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Formation of the Depletion Region. 

At the instant of the PN junction formation free electrons near the junction diffuse across the junction 

into the P region and combine with holes. 

 

                                 P-type                          N-type 

 

 

Figure 1: PN junction formation 

Filling a hole makes a negative ion and leaves behind a positive ion on the N side. These two layers of 

positive and negative charges form the depletion region, as the region near the junction is depleted of 

charge carriers. As electrons diffuse across the junction a point is reached where the negative charge 

repels any further diffusion of electrons. The depletion region now acts as a barrier as shows in figure1. 

 

 

 

  

Subject Name- Electronics Device and Circuit    Subject Code: CS3002 

 

Unit I 

Semiconductor devices, theory of P-N junction, temperature dependence and break down 

characteristics, junction capacitances. Zener diode, Varactor diode, PIN diode, LED, Photo diode, 

Transistors BJT, FET, MOSFET, types, working principal, characteristics, and region of operation, load line 

biasing method. Transistor as an amplifier, gain, bandwidth, frequency response, Type of amplifier 

------------------------------------------------------------------------------------------------------------------------------------ 

Semiconductor 

A semiconductor is a solid whose electrical conductivity is in between that of a metal and that of an 

insulator, and can be controlled over a wide range, either permanently or dynamically. Semiconductors 

are tremendously important technologically and economically. Silicon is used to create the most 

semiconductors commercially but dozens of other materials are used as well.  

Semiconductor devices: 

Electronic components made of semiconductor materials, are essential in modern electrical devices, 

from computers to cellular phones to digital audio players. 

Theory of P-N junction: 

The semiconductor diode is formed by simply bringing these materials together (constructed from the 

same base Ge or “i , as sho  i  Fig.  At the i sta t the t o aterials are joi ed  the ele tro s a d 
holes in the region of the junction will combine, resulting in a lack of carriers in the region near the 

junction. This region of uncovered positive and negative ions is called the depletion region due to the 

depletion of carriers in this region.  

Figure shows the construction and circuit symbol of a p-n junction diode. The arrow mark in the diode 

symbol indicates the direction of flow of conventional current.  

 

    A         K 

Since the diode is a two-terminal device, the application of a voltage across its terminals leaves three 

possibilities:  
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Barrier Potential. 

The electric field formed in the depletion region acts as a barrier. External energy must be applied to get 

the electrons to move across the barrier of the electric field. The potential difference required to move 

the electrons through the electric field is called the barrier potential. Barrier potential of a PN junction 

depends on the type of semiconductor material, amount of doping and temperature. This is 

approximately 0.7V for silicon and 0.3V for germanium. 

 

Energy Diagrams of PN Junction. 

The valence band and conduction band in N-Type material are slightly lower than that of P-Type material. 

 
 

Figure 2: energy diagram of PN junction 

 

As diffusion occurs the depletion region forms and the energy level of the N region conduction band 

drops, causing alignment of the top of the N region conduction band and the bottom of the P region 

conduction band.  At this point the energy bands are at equilibrium as shown in figure 2. There is an 

energy gradient across the depletion region that a N region electron must climb to get to the P region. 

   

No Applied Bias (VD =0 V) 

Figure shows a p-n junction diode under unbiased condition, ie. both the anode & cathode are at the 

same potential or both are at zero potential. For simplicity only impurity atoms are shown 

(semiconductor atoms are not shown) because for every impurity atom, there will be 108 semiconductor 

atoms (because doping density is 1:108). 

The p-region has negative immobile ions and their corresponding holes as the majority carriers, while 

the n-region has positive immobile ions and their corresponding free electrons as the majority carriers. 

Thermally generated electron-hole pairs are also not shown for simplicity. At the instant of junction 

formation, the p-material has excess holes and the n- material has excess electrons as shown in Fig.3. 

and the depletion region does not exist. As soon as the p & n regions are formed, electrons on the n-side 

recombine with holes by crossing onto the p-side of the junction due to diffusion. Soon after 

recombination both the electrons & the holes disappear and leave behind immobile positive ions on the 

n-side and immobile negative ions on p-side of the junction as shown in Fig.4. This electric field created 

by the immobile positive & negative ions on either side of the junction prevents further diffusion of 

ed 

conditions as shown in Fig.4. 

 

 

Downloaded from  be.rgpvnotes.in

Page no: 2 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


 

 

 

 

 

 

 

 

 

  

 

 

Figure 3 & 4. No-bias conditions for a semiconductor diode 

 

The symbol for a diode is repeated in Fig. 3 with the associated n- and p-type regions. Note that the 

arrow is associated with the p-type component and the bar with the n-type region. As indicated, for VD 

=0 V, the current in any direction is 0 mA. 

 

Reverse-Bias Condition (VD< 0 V) 

When a p-n junction diode is reverse biased ( ie. anode is at a lower potential than the cathode) a very 

small reverse current flows through the junction due to a small number of temperature dependent 

minority charge carriers (electrons in p-region &  holes in n-region). This minority current or leakage 

current is also known as the reverse saturation current & is temperature dependent. The leakage current 

which has a very small value C rise in temperature. The diode 

reverse biased conditions. The battery connection is such that majority carriers in both p and n regions 

are pulled away from the junction. Thus both the depletion width and the potential barrier increase 

under reverse bias conditions. This reverse current flows 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Reverse-biased p-n junction 

 

until the reverse voltage is equal to the junction breakdown voltage. Beyond breakdown voltage, there 

is a drastic increase in the reverse current which is explained using the avalanche breakdown 

phenomenon. At voltages beyond VBD, minority carriers (electrons) on the p-side gain sufficiently high 

velocities to knock out valence electrons from the semiconductor atoms. This is a cumulative effect and 

is known as ionisation due to collision. A large number of charges are thus available to constitute a large 
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reverse current. If left uncontrolled, this reverse current can cause physical breakdown of the junction. 

A p-n junction diode under reverse biased condition is therefore operated well within its breakdown 

voltage. 

