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 4th year               Microelectronics          2019-2020 

Basic Concepts 

                                          Types of Materials: 

1- Solids. 

2- Liquids. 

3- Gases. 

Types of Solids (Conductivity):              Types of Solids (Structures): 

1- Insulators.                                           1- Amorphous. 

2- Semiconductors.                                 2- Polycrystalline. 

3- Conductors.                                        3- Single crystalline.  

 

                                Semiconductors Materials: 
The conductivity of a semiconductor is generally sensitive to temperature, illumination,              

magnetic field, and minute amounts of impurity atoms. This sensitivity in conductivity 

makes the semiconductor one of the most important materials for electronic 

applications. 

Figure 1 shows the range of electrical conductivities σ = S / cm and  resistivities ρ = 1/ σ 

 
       Fig. 1 Typical range of conductivities for insulators, semiconductors, and conductors. 

         S = 1 / Ω  ,     ρ = cm* Ω    ρ =  Rho ,   σ  = Sigma   , S = Siemens 



                                                                                             3                                                                       Dr F.H &   Firas 
 

Element Semiconductors 

In the early 1950s, germanium was the major semiconductor material. Since the 

early 1960s silicon has become a practical substitute and has now virtually 

supplanted germanium as a semiconductor material. The main reasons we now use 

silicon  are that  silicon devices  exhibit  better properties at room temperature 

(teeny leakage current) and (high-quality silicon dioxide can be grown thermally).  

 

Compound Semiconductors 

In  recent years a number of compound semiconductors have found applications for 

various  devices. A binary compound is a combination of two elements from the 

periodic table. 

 Many of the compound semiconductors have electrical and optical properties that 

are different from those of silicon. These semiconductors, especially GaAs, are used 

mainly for high-speed electronic , microwave and photonic applications. 
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                                             Atomic structure 

         

                                                                  

 

 

 

 

     

   

 

                                                                       Mass of (Neuton or Proton) = 1.66*𝟏𝟎−𝟐𝟕𝑲𝒈 

 Mass of Electron < 𝟏𝟖𝟎𝟎 𝒕𝒊𝒎𝒆 𝐨𝐟  𝒑𝒓𝒐𝒕𝒐𝒏 𝒎𝒂𝒔𝒔 

     < 𝟏𝟖𝟎𝟎 𝒕𝒊𝒎𝒆 𝐨𝐟  𝒏𝒆𝒖𝒕𝒓𝒐𝒏 𝒎𝒂𝒔𝒔 

 

 

 

 

 

Electon Energy (EH) = 
−13.6

𝑛2  𝑒𝑣        

      

An electron–volt is the energy of an electron that has been accelerated through a potential 

difference of 1 volt, and 1 eV = 1.6 × 10-19 joules.                                                             
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Electron Shells and Orbits 

Electrons orbit of an atom at certain distances from the nucleus. Electrons near the nucleus have 

less energy than those in more distant orbits. 

Each orbit from the nucleus corresponds to a certain energy level . In an atom, the orbits are 

grouped into energy bands known as  shells. 

Valence Electrons 

Electrons that are in orbits farther from the nucleus have higher energy and are less tightly bound 

to the atom than those closer to the nucleus. Electrons with the highest energy levels exist in the 

outermost shell of an atom and are loosely bound to the atom. This outermost shell is known as 

the valance shell , and electrons in this shell are called valence electrons. The chemical activity 

of a material is determined primarily by the number of such electrons.  

Free Electrons and Ions 

If an electron absorbs a photon of sufficient energy, it escapes from the atom and becomes a 

free electron . Any time an atom or group of atoms acquires or loss the electron it is called an 

ion. 

Conductors: are materials that allow current. They have a large number of free electrons and 

are characterized by one to three valence electrons in their structure. Most metals are good 

conductors. Silver is the best conductor, and copper is next. 

Semiconductors: are classed below the conductors in their ability to carry current because 

they have fewer free electrons than do conductors. Semiconductors have four valence electrons 

in their atomic structures. Silicon (Si), germanium (Ge) and Gallium arsenide (GaAs) are 

common semiconductive materials.  

Insulators: are nonmetallic materials that are poor conductors of electric current, they are used 

to prevent current where it is not wanted. Insulators have no free electrons in their structure. 

Insulators such as glass, and Teflon.  
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ENERGY BAND 

Valance band (Ev): Is the band of electron orbitals that electrons can jump out of, 

moving into the conduction band when excited.The valance band is the outermost 

electron orbital of an atom. 

Conduction band (Ec): Is the band of electron orbitals that electrons can jump up 

into from the valance band when excited. When the electrons are in these orbitals, 

they have enough energy to move freely in the material. This movement of electrons 

creates an electric current. 

Band gap (Eg): The differnce in energy between the valance band and conduction 

band is called an energy gap or band gap,(Eg = Ec - Ev). 

The  region  between  these  two  energies  is  called  the forbidden  bandgap.  

 

Materials that have large bandgap energies, in the range of 3  to  6 electron–volts 

(eV), are insulators because, at room temperature, essentially no free electrons exist 

in the conduction band. 

 In contrast, materials that contain very large numbers of free electrons at room 

temperature are conductors.  

In a semiconductor, the bandgap energy is on the order of 1 eV . 
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Covalent Bonds 

In a pure silicon or germanium crystal the four valence electrons of one atom form a 

bonding arrangement with four adjoining atoms. 

This bonding of atoms, strengthened by the sharing of electrons, is called covalent 

bonding.    

                                                       Covalent bonds in silicon. 

