more than the input voltage.

· When the signal reaches point e, the input voltage can be expected to be more than the  capacitor voltage. When the input signal moves from e to f the capacitor gets charged to  its peak value again. The diode gets reverse biased and the capacitor starts discharging. The final output across RL is shown in Fig. 2.8

The ripple factor(γ)  for a Half-wave rectifier with C-filer is given by 
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f-----the line frequency ( Hz)

C-----capacitance ( F)

RL------- Load resistance (Ω)

Ripple factor for full-wave rectifier with C-filter is given by r = 1/ 4 √3 f C RL

1.8.3 Advantages of C-Filter

· low cost, small size and good characteristics.

· suitable for small load currents ( upto 50 mA)

Disadvantages of C-Filter
· Ripple depends on load resistance, not suitable for variable loads

· Poor regulation

· Diodes are subjected to high surge currents

[image: image50]

1.9 Zener Diode

The reverse voltage characteristics of a semiconductor diode including the breakdown region is shown below.
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Fig. 1.9 Zener diode characteristics

This characteristic of the zener diode is very useful for voltage regulation circuits. The zener diode provides an effective way to clamp or limit the voltage at a relatively constant value thus creating a voltage regulation capability

Zener diodes are the diodes which are designed to operate in the breakdown region. They are also called as Breakdown diode or Avalanche diodes.

The symbol of Zener diode is shown below
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                                Fig. 1.10 Symbol of Zener diode

The breakdown in the Zener diode at the voltage Vz may be due to any of the following mechanisms.

1. Avalanche breakdown
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charge carriers striking the atoms
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Fig. 1.11 Avalanche breakdown in Zener diode

· We know that when the diode is reverse biased a small reverse saturation current I0 flows across the junction because of the minority cariers in the depletion region.

· The velocity of the minority charge carriers is directly proportional to the applied voltage. Hence when the reverse bias voltage is increased, the velocity of minority charge carriers will also increase and consequently their energy content will also increase.

· When these high energy charge carriers strikes the atom within the depletion region they cause other charge carriers to break away from their atoms and join the flow of current across the junction as shown above. The additional charge carriers generated in this way strikes other atoms and generate  new carriers by making them to break away from their atoms. 

· This cumulative process is referred to as avalanche multiplication which results in the flow of large reverse current and this breakdown of the diode is called avalanche breakdown.

2.Zener breakdown

We have electric field strength = Reverse voltage/ Depletion region
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( 
)
            (          )


-ve terminal
       +ve terminal



electrons pulled out of their covalent

                                           bonds because of high intensity electric field


Fig.1.12 Zener breakdown in Zener diode

From the above relation we see that the reverse voltage is directly proportional to the electric field hence, a small increase in reverse voltage produces a very high intensity electric field with ina narrow Depletion region.

Therefore when the reverse voltage to a diode is increased, under the influence of high intensity electric filed large numbr of electrons within the depletion region break the covalent bonds with their atoms as shown above and thus a large reverse current flows through the diode. This breakdown is referred to as Zener breakdown.

1.9.1 Zener voltage regulator

A voltage regulator is an electronic device which produces constant output voltage irrespective of variations in the input voltage and load variations. A voltage regulator is an electronic circuit that produces a stable dc voltage independent of the load current, temperature and ac line voltage variations
The circuit diagram of Zener voltage regulator is shown below
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                                         Fig. 1.13 Zener voltage regulator.

A zener diode of breakdown voltage VZ is connected in reverse biased condition across the load RL such that it operates in breakdown region. Any fluctuations in the current are absorbed by the series resistance Rs. The Zener will maintain a constant voltage VZ 

( equal to Vo) across the load unless the input voltage does not fall below the zener breakdown voltage VZ.
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Case(i) When input voltage Vin varies and RL is constant
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If the input voltage increases, the Zener diode which is in the breakdown region is equivalent to  a battery VZ as shown in figure. The output voltage remains constant at VZ (equal to Vo) and the excess voltage is dropped across the series resistance RS. We know that for a zener diode under breakdown region large change in current produces very small change in voltage, thereby the output voltage remains constant.

Case (ii) When Vin is constant and RL varies.
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If there is a decrease in the load resistance RL and the input voltage remains constant then there is a increase in load current.

Since Vin is constant the current cannot come from the source. This addition load current is driven from the battery VZ and we know that even for a large decrease in current the Zener output voltage Vz remains same. Hence the output voltage across the load is also constant..

1.10 Regulated Power Supply

Block Diagram:
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FIGURE 2.24 Block diagram of a dc power supply.





For the operation of most of the electronics devices and circuits, a d.c. source is required. So it is advantageous to convert domestic a.c. supply into d.c. voltages. The process of converting a.c. voltage into d.c. voltage is called as rectification.This is achieved with i) Step-down Transformer, ii) Rectifier, iii) Filter and iv) Voltage regulator circuits.
The block diagram of a regulated D.C. power supply consists of step-down transformer, rectifier, filter, voltage regulator and load. An ideal regulated power supply is an electronics circuit designed to provide a predetermined d.c. voltage Vo which is independent of the load current and variations in the input voltage ad temperature. If the output of a regulator circuit is a AC voltage then it is termed as voltage stabilizer, whereas if the output is a DC voltage then it is termed as voltage regulator. 
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           Conduction pattern


        D1 – D2      D3 – D4


PIV = Vm
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Need of regulated power supply 


The unregulated D.C. power supply suffers from the disadvantages of poor voltage regulation and high ripple factor. 


 This may result the erratic operation of most of the electronic devices and circuits and also electronic gadgets such as pocket radios, electronic calculators, digital watches/ clocks, tape recorders etc. 


 In order to avoid erratic operations of electronic circuits and also to improve voltage regulation and ripple factor, there is necessity of regulated D.C. power supply. 
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