 

 

Forward-Bias Condition (VD>0 V) 

Figure shows a p-n junction diode under forward biased condition (ie. anode is at a higher potential than 

the cathode). The battery polarity is such that majority carriers in both p & n regions are pushed towards 

the junction. Since electrons & holes enter the depletion region, it causes a reduction in the depletion 

width & hence height of the potential barrier. The reduced potential barrier allows a few high- energy 

electrons on the n-side to cross the junction on to the p-side and constitute a small forward current. As 

the magnitude of forward bias voltage is increased the depletion width further reduces & thereby further 

increases the forward current. The depletion width & the potential barrier reduce to almost zero when 

the p-n junction is forward biased by a voltage greater than the cut-in voltage �� ( 0.7 V for Silicon 

diode & 0.3 V for Germanium diode ). At voltages greater than �� the p-n junction diode acts like a closed 

switch (offers zero resistance) and a heavy current starts flowing. At voltages greater than V the p-n 

junction diode acts like a closed switch (offers zero resistance) and a heavy current starts flowing. 

Practically very small resistance is offered due to the bulk resistance of the semiconductor crystal. The 

thermally generated electron-hole pairs present in both p and n regions & the minority carriers also 

move in  the same direction as majority carriers , ie. they also add to the forward current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Forward-biased p-n junction. 

 

When the forward bias voltage Vf = 0, the forward current If is also equal to 0. When the forward bias  

voltage is increased, current through the diode gradually increases because some high-energy electrons 

start crossing the junction. Any further increase in Vf causes an increase in forward current due to 

reduction in depletion width & potential barrier. When Vf =��, the depletion width is zero & potential 

barrier is also zero. Now a large current starts flowing through the diode. Thus beyond �� the diode acts 

as a closed switch and offers very low resistance resulting in a rapid rise in current. The characteristics 

will be non-linear from the origin to �� because the total diode resistance RT = (RJ+RB), where RJ is the 

voltage dependent junction resistance and RB is the voltage independent semiconductor crystal bulk 

resistance. 
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Figure 6 Silicon semiconductor diode characteristics. 

 

Temperature dependence  

 Is doubles for every 5C rise in temperature 

 Voltage decreases 2mV/C for a given current 

 Current increases with temperature for a given voltage 
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Figure 8 temperature curves 

 

Break down region (Reverse Breakdown)  

If the reverse bias voltage is increased to the breakdown voltage, the reverse current will drastically 

increase. This is due to collisions of fast minority carriers with atoms, knocking out valence electrons.  

This process avalanches and results in a high reverse current damaging the PN structure. 

 

Junction capacitance:  

When a p-n junction is reverse biased there is a region of high resistivity (insulator) at the junction which 

is known as the Depletion Region. On either sides of this insulator we have p& n regions which behave 

as conductors at room temperature. Thus the p& n regions act as conductor plates while the depletion 

region in between them acts as a dielectric. This arrangement becomes an effective capacitance at the 

junction which is known as the Transition Capacitance or Space Charge Capacitance or Depletion Region 

Capacitance. 

From basic principles, we know that the value of capacitance in a parallel plate capacitor is given by the 

expression: C = [(ϵ.A)/d] , where ϵ is the permittivity of the semiconductor, A is the cross sectional area 

of the crystal & d is the depletion width. 

When a diode is reverse biased, the depletion width is directly proportional to the applied reverse 

voltage. Thus at low reverse voltages the value of Transition Capacitance (CT) is large due to the narrow 

depletion width. As the reverse voltage increases the depletion width increases & hence the value of 

capacitance decreases. For a linearly graded junction (hyper abrupt junction) the depletion width (w) is 

directly proportional to the square of the applied re erse oltage ie.  α VR)1/2 and for an abrupt 

junction the depletion width (w) is directly proportional to the cube root of the applied reverse voltage, 

ie.  α VR)1/3 .  

Hence the Transition Capacitance: CT α /[ VR)1/2] for a linearly graded junction & CT α /[ VR)1/3] for an 

abrupt junction. 

 

Diode current equation 

The diode current equation gives a relationship between the applied potential difference and the current 

flowing through a diode under both forward and reverse bias conditions. From basic principles of p-n 

junction, the diode equation is given by the expression: 

I = Io [eV/ �.VT – 1]………………… 1) 

Where I is a diode current 

And Io is the reverse saturation current.  

V is the applied potential difference 

VT is the volt equivalent of temperature = T/11,600 Volt at room temperature (300 Kelvin) VT = 0.026 V   

or 26 mV; 

T is the temperature in Kelvin, � is the material constant (� = 1 for Ge and 2 for Si ) 

 

Zener diode 

A Zener diode is also known as a breakdown diode. It is also a p-n junction diode but is operated only 

under reverse bias condition. A Zener diode has a sharp and well-defined breakdown voltage. The 
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magnitude of current flowing through a Zener under reverse bias condition is of the order of several 

milliamperes. The breakdown voltage of Zener diode is controlled by controlling the doping densities of 

the p and n regions during the manufacturing process. A Zener diode is normally operated in the 

breakdown region. It returns to normalcy when the reverse voltage is reduced below the Zener voltage. 

The resistance offered by a Zener diode in the breakdown region is quite small (few ῼ). The Zener diode 

behaviour is similar to that of a Silicon diode only under forward bias condition. 

 

 

 

Zener Breakdown Phenomenon 

The phenomenon occurs when Zener diodes have breakdown voltages less than 5 to 6 volts. In heavily 

doped p-n diodes the depletion width is very narrow. Therefore a large electric field intensity exists even 

at low reverse voltages. The Electric Field Intensity (Electric Field Strength) within the depletion region 

is given by the relation: 

 

Electric Field Intensity = Applied reverse voltage/Depletion width   Volt/cm or Volt/m 

In Zener diodes having low breakdown voltage, the electric field intensity is around 106 Volt/cm. This 

high Electric Field Intensity is due to the narrow depletion width and is sufficiently large to tear out 

valence electrons from the Silicon atoms in the depletion region. A large number of valence electrons 

are liberated in this way and it is responsible for the large reverse current. This action is known as 

Io isatio  due to ele tri  field  a d the phe o e o  is k o  as )e er Breakdo  phe o e o . 
 