Conduction Electrons and Holes 

An intrinsic (pure) silicon crystal at room temperature has sufficient heat (thermal) 

energy for some valence electrons to jump the gap from the valence band into the 

conduction band, becoming free electrons. Free electrons are also called     

conduction electrons. 
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When an electron jumps to the conduction band, a vacancy is left in the valence band 

within the crystal. This vacancy is called a hole. For every electron raised to the 

conduction band by external energy, there is one hole left in the valence band, 

creating  what is called an electron-hole pair. 

Electron and Hole Current 

When a voltage is applied across a piece of intrinsic silicon, the thermally generated 

free electrons in the conduction band, which are free to move randomly in the crystal, 

are now easily attracted toward the positive end. This movement of free electrons is 

one type of current in a semiconductive material and is called electron current. 

 

Another type of current occurs in the valence band, where the holes created by the 

free electrons exist. Electrons remaining in the valence band are still attached to their 

atoms and are not free to move randomly in the crystal structure. The  hole has moved 

from one place to another in the crystal structure. Although current in the valence 

band is produced by valence electrons, it is called hole current.  
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Intrinsic Semiconductors  

Is a single-crystal semiconductor material with no other types of atoms within the 

crystal. In an intrinsic  semiconductor, the densities of electrons and holes are equal. 

The notation 𝑛𝑖 as the intrinsic carrier concentration for the concentration of the  

free electrons, as well as that of the holes. The equation for 𝑛𝑖 is as follows: 

𝑛𝑖 = B𝑇
3

2⁄  𝑒(
−𝐸𝑔

2𝑘𝑇)
 

where B is a coefficient related to the specific semiconductor material, Eg is the 

bandgap energy (eV), T is the temperature (K), k is Boltzmann’s constant =               

( 86 ∗  10−6 eV/K). 

 

The values for B and Eg for several semiconductor materials are given 

EXAMPLE: Calculate the intrinsic carrier concentration in silicon at T=300 K. 

Solution: 

𝑛𝑖 = B𝑇
3

2⁄  𝑒
(

−𝐸𝑔

2𝑘𝑇
)
       ,       𝑛𝑖 = (5.23 ∗ 1015)(300)

3
2⁄  𝑒

(
−1.1

2(86∗10−6)(300)
)
 

𝑛𝑖 = 1.5 ∗ 1010 𝑐𝑚−3 
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Extrinsic Semiconductors 

Since the electron and hole concentrations in an intrinsic semiconductor are relatively 

small, only very small currents are possible. However, these concentrations can be 

greatly increased by adding controlled amounts of certain impurities. 

A desirable impurity is enters the crystal and replaces (i.e., substitutes 

for) one of the semiconductor atoms, even though the impurity atom does not have 

the same valence electron structure. For silicon, the desirable substitutional 

impurities are Boron (B) and Phosphorus (P) elements. 

 

     (a) silicon doped with a phosphorus atom showing the fifth phosphorus valence electron                                        

(b) positively charged phosphorus ion after the fifth valence electron has moved into the conduction band 

The phosphorus atom is called a donor impurity, since it donates an electron that is 

free to move. Although the remaining phosphorus atom has a net positive charge, the 

atom is immobile in the crystal and cannot contribute to the current. 

Therefore, when a donor impurity is added to a semiconductor, free electrons are 

created without generating holes. This process is called doping, and it allows us to 

control the concentration of free electrons in a semiconductor. 

                 
(a) silicon doped with a boron atom showing the vacant covalent bond position                                                                                                                             

(b) negatively charged boron ion after it has accepted an electron from the valence band. 
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When a boron atom replaces a silicon atom, its three valence electrons are used to 

satisfy the covalent bond requirements for three of the four nearest silicon atoms.     

This leaves one bond position open.  

At room temperature, adjacent silicon valence electrons have sufficient thermal 

energy to move into this position, thereby creating a hole. 

 

Because the boron atom has accepted a valence electron, the boron is therefore 

called an acceptor impurity.  

Acceptor atoms lead to the creation of holes without electrons being generated. This 

process, also called doping, can be used to control the concentration of holes in a 

semiconductor. 
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n-type semiconductor 

To increase the number of conduction-band electrons in intrinsic silicon, pentavalent 

impurity atoms are  added. These are atoms with five valence electrons such as 

arsenic (As),phosphorus (P), and antimony (Sb). 

 

A semiconductor that contains donor impurity atoms is called an n-type 

semiconductor (negatively charged electrons) and has a preponderance of electrons 

compared to holes. 

The result is that at room temperature, there are a large number of carriers (electrons) 

in the conduction level, and the conductivity of the material increases significantly. 

Majority and Minority Carriers :  

The electrons are called the majority carriers in n-type material. ( the n stands for 

the negative charge on an electron).  

 Although the majority of current carriers in n-type material are electrons, there are 

also a few holes that are created when electron-hole pairs are thermally generated 

These holes are not produced by the addition of the pentavalent impurity atoms. 

Holes in an n-type material are called minority carriers. 
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P-Type Semiconductor 

To increase the number of holes in intrinsic silicon, trivalent impurity atoms are 

added. These are atoms with three valence electrons such as boron (B), indium (In), 

and gallium (Ga). 

 

A semiconductor that contains acceptor impurity atoms is called a p-type 

semiconductor (positively charged holes created) and has a preponderance of 

holes compared to electrons. 

 

Majority and Minority Carriers :  

The holes are  the majority carriers in p-type material. Although the majority of 

current carriers in p-type material are holes, there are also a few conduction-band 

electrons that are created when electron-hole pairs are thermally generated. These 

conduction-band electrons are not produced by the addition of the trivalent impurity 

atoms. Conduction-band electrons in p-type material are the minority carriers. 
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Electron and hole concentrations 

A fundamental relationship between the electron and hole concentrations in a 

semiconductor in thermal equilibrium is given by :  

          𝑛𝑜 𝑝𝑜 = 𝑛𝑖
2 

• 𝑛𝑜 is the thermal equilibrium concentration of free electrons. 