Avalanche Breakdown Phenomenon 

In a normally doped p-n junction the depletion width is large under reverse biased condition. In this case 

breakdown is mainly due to the avalanche effect, where high velocity minority carriers can knock off 

valence electrons from the Silicon atoms within the depletion region. The high velocity primary and 

secondary electrons are still capable of breaking other covalent bonds. This is a cumulative process and 

a large number charge carriers are liberated resulting in heavy reverse current after breakdown. The 

avalanche phenomenon intensifies with an increase in reverse voltage. This avalanche breakdown 

phe o e o  is also k o  as Io isatio  due to ollisio . 
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V-I characteristics of a Zener diode 

Figure shows the V-I characteristics of a Zener diode. The forward bias characteristic is similar to that of 

a Silicon rectifier diode. The cut-in voltage V  is identical to that of a rectifier diode under reverse bias 

condition, the reverse current is zero at zero voltage. When the reverse voltage is increased, a very small 

reverse current (about 1µA) flows through the diode. The reverse saturation current flows until the Zener 

breakdown voltage (VZ) is reached. Beyond VZ a heavy current starts flowing through the diode as shown 

in figure. The heavy current is due to either Zener or Avalanche breakdown phenomenon. The diode 

current is maintained within a safe limit by using an external resistance. The magnitude of current 

through a Zener diode must be equal to IZT (Zener Test Current) for satisfactory operation. A Zener diode 

is always operated in the breakdown region. The breakdown phenomenon is however reversible if the 

applied voltage is reduced below VZ. The Zener resistance is calculated using the relation RZ = VR / IR 

practically the value of the reverse resistance is very small (few ohms). A large current flows through a 

Zener diode under reverse bias condition due to the low resistance. 

 

Zener diode as a voltage regulator 

Figure shows the circuit diagram of a Zener diode regulator. It is used to maintain a constant output 

voltage in spite of variations in variations in input voltage or load current. An unregulated voltage source 

is connected as input to the Zener diode in series with a current limiting resistor R. The Zener is always 

connected under reverse bias condition. The value of VZ is selected such that it is equal to the desired 

regulated output voltage VO. The Zener diode allows excess current through it whenever input voltage 

increases or the load decreases. Thus the output voltage is maintained constant.   The   resistance   R   

drops   the   excess   voltage   from   the   input   to provide the desired output voltage across RL. The 

value of R is selected using the relation:  

 

R = (Vi – VO) / Ii ; where Ii = IZ + IL 

 

The operation of a Zener voltage regulator is explained as follows:- 

 Line regulation (Variation in Vi with load current IL constant):- When Vi increases, current Ii also 

increases and the excess current flows through the Zener diode without affecting IL. Thus an 

increase Vi will be dropped across R so that VO remains constant. When Vi decreases, current IZ 

through Zener diode decreases without affecting IL, so that drop across R reduces and VO is 

maintained constant.  Load regulation (Variation in load current IL with Vi constant):- With Vi constant, an increase in 

IL causes a decrease in IZ, so that Ii and VO remain unchanged. When RL increases, IL decreases and 

IZ increases, so that both Ii and VO remain unchanged. 

Thus the output voltage remains constant in both cases. 

Voltage Regulator :- A voltage regulator is a circuit which maintains a constant output voltage 

irrespective of changes in load current or input voltage or both (VIN always > VZ). 

Voltage Regulation: - It is a measure of variation in output voltage of power supply with variation in 

load current. It is usually expressed as a percentage. 

% Voltage regulation = [VNO-LOAD –VFULL-LOAD / VFULL-LOAD] X 100 
 

 

 

Varactor diode 
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A Varactor diode is also known as a Voltage Variable capacitor (VVC) because the junction capacitance 

is dependent on the applied voltage. When a diode is reverse biased, a depletion region is formed, the 

width of this depletion region is proportional to the applied reverse voltage. This depletion region acts 

as a dielectric material while the p & n regions act as the parallel conductor plates in a capacitor. This 

proves that a capacitance exists at the junction. The capacitance of this parallel plate capacitor is given 

by the expression:  

C = [(ϵ.A)/d],  

Where ϵ is the permittivity of the semiconductor material, A is the area of cross section of the 

semiconductor crystal & d is the depletion width. From this expression it is clear that the capacitance is 

inversely proportional to the depletion width & also the capacitance is inversely proportional to the 

applied reverse bias voltage. This means that the capacitance can be varied by varying the applied 

reverse voltage. 

 

 

 

 

 

Figure shows the construction, symbol, equivalent circuit of a Varactor diode. In the equivalent circuit 

we have, CT as the transition or junction capacitance, Rr as the junction or reverse resistance & Rs as the 

semiconductor or bulk resistance. 

 

PIN diode 

A PIN diode has heavily doped p & n regions separated by an intrinsic semiconductor. PIN diodes are 

usually fabricated using Silicon or Gallium Arsenide. When reverse biased, it acts like a constant 

capacitance and when forward biased it behaves like a variable resistor at Radio frequencies. The 

forward resistance of the intrinsic region decreases with increasing current. A PIN diode is actually a DC 

controlled high frequency resistor which will act as an open circuit if no DC bias is applied. As the forward 

resistance of a PIN diode can be changed by changing the forward bias, it can be used as a modulating 

device for an AC signal. It is widely used in microwave switching applications. Thus we see that a PIN 

diode acts like a current controlled resistor ie. as the current increases the radio frequency resistance 

decreases.  

 

 

 

PIN diode can behave as an open switch at low currents & as a closed switch at high currents PIN diode 

acts as a rectifier only at low frequencies. The frequency at which it starts behaving as a resistor depends 

on the thickness of the intrinsic region. One of the most important advantages of a PIN diode is that a 

very small DC control current can control a very large current at microwave frequencies. PIN diodes are 

widely used in Radio frequency, Ultra high frequency & micro wave circuits. PIN diodes can be used as 

switches, attenuators, phase shifters and modulators 

 

Light emitting diode (LED)  

A light emitting diode (LED) is known to be one of the best optoelectronic devices out of the lot. The 

device is capable of emitting a fairly narrow bandwidth of visible or invisible light when its internal diode 

junction attains a forward electric current or voltage. The visible lights that an LED emits are usually 

orange, red, yellow, or green. The invisible light includes the infrared light. The biggest advantage of this 

device is its high power to light conversion efficiency. That is, the efficiency is almost 50 times greater 

A K P N A K 

N P A K I A K 
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than a simple tungsten lamp. The response time of the LED is also known to be very fast in the range of 

0.1 microseconds when compared with 100 milliseconds for a tungsten lamp. Due to these advantages, 

the device wide applications as visual indicators and as dancing light displays. 