• 𝑝𝑜 is the thermal equilibrium concentration of holes. 

• 𝑛𝑖 is the intrinsic carrier concentration. 

At room temperature (T = 300 K), each donor atom donates a free electron to the 

semiconductor. If the donor concentration Nd is much larger than the intrinsic 

concentration, we can approximate: 

𝑛𝑜 ≅  𝑁𝑑            ,               𝑁𝑑  is donor concentration 

the hole concentration is: 

 𝑝𝑜 =
𝑛𝑖

2

𝑁𝑑 
 

If the acceptor concentration Na is much larger than the intrinsic concentration, 

we can approximate: 

 

𝑝𝑜 ≅  𝑁𝑎           ,            𝑁𝑎  is acceptor concentration 

 

Then  

𝑛𝑜 =
𝑛𝑖

2

𝑁𝑎 
 

 

 

Thermal equilibrium: the number of carriers in the conduction and valance band 

with no externally applied bias is called the equilibrium carrier concentration. 

(Thermal equilibrium = zero bias voltage) 

 



                                                                                             15                                                                       Dr F.H &   Firas 
 

EXAMPLE: Calculate the thermal equilibrium electron and hole concentrations. 

 

EXERCISE PROBLEM  

(a) Calculate the majority and minority carrier concentrations in silicon at 
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                     N – type                                                                 p – type 

 

 

 

 

 

 

 

 

Nc = ni  exp  
+|𝐸𝑐−𝐸𝑓𝑖|

𝐾𝑇
                                          Na = ni  exp  

+|𝐸𝑓𝑝−𝐸𝑓𝑖|

𝐾𝑇
 

Ni = Nc  exp  
−|𝐸𝑐−𝐸𝑓𝑖|

𝐾𝑇
                                         Nv = Na  exp  

+|𝐸𝑣−𝐸𝑓𝑝|

𝐾𝑇
                            

Nd = Ni  exp  
+|𝐸𝑓𝑛−𝐸𝑓𝑖|

𝐾𝑇
                                      Na = Nv  exp  

−|𝐸𝑣−𝐸𝑓𝑝|

𝐾𝑇
 

Ni = Nd  exp  
−|𝐸𝑓𝑛−𝐸𝑓𝑖|

𝐾𝑇
                                      Nv = Ni  exp  

+|𝐸𝑣−𝐸𝑓𝑖|

𝐾𝑇
 

Nd = Nc  exp  
−|𝐸𝑐−𝐸𝑓𝑛|

𝐾𝑇
                                       Ni = Nv  exp  

−|𝐸𝑣−𝐸𝑓𝑖|

𝐾𝑇
 

 

Nc = Conduction band concentration.             Ec = Energy of Conduction band.  

Ni = Intrinsic Fermi level concentration.       Efi = Energy of  Internist  Fermi level.  

Nd = Donor electron concentration.              Efn = Energy of Donor Fermi level.      

Na = Acceptor  hole concentration.               Efp = Energy of Acceptor Fermi level. 

Nv = Valance band concentration.                Ev = Energy of Valance band. 

K = Boltzmann’s constant                              T = Temperature of semiconductor. 

The Fermi level is the energy at which the probability of occupation by an electron is exactly  

one-half {0.5} (lies midway between the two bands) 
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Drift and Diffusion Currents 

❖ Two types of current exist in the semiconductors : 

1. Drift Current Density 

2. Diffusion Current Density 

Drift Current Density: 

To understand drift, assume an electric field is applied to a semiconductor. An electric 

field E applied in one direction produces a force on the electrons in the opposite 

direction, because of the electrons’ negative charge. The electrons acquire a drift 

velocity 𝑣𝑑𝑛 (in cm/s) which can be written as: 

𝑣𝑑𝑛 = −𝜇𝑛𝐸    drift velocity  

𝜇𝑛: electron mobility   in  cm2/V–s                  (constant) 

The negative sign in Equation indicates that the electron drift velocity is opposite to 

that of the applied electric field. 

The electron drift produces a drift current density Jn (A/cm2) given by: 

 

where n is the electron concentration (#/cm3) and e, is the magnitude of the electronic 

charge. 

The conventional drift current (Jn) is in the opposite direction 

from the flow of negative charge (e- ), which means that the drift current in an                

n-type semiconductor is in the same direction as the applied electric field (E). 

• Similarly    (consider a p-type semiconductor) 

An electric field E applied in one direction produces a force on the holes in the same 

direction, because of the positive charge on the holes.  

 𝑣𝑑𝑝 = +𝜇𝑝𝐸   drift velocity   

 

𝜇𝑝: hole mobility in  cm2/V–s                   

(constant) 
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The positive sign in Equation indicates that the hole drift velocity is in the same 

direction as the applied electric field.  

The hole drift produces a drift current density Jp (A/cm2) given by: 

 

where p is the hole concentration (#/cm3) and e is again the magnitude of the 

electronic charge. 

The conventional drift current (Jp) is in the same direction as the flow of 

positive charge (h+), which means that the drift current in a p-type material is also in 

the same direction as the applied electric field (E) 

        Since a semiconductor contains both electrons and holes, the total drift current 

density is the sum of the electron and hole components. The total drift current density 

is then written as: 

 

Where                  
σ is the conductivity  of the semiconductor in (Ω–cm)-1 

ρ is the resistivity of the semiconductor in (Ω–cm) 

EXERCISE PROBLEM 
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EXAMPLE 
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Diffusion Current Density :  

In the diffusion process, particles flow from a region of high concentration to a region 

of lower concentration. 

               

For example, consider an electron concentration that varies as a function of distance 

x, as shown in Figure (a) .The diffusion of electrons from a high-concentration region 

to a low-concentration region produces a flow of electrons in the negative x direction. 

Since electrons are negatively charged, the conventional current direction is in the 

positive x direction. 

• The diffusion current density due to the diffusion of electrons can be written   as   

(for   one dimension) 

       dn/dx is the gradient of the electron concentration 

 

In Figure (b), the hole concentration is a function of distance. The diffusion 

of holes from a high-concentration region to a low-concentration region produces a 

flow of holes in the negative x direction. (Conventional current is in the direction of 

the flow of positive charge.) 

• The diffusion current density due to the diffusion of holes can be written as                

(for one dimension) 

  

               dp/dx is the gradient of the hole concentration 

 

Dn is the electron diffusion coefficient. 

Dp is the hole diffusion coefficient. 
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EXAMPLE 

 

Or 

 

 

EXERCISE PROBLEM 

 

The mobility values in the drift current equations and the diffusion coefficient 

values in the diffusion current equations are not independent quantities. They are 

related by the Einstein relation, which is: 

                                    

 

At room temperature.  

The total current density is the sum of the drift and diffusion components. Fortunately, 

in most cases only one component dominates the current at any one time in 

a given region of a semiconductor. 
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THE Equilibrium pn JUNCTION  

P and N layers are uniformly doped at acceptor density Na, and donor density Nd, 

respectively. This idealized PN junction is known as a step junction. 

 

The term depletion layer means that the layer is depleted of electrons and holes. 

(No mobile electrons or holes).                                                                                                                                    

 

 

 

 

 

 

Why the n-type material are lower than 

the p-type material ? 

Because: 

The trivalent impurities exert lower forces 

on the outer-shell electrons than the 

pentavalent impurities. 

That is mean: 

The lower forces in p-type materials means 

that the electron orbits have greater energy 

than the electron orbits in the n-type materials. 

 

 

 

 

Depletion region = Space charge 

region 
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                Energy - band diagram of a pn junction in thermal equilibrium 

Vbi = built – in – potential barrier  Or  built-in voltage (volts)   

ɸ𝐹𝑛   = static potential for n type  (volts).        

ɸ𝐹𝑝 = static potential for p type  (volts).   
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Nd = Ni  exp  
+|𝐸𝑓𝑛−𝐸𝑓𝑖|

𝐾𝑇
         ,      𝑒ɸ𝐹𝑛 = 𝐸𝑓𝑖 − 𝐸𝑓𝑛   

Nd = Ni  exp  
−(𝑒ɸ𝐹𝑛)

𝐾𝑇
                 ,       ɸ𝐹𝑛 =  

𝐸𝑓𝑖−𝐸𝑓𝑛  

𝑒
  

𝑁𝑑

𝑁𝑖
 = exp  

−(𝑒ɸ𝐹𝑛)

𝐾𝑇
                      taking the lin of  both sides 

ln 
𝑁𝑑

𝑁𝑖
=  

−(𝑒ɸ𝐹𝑛)

𝐾𝑇
                                                    

⸫ ɸ𝐹𝑛 = −
𝐾𝑇

𝑒
 ln 

𝑁𝑑

𝑁𝑖
                                                

Similarity , in the P – region 

Na = ni  exp  
+|𝐸𝑓𝑖−𝐸𝑓𝑝|

𝐾𝑇
             ,       𝑒ɸ𝐹𝑝 = 𝐸𝑓𝑖 − 𝐸𝑓𝑝 

⸫ ɸ𝐹𝑝 = +
𝐾𝑇

𝑒
 ln 

𝑁𝑎

𝑁𝑖
                       ,        ɸ𝐹𝑝 =  

𝐸𝑓𝑖−𝐸𝑓𝑝  

𝑒
 

Finally , the built – in  potential barrier for the pn junction is formed by : 

                     Vbi = 
𝐾𝑇

𝑒
 ln 

𝑁𝑎𝑁𝑑

𝑁𝑖2  

 𝑤ℎ𝑒𝑟𝑒 
𝐾𝑇

𝑒
 = vt (thermal voltage)    vt = (25 – 26 mV) 

EXAMPLE 
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Electric Field of pn JUNCTION 

An electric field is created in the depletion region by the separation of positive and 

negative space charge densities. 

             

The electric field is determined from Poisson's equation which, for a one dimensional 

analysis, is 

𝑑2ɸ(𝑥)

𝑑𝑥2
=

−𝜌(𝑥)

𝜀𝑠
= −

𝑑𝐸(𝑥)

𝑑𝑥
            

Where ɸ(𝒙) is the electric potential{phi}, E(x) is the electric field , 𝝆(𝒙) is the 

volume charge density{Rho} and 𝜺𝒔 is the permittivity of the semiconductor{Epsilon} 

𝜺𝒔 =  𝜺𝒓 ∗ 𝜺𝒐      𝜺𝒓 =  Relative permittivity or dielectric constant = 11.7  

                            𝜺𝒐 =  Permittivity of free space = 8.85* 10-14  (farad/cm) 

⸫  𝜺𝒔 = (11.7) (8.85* 10-14) = 103.5 (F/cm) 

𝜌(𝑥) = - eNa         ,   -Xp ≤   X  ≤  0 

𝜌(𝑥) = eNd          ,      0  ≤   X   ≤   Xn 

The electric field in the p - region is found by integrating Equation: 

- 𝑑𝐸(𝑥) = - 
𝜌(𝑥)

𝜀𝑠
𝑑𝑥        

∫ 𝑑𝐸(𝑥)  =  ∫
𝜌(𝑥)

𝜀𝑠
𝑑𝑥 
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E(x) = ∫
𝜌(𝑥)

𝜀𝑠
𝑑𝑥 = - ∫

𝑒𝑁𝑎

𝜀𝑠
𝑑𝑥  

⸫ E(x) = 
−𝑒𝑁𝑎

𝜀𝑠
 x + C1                       where C1 is a constant of integration 

At  x = -xp               E(x) = 0 

⸫ 0 = 
−𝑒𝑁𝑎

𝜀𝑠
− 𝑥𝑝 +  C1                                        ⸫ C1 =  

−𝑒𝑁𝑎

𝜀𝑠
𝑥𝑝 

⸫ E = 
−𝑒𝑁𝑎

𝜀𝑠
𝑥 −  

𝑒𝑁𝑎

𝜀𝑠
𝑥𝑝  

The electric field is assumed to be zero in the neutral p region for X < -Xp since the 

currents are zero in thermal equilibrium. 