We know that a P-N junction can connect the absorbed light energy into its proportional electric current. 

The same process is reversed here. That is, the P-N junction emits light when energy is applied on it. This 

phenomenon is generally called electro-luminance, which can be defined as the emission of light from a 

semi-conductor under the influence of an electric field. The charge carriers recombine in a forward P-N 

junction as the electrons cross from the N-region and recombine with the holes existing in the P-region. 

Free electrons are in the conduction band of energy levels, while holes are in the valence energy band. 

Thus the energy level of the holes will be lesser than the energy levels of the electrons. Some part of the 

energy must be dissipated in order to recombine the electrons and the holes. This energy is emitted in 

the form of heat and light. 

The electrons dissipate energy in the form of heat for silicon and germanium diodes. But in Galium- 

Arsenide-phosphorous (GaAsP) and Galium-phosphorous (GaP) semiconductors, the electrons dissipate 

energy by emitting photons. If the semiconductor is translucent, the junction becomes the source of 

light as it is emitted, thus becoming a light emitting diode (LED). But when the junction is reverse biased 

no light will be produced by the LED, and, on the contrary the device may also get damaged. 

The symbol of a LED is shown below. 

 

 

 

 

 

Photo diode: 

A photodiode is a kind of light detector, which involves the conversion of light into voltage or current, 

based on the mode of operation of the device. 

It consists of built-in lenses and optical filters, and has small or large surface areas. With an increase in 

their surface areas, photodiodes have a slower response time. Conventional solar cells, used for 

generating electric solar power, are a typical photodiode with a large surface area. 

A photodiode is a semi-conductor device, with a p-n junction and an intrinsic layer between p and n 

layers. It produces photocurrent by generating electron-hole pairs, due to the absorption of light in the 

intrinsic or depletion region. The photocurrent thus generated is proportional to the absorbed light 

intensity.  

 

 

 

 

When photons of energy greater than 1.1 eV hit the diode, electron-hole pairs are created. The intensity 

of photon absorption depends on the energy of photons – the lower the energy of photons, the deeper 

the absorption is. This process is known as the inner photoelectric effect. 

If the absorption occurs in the depletion region of the p-n junction, these hole pairs are swept from the 

junction - due to the built-in electric field of the depletion region. As a result, the holes move toward the 

anode and the electrons move toward the cathode, thereby producing photocurrent. 

The sum of photocurrents and dark currents, which flow with or without light, is the total current passing 

through the photodiode. The sensitivity of the device can be increased by minimizing the dark current. 

 

Modes of Operation 

A K 

A K 
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Photodiodes can be operated in different modes, which are as follows: 

 Photovoltaic mode – It is also known as zero bias mode, in which a voltage is generated by the 

illuminated photodiode. It provides a very small dynamic range and non-linear dependence of the 

voltage produced 

 Photoconductive mode - The diode used in this mode is more commonly reverse biased. The 

application of reverse voltage increases the width of the depletion layer, which in turn reduces the 

response time and capacitance of the junction. This mode is very fast, and exhibits electronic noise 

 Avalanche diode mode - Avalanche photodiodes are operated in a high reverse bias condition, 

which allow multiplication of an avalanche breakdown to each photo-generated electron-hole pair. This 

results in internal gain within the photodiode, which gradually increases the responsivity of the device 

 

Bipolar Junction Transistor (BJT) 

If we now join together two individual signal diodes back-to-back, this will give us two PN-junctions 

connected together in series that share a common P or N terminal. The fusion of these two diodes 

produces a three layer, two junction, and three terminal device forming the basis of a Bipolar Junction 

Transistor, or BJT for short. 

Transistors are three terminal active devices made from different semiconductor materials that can act 

as either a  i sulator or a o du tor  the appli atio  of a s all sig al oltage. The tra sistor s a ilit  
to ha ge et ee  these t o states e a les it to ha e t o asi  fu tio s: s it hi g  digital 
ele tro i s  or a plifi atio  a alogue electronics). Then bipolar transistors have the ability to operate 

within three different regions: 

 Active Region   –   the transistor operates as an amplifier and Ic = β.I  

 Saturation   –   the tra sistor is Full -ON  operati g as a s it h a d Ic = I(saturation) 

 Cut-off   –   the tra sistor is Full -OFF  operati g as a s it h a d Ic = 0 

 

The word Transistor is a combination of the two words Transfer Varistor which describes their mode of 

operation way back in their early days of electronics development. There are two basic types of bipolar 

transistor construction, PNP and NPN, which basically describes the physical arrangement of the P-type 

and N-type semiconductor materials from which they are made. 

The Bipolar Transistor basic construction consists of two PN-junctions producing three connecting 

terminals with each terminal being given a name to identify it from the other two. These three terminals 

are known and labelled as the Emitter (E), the Base (B) and the Collector (C) respectively. 

Bipolar Transistors are current regulating devices that control the amount of current flowing through 

them in proportion to the amount of biasing voltage applied to their base terminal acting like a current-

controlled switch. The principle of operation of the two transistor types PNP and NPN, is exactly the 

same the only difference being in their biasing and the polarity of the power supply for each type. 

 

Bipolar Transistor Construction 

Physical construction: 

 

 

      

 

 

 

 

Two diode analogy: 

N P N E C 

B 

P N P E 

B 

C 

  

Downloaded from  be.rgpvnotes.in

Page no: 11 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


Manish Yadav, Asst. Prof. Electronics & Communication Dept. CDGI, INDORE 

 

 

 

 

 

 

 

 

 

Symbol representation: 

 

 

 

 

 

 

 

 

 

The construction and circuit symbols for both the PNP and NPN bipolar transistor are given above with 

the arrow i  the ir uit s ol al a s sho i g the dire tio  of o e tio al urre t flo  et ee  the 
base terminal and its emitter terminal. The direction of the arrow always points from the positive P-type 

region to the negative N-type region for both transistor types, exactly the same as for the standard diode 

symbol. 