⸫ E(x) = 
−𝑒𝑁𝑎

𝜀𝑠
 (x + xp)              at   -Xp ≤   X  ≤  0 

In the n region, the electric field is 

E(x) = ∫
𝑒𝑁𝑑

𝜀𝑠
𝑑𝑥    

E(x)  =  
𝑒𝑁𝑑

𝜀𝑠
 x + C2                        where C2 is a constant of integration 

At  x = xn                     E(x) = 0 

⸫ 0 = 
𝑒𝑁𝑑

𝜀𝑠
𝑥𝑛 +  C2                                                 ⸫ C2 =  

−𝑒𝑁𝑑

𝜀𝑠
𝑥𝑛 

The electric field is assumed to be zero in the neutral n region for X > Xn since the 

currents are zero in thermal equilibrium. 

⸫ E(x) = 
−𝑒𝑁𝑑

𝜀𝑠
 (xn - x)                   at   0  ≤   X   ≤   Xn 

or 

⸫ E(x) = 
𝑒𝑁𝑑

𝜀𝑠
 (x - xn)                   at   0  ≤   X   ≤   Xn 
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⸫ Max value of E(x) at x = 0                           

|𝐸𝑚𝑎𝑥 𝑝 | =  |𝐸𝑚𝑎𝑥 𝑛 |                 
−𝑒𝑁𝑎

𝜀𝑠
 xp =  

−𝑒𝑁𝑑

𝜀𝑠
 xn  

                                                             NaXp = NdXn 

❖ That is mean the number of negative charges per unit area in the p-region is equal 

to the number of positive charges per unit area in the n-region. 

❖ An electric field exists in the depletion region even when no voltage is applied 

between the p-and n- regions. 

   

Now another way to determine vbi 

The potential in the junction is found by integrating the electric field. 

 in the p-region.  

𝑑2ɸ

𝑑𝑥2 = −
𝑑𝐸(𝑥)

𝑑𝑥
        ,    𝐸(𝑥) =  −

𝑑ɸ(𝑥)

𝑑𝑥
  

        ∫ 𝑑ɸ(𝑥)  =  − ∫ 𝐸(𝑥)𝑑𝑥   
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ɸ(𝑥) = -∫ 
−𝑒𝑁𝑎

𝜀𝑠
 (x + xp) dx           

ɸ(𝑥) =  
𝑒𝑁𝑎

𝜀𝑠
  ( 

𝑥2

2
 + xp .x) + 𝐶̅1                 where 𝑪̅1 is a constant of integration 

 The potential is assumed to be zero at X = -Xp .               ɸ(𝑥) = 0 

⸫ 0 =   
−𝑒𝑁𝑎

𝜀𝑠
  ( 

𝑥𝑝2

2
 ) + 𝑪̅1                       𝑪̅1  = 

𝑒𝑁𝑎

2𝜀𝑠
   𝑥𝑝2 or  𝑪̅1  = 

𝑒𝑁𝑎

𝜀𝑠
   

𝑥𝑝2

2
  

⸫ ɸ(𝑥) =    
𝑒𝑁𝑎

𝜀𝑠
  ( 

𝑥2

2
 + xp .x) + 

𝑒𝑁𝑎

𝜀𝑠
   

𝑥𝑝2

2
 

    ɸ(𝑥) =    
𝑒𝑁𝑎

𝜀𝑠
 { ( 

𝑥2

2
 + xp .x)  +   

𝑥𝑝2

2
  } * 2 

2ɸ(𝑥) =    
𝑒𝑁𝑎

𝜀𝑠
  {( 𝑥2 + 2xp .x)  +    𝑥𝑝2} 

2ɸ(𝑥) =    
𝑒𝑁𝑎

𝜀𝑠
 ( 𝑥 + 𝑥𝑝)

2
         /2 

ɸ(𝑥) =  
𝑒𝑁𝑎

2𝜀𝑠
( 𝑥 + 𝑥𝑝)2

                                                    -Xp  ≤   X   ≤   0 

In the n region, the potential is 

ɸ(𝑥) = ∫ 
𝑒𝑁𝑑

𝜀𝑠
  (xn - x) dx     

ɸ(𝑥) =  
𝑒𝑁𝑑

𝜀𝑠
  (𝑥𝑛 . 𝑥 −

𝑥2

2
 ) + 𝐶̅2                 where 𝑪̅2 is a constant of integration 

𝑪̅2  = 
𝑒𝑁𝑎

2𝜀𝑠
𝑥𝑝2

 

In the n-region.    The potential is not to be zero at X = Xn 

ɸ(𝑥) =  
𝑒𝑁𝑑

𝜀𝑠
  (𝑥𝑛 . 𝑥 −

𝑥2

2
 ) +  

𝑒𝑁𝑎

2𝜀𝑠
𝑥𝑝2

                      0 ≤   X   ≤   Xn 
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Figure below is a plot of the potential through the junction. The magnitude of the 

potential at X =Xn is equal to the built-in potential barrier. 

 

 

 

 

 

 

         Electric potential through the space charge of a uniformly doped pn junction. 

                         ⸫ 𝑉𝑏𝑖 = |ɸ(𝑋 = 𝑋𝑛)| =  
𝑒

2𝜀𝑠
(𝑁𝑑𝑋2𝑛 + 𝑁𝑎𝑋2𝑝)    -------a 

Space charge width 

We can determine the distance that the space charge region extends into the p and n regions from 

the junction. This distance is known as the space charge width 

 

NaXp = NdXn  

Xp =
𝑁𝑑𝑋𝑛

𝑁𝑎
  − − − −𝑏          substituting  equation b  into equation a and solving for 𝑋𝑛 

𝑉𝑏𝑖 =  
𝑒

2𝜀𝑠
(𝑁𝑑𝑋2𝑛 + 𝑁𝑎

𝑁𝑑2𝑋𝑛2

𝑁𝑎2 )    

𝑉𝑏𝑖 =  
𝑒

2𝜀𝑠
(𝑁𝑑𝑋2𝑛 +

𝑁𝑑2𝑋𝑛2

𝑁𝑎
)  

𝑉𝑏𝑖 =  
𝑒

2𝜀𝑠
{𝑋2𝑛(𝑁𝑑 +

𝑁𝑑2

𝑁𝑎
)}         ,          𝑋2𝑛 (𝑁𝑑 +

𝑁𝑑2

𝑁𝑎
) =

2𝑣𝑏𝑖𝜀𝑠

𝑒
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⸫𝑋2𝑛 =
2𝑣𝑏𝑖𝜀𝑠

𝑒
∗

1

𝑁𝑑 +
𝑁𝑑2

𝑁𝑎

                ,        ⸫𝑋2𝑛 =
2𝑣𝑏𝑖𝜀𝑠

𝑒
∗

𝑁𝑎

𝑁𝑎𝑁𝑑 + 𝑁𝑑2 

  

⸫  𝑋𝑛   = √
2𝑣𝑏𝑖𝜀𝑠

𝑒
∗ 

𝑁𝑎

𝑁𝑑
[

1

𝑁𝑎 + 𝑁𝑑
] 

The width of the depletion region , Xn  extending into the n-type region for the case of 

zero applied voltage.   

Similarly, if we solve for 𝑋𝑝 

⸫  𝑋𝑝   = √
2𝑣𝑏𝑖𝜀𝑠

𝑒
∗ 

𝑁𝑑

𝑁𝑎
[

1

𝑁𝑎 + 𝑁𝑑
] 

The width of the depletion region , Xp  extending into the p-type region for the case of 

zero applied voltage.   

The total depletion or space charge width W is the sum of the two components, or 

W = Xn + Xp 

⸫  𝑊   = √
2𝑣𝑏𝑖𝜀𝑠

𝑒
∗ [

𝑁𝑎 + 𝑁𝑑

𝑁𝑎𝑁𝑑
] 

⸫ Wmax is achieved when Na = Nd 

EXAMPLE 

Calculate the space charge width (W) and electric field (E) in a pn junction. Consider 

a silicon at T = 3000 K with doping of  Na = 1016 cm-3 and  Nd = 1015 cm-3 and            

Xn = 0.864 µm.   

Solution:  

Vbi = 
𝐾𝑇

𝑒
 ln 

𝑁𝑎𝑁𝑑

𝑁𝑖2                

Vbi = (0.0259) ln 
(1016)(1015)

(1.5∗1010)2  

⸫ Vbi = 0.635 volt 
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Reverse -Biased pn Junction 

When a positive voltage is applied to the N region and negative voltage is applied to 

the P region, the PN junction is said to be reverse-biased. 

 

The applied voltage VR induces an applied electric field, EA, in the semiconductor. 

The direction of this applied field is the same as that of the E-field in the space-

charge region. The magnitude of the electric field in the space charge region must 

increase above the thermal-equilibrium value due to the applied voltage.   

 

There is no current across the pn junction. 
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The electric field (EA) originates positive and negative charges; this means that the 

number of positive and negative charges must increase if the electric field increases, 

Then the space charge width (W) increases.  

In the reverse biased the Fermi energy level will not be constant through the system. 

Figure below shows the energy-band diagram of the pn junction  

         

The total potential barrier, indicated by Vtotal has increased. This applied potential is 

the reverse – bias condition. 

Vtotal = |ɸ𝐹𝑛| + |ɸ𝐹𝑝| +VR 

Vtotal  = Vbi + VR 

The total space charge width can he written as: 

⸫  𝑊   = √
2𝜀𝑠(𝑣𝑏𝑖 + 𝑉𝑅)

𝑒
∗ [

𝑁𝑎 + 𝑁𝑑

𝑁𝑎𝑁𝑑
] 

 

Vbias = VR 
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Forward  -Biased pn Junction 

When a positive voltage is applied to the P region and negative voltage is applied to 

the N region, the PN junction is said to be forward-biased. 

 

If a positive voltage VD is applied to the p-region, the potential barrier decreases.  

The applied electric field, EA, induced by the applied voltage is in the opposite 

direction from that of the thermal equilibrium space-charge E-field.   

There are current across the pn junction. 

The total potential barrier, indicated by Vtotal has decreased. This applied potential is 

the forward – bias condition. 

                                             Vtotal = |ɸ𝐹𝑛| + |ɸ𝐹𝑝| –VD 

 

   Vtotal  = Vbi – VD  

 

The total space charge width can he written as: 

⸫  𝑊   = √
2𝜀𝑠(𝑣𝑏𝑖_𝑉𝐷)

𝑒
∗  [

𝑁𝑎 + 𝑁𝑑

𝑁𝑎𝑁𝑑
] 

Vbias = VD 

Vtotal = Vbi - VD 
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EXAMPLE 

Calculate the width of the space charge region in a pn junction when a reverse- 
biased voltage is applied. 