 

 

 

 

 

 

 

 

 

 

 

Figure: circuit symbol of transistor 

 

This type of amplifier configuration is a non-inverting voltage amplifier circuit, in that the signal 

voltages Vin and Vout are i -phase . This t pe of tra sistor arra ge e t is ot er  o o  due to its 
unusually high voltage gain characteristics. This type of bipolar transistor configuration has a high ratio 

of output to input resistance or more i porta tl  load  resista e  RL  to i put  resista e Rin) 

gi i g it a alue of ‘esista e Gai .  
 

Transistor biasing 
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If a transistor has to work as an amplifier, the base-emitter junction J1 must be forward biased and the 

collector-base junction J2 must be reverse biased. Transistor biasing is a process of creating an 

appropriate potential difference across the base-emitter and the collector-base junctions. The base-

emitter junction should always be forward biased by a voltage greater than its cut-in voltage (V), while 

the collector-base junction should be sufficiently reverse biased for efficient collection of charges. If 

these two conditions are satisfied, the transistor provides faithful amplification while operating in the 

active region (linear region). 

A transistor can also operate as a switch (in the non-linear regions). If both the emitter-base & collector-

base junctions are forward biased then the transistor will behave as a closed switch offering almost zero 

resistance (saturation region). If both the emitter-base & collector-base junctions are reverse biased 

then the transistor behaves as an open switch offering very high resistance (cut-off region) 

 

 

 

 

Transistor configurations:- 

A transistor has only 3 leads hence any one of the 3 leads has to be common to the input & output 

circuits if the transistor is to be considered as a 2-port linear network. Depending on the lead that is 

common to both the input & output circuits there are three transistor configurations: 

1. Common-base configuration or Grounded-base configuration. 

2. Common-emitter configuration or Grounded-emitter configuration. 

3. Common-collector configuration or Grounded-collector configuration. 

The behaviour of a transistor varies greatly with each configuration & can be understood by studying 

the input & output characteristics in all the 3 configurations. 

 

Common base configuration  

Figure shows the circuit arrangement for obtaining the input and output characteristics of a npn 

transistor in common-base configuration. VEE is the emitter battery on the input side and RE is the emitter 

current limiting resistor. The milliammeter is used to measure the emitter current (input current) while 

the voltmeter is used to measure the input voltage VBE. VCC is the collector battery on the output side 

and RC is the collector resistance.  
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Figure:  common base configuration 

The milliammeter measures the collector current (output current) while the voltmeter measures the 

collector-base voltage, VCB (output voltage). Here the base lead is common to both the input and output 

circuits, hence it is known as the common-base configuration (has Voltage Gain but no Current Gain). 

 

Common emitter configuration 

Figure shows the circuit diagram for a transistor in common emitter configuration. Battery VBB is used to 

forward bias the base-emitter junction. The microammeter measures the input current IB and the 

voltmeter measures the input voltage VBE. Battery VCC is used to reverse bias the collector- base junction 

(VCC>VBB).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure: common emitter configuration 

The milliammeter is used to measure the output current IC while the voltmeter measures the output 

voltage VCE. RB is the base resistor and RC is the collector resistor. Here the emitter lead is common to 

both the input and output circuits, hence it is known as common emitter configuration (has both Current 

and Voltage Gain). A transistor in common-emitter configuration is used as a voltage amplifier, power 

amplifier and multi-stage amplifier. 

 

Common collector configuration 

Figure shows the circuit diagram for a npn transistor in common collector configuration. Battery VBB is 

used to reverse bias the collector base junction. The microammeter measures input current IB and the 

voltmeter measures input voltage VCB. Battery VEE along with VBB is used to forward bias the base- emitter 

junction (VEE is at lower potential than VBB).  
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Figure: common collector configuration 

The milliammeter is used to measure output current IE , while the voltmeter measures the output voltage 

VCE. (IE is the output current and VCE is the output voltage).RB is the base resistor and RE is the emitter 

resistor. Here the collector lead is common to both the input and output circuits, hence it is known as 

common-collector configuration (has Current Gain but no Voltage Gain). It is used as a buffer amplifier 

to provide excellent impedance matching between two stages. The circuit is commonly known as an 

Emitter follower. 

 

Load line biasing method 

In the above figure, the output characteristics are drawn between collector current IC and collector 

voltage VCE for different values of base current IB. These are considered here for different input values 

to obtain different output curves. 

Operating point 

When a value for the maximum possible collector current is considered, that point will be present on the 

Y-axis, which is nothing but the saturation point. As well, when a value for the maximum possible 

collector emitter voltage is considered, that point will be present on the X-axis, which is the cutoff point. 

When a line is drawn joining these two points, such a line can be called as Load line. This is called so as 

it symbolizes the output at the load. This line, when drawn over the output characteristic curve, makes 

contact at a point called as Operating point. 

This operating point is also called as quiescent point or simply Q-point. There can be many such 

intersecting points, but the Q-point is selected in such a way that irrespective of AC signal swing, the 

transistor remains in active region. This can be better understood through the figure below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The load line has to be drawn in order to obtain the Q-point. A transistor acts as a good amplifier when 

it is in active region and when it is made to operate at Q-point, faithful amplification is achieved. Faithful 

amplification is the process of obtaining complete portions of input signal by increasing the signal 

strength. This is done when AC signal is applied at its input.  

DC Load line 

Q 

Ic (mA) 

VCE (volts) 

A 

B 
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When the transistor is given the bias and no signal is applied at its input, the load line drawn at such 

condition, can be understood as DC condition. Here there will be no amplification as the signal is absent. 

The circuit will be as shown below. 

 

 

 

 

 

 

 

 

 

 

The value of collector emitter voltage at any given time will be 

VCE=VCC−ICRC 

As VCC and RC are fixed values, the above one is a first degree equation and hence will be a straight line 

on the output characteristics. This line is called as D.C. Load line. The figure below shows the DC load 

line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To obtain the load line, the two end points of the straight line are to be determined. Let those two points 

be A and B. 

 

To obtain A 

When collector emitter voltage VCE = 0, the collector current is maximum and is equal to VCC/RC. This 

gives the maximum value of VCE. This is shown as  

VCE=VCC−ICRC 

0=VCC−ICRC 

IC=VCC/RC 

This gives the point A (OA = VCC/RC) on collector current axis, shown in the above figure. 
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To obtain B 

When the collector current IC = 0, then collector emitter voltage is maximum and will be equal to the 

VCC. This gives the maximum value of IC. This is shown as 

VCE=VCC−ICRC 

VCE =VCC 

(As IC = 0) 

This gives the point B, which means (OB = VCC) on the collector emitter voltage axis shown in the above 

figure. Hence we got both the saturation and cutoff point determined and learnt that the load line is a 

straight line. So, a DC load line can be drawn. The importance of this operating point is further 

understood when an AC signal is given at the input. 