 

Solution: 

Vbi = (0.0259) ln 
(1016)(1015)

(1.5∗1010)2                                     ⸫ Vbi = 0.635 volt 

 

 

 

            Zero bias                                           Reverse Bias                     Forward bias 

 

 

 



                                                                                             35                                                                       Dr F.H &   Firas 
 

Electric Field For Reverse -Biased pn Junction 

The magnitude of the electric field in the depletion region increases with an applied 

reverse-biased voltage.  

 

Since Xn and Xp increase with reverse-biased voltage, the magnitude of the electric 

field also increases. 

The maximum electric field still occurs at X = 0. 

 The electric field is given by Equations : 

  

 

Substitutive on Xn 

 𝐸𝑚𝑎𝑥  = 
−𝑒𝑁𝑑

𝜀𝑠
 ∗ √

2𝜀𝑠(𝑣𝑏𝑖+𝑉𝑅)

𝑒
∗  

𝑁𝑎

𝑁𝑑
[

1

𝑁𝑎+𝑁𝑑
] 

Square both sides 

  𝐸𝑚𝑎𝑥2 =  
𝑒2𝑁𝑑2

𝜀𝑠
2  

2𝜀𝑠(𝑣𝑏𝑖+𝑉𝑅)

𝑒
∗  

𝑁𝑎

𝑁𝑑
[

1

𝑁𝑎+𝑁𝑑
] 

 

We can show that the maximum electric field in the pn junction can also be written as 

 

 



                                                                                             36                                                                       Dr F.H &   Firas 
 

EXAMPLE 

A silicon pn junction at T = 3000 K with Nd = 5*1015cm-3 and Na = 5*1016cm-3 .   

Assume ni = 1.5*1010cm-3. Calculate the reverse-voltage that will produce a 

maximum electric field of |𝐸𝑚𝑎𝑥 | = 1.25*105 V/ cm. 

Solution: 

 

Vbi + VR = 
𝜀𝑠 𝐸𝑚𝑎𝑥2

2𝑒
(

𝑁𝑎+𝑁𝑑

𝑁𝑎𝑁𝑑
) 

                 = 
(11.7 )(8.85∗10−14)(1.25∗105)2

2(1.6∗10−19)
  [

5∗1016+5∗1015 

(5∗1016)(5∗1015)
] = 11.1 V 

The built – in potential barrier ,  Vbi = 
𝐾𝑇

𝑒
 ln 

𝑁𝑎𝑁𝑑

𝑁𝑖2  

Vbi = (0.0259) ln 
(5∗1016)(5∗1015)

(1.5∗1010)2  

Vbi = 0.718 V 

VR = 11.1 – 0.718 = 10.4 V 

Junction Capacitance  For Reverse -Biased pn Junction 

Since we have a separation of positive and negative charges in the depletion region, 

a capacitance is associated with the pn junction. 

An increase in the reverse-biased voltage dVR will 

uncover additional positive charges in the n region 

and additional negative charges in the p region. The 

junction capacitance is defined as: 

 

 

The differential charge dQ  is in units of Coul/cm2 

so that the capacitance C is in the units (F/cm2) 
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EXAMPLE 

To calculate the junction capacitance of a pn junction. Consider 

 

Solution 

 

 

 

 

Another expression for the junction capacitance that is:  

 

 

EXERCISE PROBLEM 
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One-Sided Junctions (Na << Nd) 

Consider a special pn junction called the one-sided junction. for example, Na << Nd 

this junction is referred to as a p+ n junction. ( Xn << Xp) 

 

 
          ⸫𝑋𝑛={

2𝜀𝑠(𝑉𝑏𝑖+𝑉𝑅)

𝑒𝑁𝑑
}

1/2

  

 
 ⸫𝑋𝑝={

2𝜀𝑠(𝑉𝑏𝑖+𝑉𝑅)𝑁𝑑

𝑒𝑁𝑎2 }
1/2

≅ 0
Na      ب رة وهي في    ق م وترب ع  يض           لان    

⸫The total space charge width is : 

                                                       (One-Sided)    Xn << Xp               W≈ 𝑋𝑛                              

 

The junction capacitance of the p+ n junction 

reduces to 

                                                   C/= 
∈𝑠

𝑊
 

The depletion layer capacitance of a one-sided 

junction is a function of the doping concentration 

in  the low-doped region (Nd).  

 The equation of capacitance can be weitten as: 

 

  

   

which shows that the inverse capacitance squared is a linear 

function of applied reverse-biased voltage. 
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EXAMPLE 

Determine the impurity doping (Na and Nd) in a p+ n Si-junction for parameters         

T = 300 0 K , ni = 1.5 * 1010 cm-3 , Vbi = 0.72V and slope = 6.15*1015(F/cm2)-2.V-1 

Solution: 
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Ideal Current–Voltage Relationship 

 

 

 

The parameter IS is the reverse-bias saturation current. For silicon pn junctions, typical 

values of IS are in the range of 10-18 to 10-20 A. 

The actual value depends on the doping concentrations and is also proportional to the cross-

sectional area of the junction. 

VT = 0.026 V at room temperature. 

 

The parameter n is usually called the emission coefficient or ideality factor, and its value is in 

the range 1 ≤ n ≤ 2. 

The emission coefficient n takes into account any recombination of electrons and holes in the 

space-charge region. 

EXAMPLE 
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Semiconductor devices 

1. Microwaves devices 
That works at frequencies band of microwaves (1Ghz to 3000Ghz) (300 to 0.01 cm)  

a. Tunnel diode. 

b. Back –word diode.   

c. IMPATT diode (Impact ionization Avalanche Transition Time). 

d. Baritt Diode. 

e. Gunn Diode. 