 

Early Effect 

This effect occurring in bipolar transistors is named after its discoverer J.M. Early. In a BJT, Early effect 

corresponds to the modulation of the emitter & collector currents by the collector-base voltage VCB. Early 

effe t arises fro  the ariatio  of the ase idth  ith the re erse oltage VCB across the collector- 

base junction & exists in both static & high frequency characteristics. Early effect is more prominent in 

BJTs with narrow base widths. 

Early effect or base width modulation is the variation in the actual width of the base region in a BJT due 

to a variation in the applied base-collector voltage. With an increase in the collector-base voltage the 

collector- base depletion width increases thereby decreasing the effective base width. The base-emitter 

depletion width is unchanged because there is no change in the base-emitter voltage. The narrowing of 

the base region results in reduced recombination & an increase in minority carrier injection into the 

olle tor regio . This auses a  i rease i  the urre t a plifi atio  fa tor α & he e a  i rease i  the 
output or collector current due to an increase in collector-base voltage. Another damaging effect due to 

an increase in collector- ase re erse oltage is the phe o e o  of Pu h-Through  or ‘ea h-Through  
which causes voltage breakdown of the transistor depending on the circuit configuration. 

 

Relationship between  and   is the current gain of a transistor in common-base configuration and is given by the relation,  

 = IC / IE  is the current gain of a transistor in common-emitter configuration and is given by the relation,  

 = IC / IB 

 

 in terms of  

 The basic transistor equation is given by: 

IE = IB + IC. ……….. a  

Considering the incremental values, we have   

IE = IB + IC …………. (b)  

Divide equation (b) throughout by IC, 

ie. (IE / IC) = (IB / IC) + (IC / IC  …………(c) 

But (IC / IE) =   (IE / IC) = (1 / )  

And  

(IC / IB) =   (IB /  IC) = (1 / ) 

ie.  (1/) = (1 / ) + 1  ……………… d   

 

ie. (1 / )  = (1+ ) /    

  

Downloaded from  be.rgpvnotes.in

Page no: 17 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


Taking the reciprocal we have:  = [ / (  + 1)] 

 

 in terms of  

 From equation (d), we have   

1 /  = 1 + (1 / )    1/  = (1 / ) – 1. ie. (1 / ) = (1 – ) /   

   = [ / (1 – )] 

 

 

 

 

Field effect transistor (FET) 

A bipolar junction transistor (BJT) is a current controlled device i.e., output characteristics of the device 

are controlled by base current and not by base voltage. However, in a field effect transistor (FET), the 

output characteristics are controlled by input voltage (i.e., electric field) and not by input current. This is 

probably the biggest difference between BJT and FET.  

There are two basic types of field effect transistors:  

(i) Junction field effect transistor (JFET)  

(ii) Metal oxide semiconductor field effect transistor (MOSFET). 

 

The FET is a three terminal device like the BJT, but operates by a different principle. The three terminals 

are called the source, drain, and gate. The voltage applied to the gate controls the current flowing in the 

source-drain channel. No current flows through the gate electrode, thus the gate is essentially insulated 

from the source-drain channel. Because no current flows through the gate, the input impedance of the 

FET is extremely large (in the range of 1010–1015 Ω . The large input impedance of the FET makes them 

an excellent choice for amplifier inputs. The two common families of FETs, the junction FET (JFET) and 

the metal oxide semiconductor FET (MOSFET) differ in the way the gate contact is made on the source-

drain channel. 

In the JFET the gate-channel contact is a reverse biased pn junction. The gate-channel junction of the 

JFET must always be reverse biased otherwise it may behave as a diode. All JFETs are depletion mode 

devices—they are on when the gate bias is zero (VGS = 0). In the MOSFET the gate-channel contact is a 

metal electrode separated from the channel by a thin layer of insulating oxide. MOSFETs have very good 

isolation between the gate and the channel, but the thin oxide is easily damaged (punctured!) by static 

discharge through careless handling. MOSFETs are made in both depletion mode (on with zero biased 

gate, VGS = 0) and in enhancement mode (off with zero biased gate). 

 

Schematic symbols 

Two versions of the symbols are in common use. The symbols in the top row depict the source and drain 

as being symmetric. This is not generally true. Slight asymmetries are built into the channel during 

manufacturing which optimize the performance of the FET. Thus it is necessary to distinguish the source 

from the drain. In this class we will use the asymmetric symbols found on the bottom row, which depict 

the gate nearly opposite the source. The designation n-channel means that the channel is n doped and 

the gate is p doped. The p-channel is complement of n- channel. 
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t tox ϵox 

Semiconductor substrate 

Metal 

Insulator 

Pinch off voltage 

Pinch off voltage: Pinch off voltage is the drain to source voltage after which the drain to source 

current becomes almost constant and JFET enters into saturation region and is defined only when 

gate to source voltage is zero. 

 

Metal-oxide semiconductor field effect transistor (MOSFET) 

The metal-oxide semiconductor field effect transistor (MOSFET) became a practical reality in the 1970s. The 

MOSFET, compared to BJTs, can be made very small (that is, it occupies a very small area on an IC chip). 

Since digital circuits can be designed using only MOSFETs, with essentially no resistors or diodes 

required, high-density VLSI circuits, including microprocessors and memories, can be fabricated. The 

MOSFET has made possible the hand-held calculator and the powerful personal computer. In the 

MOSFET, the current is controlled by an electric field applied perpendicular to both the 

semiconductor surface and to the direction of current. The phenomenon used to modulate the 

conductance of a semiconductor, or control the current in a semiconductor, by applying an electric 

field perpendicular to the surface is called the field effect. Again, the basic transistor principle is that the 

voltage between two terminals controls the current through the third terminal. 

Two-Terminal MOS Structure 

The heart of the MOSFET is the metal-oxide-semiconductor capacitor shown in Figure. The metal may 

be aluminum or some other type of metal. In many cases, the metal is replaced by a high-conductivity 

polycrystalline silicon layer deposited on the oxide. However, the term metal is usually still used in 

referring to MOSFETs. In the figure, the parameter tox is the thickness of the oxide and ϵox is the oxide 

permittivity. 

 

 

 

 

 

 

 

 

 

 

 

Figure: The basic MOS capacitor structure 

The physics of the MOS structure can be explained with the aid of a simple parallel-plate capacitor. 

Figure (a) shows a parallel-plate capacitor with the top plate at a negative voltage with respect to the 

bottom plate. An insulator material separates the two plates with this bias, a negative charge exists on 

the top plate, a positive charge exists on the bottom plate, and an electric field is induced between 

the two plates, as shown.  
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Figure: (a) A parallel-plate capacitor, showing the electric field and conductor charges (b) a 

corresponding MOS capacitor with a negative gate bias, showing the electric field and charge flow, 

and (c) the MOS capacitor with an accumulation layer of holes. 

 

A MOS capacitor with a p-type semiconductor substrate is shown in Figure (b). The top metal 

terminal, also called the gate, is at a negative voltage with respect to the semiconductor substrate. 

From the example of the parallel-plate capacitor, we can see that a negative charge will exist on the top 

metal plate and an electric field will be induced in the direction shown in the figure. If the electric field 

penetrates the semiconductor, the holes in the p-type semiconductor will experience a force toward 

the oxide-semiconductor inter-face. The equilibrium distribution of charge in the MOS capacitor with 

this particular applied voltage is shown in Figure (c). An accumulation layer of positively-charged holes 

in the oxide-semiconductor junction corresponds to the positive charge on the bottom plate  of 

the MOS capacitor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure: The MOS capacitor with p-type substrate: (d) effect of positive gate bias showing the electric 

field and charge flow, (e) the MOS capacitor with an induced space- charge region due to a moderate 

gate bias. 
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(f) the MOS capacitor with an induced space-charge region and electron inversion layer due to a 

larger gate bias 

 

Figure (d) shows the same MOS capacitor, but with the polarity of the applied voltage reversed. A 

positive charge now exists on the top metal plate and the induced electric field is in the opposite 

direction, as shown. In this case, if the electric field penetrates the semiconductor, holes in the p-type 

material will experience a force away from the oxide-semiconductor interface. As the holes are 

pushed away from the interface, a negative space-charge region is created, due to the fixed acceptor 

impurity atoms. The negative charge in the induced depletion region corresponds to the negative 

harge o  the otto  plate  of the MOS capacitor. Figure (e) shows the equilibrium distribution of 

charge in the MOS capacitor with this applied voltage. When a larger positive voltage is applied to 

the gate, the magnitude of the induced electric field increases. Minority carrier electrons are 

attracted to the oxide-semiconductor interface, as shown in Figure (e). This region of minority carrier 

electrons is called an electron inversion layer. The magnitude of the charge in the inversion layer is a 

function of the applied gate voltage. 

 

N-Channel Enhancement mode MOSFET 

Transistor Structure 

Figure shows a simplified cross section of a MOS field-effect transistor. The gate, oxide, and p-type 

substrate regions are the same as those of a MOS capacitor. In addition, we now have two n-regions, 

called the source terminal and drain terminal. The current in a MOSFET is the result of the flow of 

harge i  the i ersio  la er, also alled the ha el regio , adja e t to the o ide− se i o du tor 
interface. 

The channel length L and channel width E are defined on the figure. The channel length of a typical 

integrated circuit MOSFET is less than 1 µm (10—6 m), which means that MOSFETs are small devices. 

The oxide thickness tox is typically on the order of 400 angstroms, or less. 

The diagram in Figure (a) is a simplified sketch of the basic structure of the transistor. Figure (b) shows 

a more detailed cross section of a MOSFET fabricated into an integrated circuit configuration. A thick 

oxide, called the field oxide, is deposited outside the area in which the metal interconnect lines are 

formed. The gate material is usually heavily doped polysilicon. Even though the actual structure of a 

MOSFET may be fairly complex, the simplified diagram may be used to develop the basic transistor 

characteristics. 
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Figure: (a) Schematic diagram of an n-channel enhancement mode MOSFET 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure: (b) an n-channel MOSFET, showing the field oxide and polysilicon gate 

 

A field effect transistor (FET) that can be operated in the enhancement-mode is called a MOSFET. A 

MOSFET is an important semiconductor device and can be used in any of the circuits covered for JFET. 

However, a MOSFET has several advantages over JFET including high input impedance and low cost of 

production. The main drawback of JFET is that its gate must be reverse biased for proper operation of 

the device i.e. it can only have negative gate operation for n-channel and positive gate operation for p-

channel. This means that we can only decrease the width of the channel (i.e. decrease the conductivity 

of the channel) from its zero-bias size. This type of operation is referred to as depletion-mode 

operation. Therefore, a JFET can only be operated in the depletion-mode. However, there is a field 

effect transistor (FET) that can be operated to enhance (or increase) the width of the channel (with 

consequent increase in conductivity of the channel) i.e. it can have enhancement-mode operation. 

Such a FET is called MOSFET. 

 

Types of MOSFETs 

There are two basic types of MOSFETs viz. 

 Depletion-type MOSFET or D-MOSFET. The D-MOSFET can be operated in both the 

depletionmode and the enhancement-mode. For this reason, a D-MOSFET is sometimes called 

depletion/enhancement MOSFET. 

 Enhancement-type MOSFET or E-MOSFET. The E-MOSFET can be operated only in en- 

hancement-mode. 

The manner in which a MOSFET is constructed determines whether it is D-MOSFET or E- MOSFET. 

D-MOSFET.  

 Fig. (a) Shows the constructional details of n-channel D-MOSFET. It is similar to n-channel JFET 

except with the following modifications/remarks : 

 The n-channel D-MOSFET is a piece of n-type material with a p-type region (called substrate) 

on the right and an insulated gate on the left as shown in Fig. (a) The free electrons (Q it is n-

Source metal 
Poly gate Gate oxide 

Drain metal 

n+ n+ 

Source Drain Field oxide 
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channel) flowing from source to drain must pass through the narrow channel between the gate 

and the p-type region (i.e. substrate). 

 Note carefully the gate construction of D-MOSFET. A thin layer of metal oxide (usually silicon 

dioxide, SiO2) is deposited over a small portion of the channel. A metallic gate is deposited 

over the oxide layer. As SiO2 is an insulator, therefore, gate is insulated from the channel. Note 

that the arrangement forms a capacitor. One plate of this capacitor is the gate and the other 

plate is the channel with SiO2 as the dielectric. Recall that we have a gate diode in a JFET. 

 It is a usual practice to connect the substrate to the source (S) internally so that a MOSFET 

has three terminals viz source (S), gate (G) and drain (D). 

 

Since the gate is insulated from the channel, we can apply either negative or positive voltage to the gate. 

Therefore, D-MOSFET can be operated in both depletion-mode and enhancement-mode. However, 

JFET can be operated only in depletion-mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                       

 

E-MOSFET.  

Fig. (b) shows the constructional details of n-channel E-MOSFET. Its gate construction is similar to that 

of D-MOSFET. The E-MOSFET has no channel between source and drain unlike the D-MOSFET. Note 

that the substrate extends completely to the SiO2 layer so that no channel exists. The E-MOSFET 

requires a proper gate voltage to form a channel (called induced channel). It is reminded that E-

MOSFET can be operated only in enhancement mode. In short, the construction of E-MOSFET is quite 

similar to that of the D-MOSFET except for the absence of a channel between the drain and source 

terminals. 

There are two types of D-MOSFETs viz (i) n-channel D-MOSFET and (ii) p-channel D-MOSFET. 

 

N-channel D-MOSFET.  

Fig. (c) (i) shows the various parts of n-channel D-MOSFET. The p-type substrate constricts the channel 

between the source and drain so that only a small passage remains at the left side. 
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Electrons flowing from source (when drain is positive w.r.t. source) must pass through this narrow 

channel. The symbol for n-channel D-MOSFET is shown in Fig.   (ii). The gate appears like a capacitor 

plate. Just to the right of the gate is a thick vertical line representing the channel. The drain lead comes 

out of the top of the channel and the source lead connects to the bottom. The arrow is on the substrate 

and points to the n-material, therefore we have n-channel D- MOSFET. It is a usual practice to connect 

the substrate to source internally as shown in Fig.  (iii). This gives rise to a three-terminal device. 

 

P-channel D-MOSFET.  

Fig. (d) (i) shows the various parts of p-channel D-MOSFET. The n-type substrate constricts the channel 

between the source and drain so that only a small passage remains at the left side. The conduction takes 

place by the flow of holes from source to drain through this narrow channel. The symbol for p-channel 

D-MOSFET is shown in Fig. (d) (ii). It is a usual practice to connect the substrate to source internally. 

This results in a three-terminal device whose schematic symbol is shown in Fig. (d) (iii). 
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Circuit Operation of D-MOSFET 

Fig. (e) (i) shows the circuit of n-channel D-MOSFET. The gate forms a small capacitor. One plate of this 

capacitor is the gate and the other plate is the channel with metal oxide layer as the dielectric. When 

gate voltage is changed, the electric field of the capacitor changes which in turn changes the resistance 

of the n-channel. Since the gate is insulated from the channel, we can apply either negative or positive 

voltage to the gate. The negative-gate operation is called depletion mode whereas positive gate 

operation is known as enhancement mode. 

Depletion mode. 

Fig. (e)  (i) shows depletion-mode operation of n-channel D-MOSFET. Since gate is negative, it means 

electrons are on the gate as shown is Fig. (e) (ii). These electrons 

*repel the free electrons in the n-channel, leaving a layer of positive ions in a part of the channel as 

shown in Fig. (e) (ii). In other words, we have depleted (i.e. emptied) the n-channel of some of its free 

electrons. Therefore, lesser number of free electrons are made available for current conduction 

through the n-channel. This is the same thing as if the resistance of the channel is increased. The 

greater the negative voltage on the gate, the lesser is the current from source to drain. 

Thus by changing the negative voltage on the gate, we can vary the resistance of the n-channel and 

hence the current from source to drain. Note that with negative voltage to the gate, the action of D-

MOSFET is similar to JFET. Because the action with negative gate depends upon depleting (i.e. 

emptying) the channel of free electrons, the negative-gate operation is called depletion mode. 
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Enhancement mode. Fig. (f)  (i) shows enhancement-mode operation of n-channel D- MOSFET. Again, 

the gate acts like a capacitor. Since the gate is positive, it induces negative charges in the n-channel as 

shown in Fig. (f) (ii). These negative charges are the free electrons drawn into the channel. Because 

these free electrons are added to those already in the channel, the total number of free electrons in 

the channel is increased. Thus a positive gate voltage enhances or increases the conductivity of the 

channel. The greater the positive voltage on the gate, greater the conduction from source to drain. 

Thus by changing the positive voltage on the gate, we can change the conductivity of the channel. The 

main difference between D-MOSFET and JFET is that we can apply positive gate voltage to D-MOSFET 

and still have essentially *zero current. Because the action with a positive gate depends upon 

enhancing the conductivity of the channel, the positive gate operation is called enhancement mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following points may be noted about D-MOSFET operation: 

 In a D-MOSFET, the source to drain current is controlled by the electric field of capacitor 

formed at the gate. 

 The gate of JFET behaves as a reverse-biased diode whereas the gate of a D-MOSFET acts like a 

capacitor. For this reason, it is possible to operate D-MOSFET with positive or negative gate 

voltage. 

 As the gate of D-MOSFET forms a capacitor, therefore, negligible gate current flows whether 

positive or negative voltage is applied to the gate. For this reason, the input impedance of D-

MOSFET is very high, ra gi g fro  ,  MΩ to , ,  MΩ. 
 The extremely small dimensions of the oxide layer under the gate terminal result in a very low 

capacitance and the D-MOSFET has, therefore, a very low input capacitance. This characteristic 

makes the D-MOSFET useful in high-frequency applications. 
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We hope you find these notes useful. 

You can get previous year question papers at  

https://qp.rgpvnotes.in . 

 

If you have any queries or you want to submit your 

study notes please write us at 

rgpvnotes.in@gmail.com 
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