2. Photonic devices  

Photonic devices are devices in which the basic particle of light—the photon—
plays a major role  

 

 

a. Light detection devices 

  
 

 
b. Light source devices 
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Tunnel diode 

Definition of tunnel diode: 

•  A Tunnel diode is a heavily doped p-n junction diode in which the electric current 

decreases as the voltage increases and have very narrow depletion region. 

• In tunnel diode, electric current is caused by “Tunneling”. 

• The tunnel diode is used as a very fast switching device in computers. It is also used 

in high-frequency oscillators and amplifiers. 

• Leo Esaki observed that if a semiconductor diode is heavily doped with impurities, it 

will exhibit negative resistance. 

Applications of tunnel diodes: 

1. Tunnel diodes are used as logic memory storage devices. 

2. Tunnel diodes are used in relaxation oscillator circuits. 

3. Tunnel diode is used as an ultra high-speed switch. 

4. Tunnel diodes are used in FM receivers. 

5. Low voltage high frequency switching applications 

Basic of tunnel diode: 

✓ The fermi level is constant throughout the junction. we notice that EFP lies below 

the valence band edge on the p-region and EFN is above the conduction band edge 

on the n-region. 

✓ Thus the bands must overlap on the energy in order for EF to be constant. 

✓ It means that with a small forward or reverse bias, a filled state and empty state 

appear opposite each other, separated by the width of the depletion region. 

 

http://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor-diodes/pnjunctionsemiconductordiode.html
http://www.physics-and-radio-electronics.com/electromagnetics/electrostatics/potential-difference.html
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Basic of tunnel diode:  (Forward bias) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

A. When no voltage is applied to the tunnel 
diode, the conduction band electrons         
at n-side and the valence band holes            
at  p-side are nearly at the same energy 
level. 
But no electrons tunneling from n to p 
region. thus    the net tunneling currents at 
zero applied voltage is zero 

 
B. When a small voltage is applied to the 

tunnel diode which is less than the built-in 
voltage of the depletion layer, no forward 
current flows through the junction. 
However, a small number of electrons in 
the conduction band of the n-region will 
tunnel to the empty states of the valence 
band in p-region. This will create a small 
forward bias tunnel current. Thus, tunnel 
current starts flowing with a small 
application of voltage. 
 

C. If the applied voltage is largely increased, 
the tunneling current drops to zero. At this 
point, the conduction band and valence 
band no longer overlap and the tunnel 
diode operates in the same manner as a 
normal p-n junction diode. 
 

D. If the applied voltage continues to increase 
largely, there are no electrons on the 
n side directly opposite to empty states on 
the p side. 
For this forward- bias voltage, the 
tunneling current will be zero and the 
normal  thermal current will exist in the 
device as shown in the I–V characteristics. 
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Back – word diode 

Definition of back-ward diode: 

• A backward diode is a form of tunnel diode where one side of the junction is less 

heavily doped than the other. 

• This doping profile results in a diode that shares a number of characteristics with 

the tunnel diode, but modifies others. It means that in the reverse direction, the 

tunneling effect means that the diode has a characteristic similar to a normal 

forward biased PN junction diode. 

• In the forward direction the tunneling effect is much reduced and it follows 

virtually the same characteristic as a normal PN junction diode. 

 

Applications of Backward diode: 

1. Detector :   The backward diode provides a linear detection characteristic for small 

signals. Additionally the fact that there is no charge storage in its mode of operation 

means that it can be used for signals with frequencies extending to 50 GHz and more. 

2. Rectifier:   The diode is suitable for rectifying signals with peak voltages 

between about 0.1 and 0.6 volts 

3. Switch:   In view of its speed of operation, the diode is sometimes used for very 

high speed switching applications. It can be used as a switch within an RF mixer or 

multiplier where it provides excellent signal performance at microwave frequencies. 

 

 

 



             /             
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126 Part 1 Semiconductor Devices and Basic Applications

1The capacitance of a parallel plate capacitor, neglecting fringing fields, is C = ε A/d , where A is the area
of one plate, d is the distance between plates, and ε is the permittivity of the medium between the plates.

3.1 MOS FIELD-EFFECT TRANSISTOR

Objective: • Understand the operation and characteristics of the
various types of metal-oxide semiconductor field-effect transistors
(MOSFETs).

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 fabri-
cated. The MOSFET has made possible the handheld calculator, the powerful
personal computer, and the laptop computer. MOSFETs can also be used in analog
circuits, as we will see in the next chapter.

In the MOSFET, the current is controlled by an electric field applied perpendic-
ular to both the semiconductor surface and to the direction of current. The phenome-
non 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. The basic transistor principle is that the voltage between two terminals
controls the current through the third terminal.

In the following two sections, we will discuss the various types of MOSFETs,
develop the i–v characteristics, and then consider the dc biasing of various MOSFET
circuit configurations. After studying these sections, you should be familiar and com-
fortable with the MOSFET and MOSFET circuits.

Two-Terminal MOS Structure

The heart of the MOSFET is the metal-oxide-semiconductor capacitor shown in
Figure 3.l. The metal may be aluminum or some other type of metal. In most 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.

The physics of the MOS structure can be explained with the aid of a simple
parallel-plate capacitor.1 Figure 3.2(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.

A MOS capacitor with a p-type semiconductor substrate is shown in Figure 3.2(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

3.1.1
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p-type h+
E-field

–

+

– –– – ––

V
p-type

–

+

– –– – ––

+ ++ + ++ V

Accumulation

layer of holes

(a) (b) (c)

–

+

– –– – ––

+ ++ + ++

VE-fieldd e

E-field

Figure 3.2 (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

semiconductor, the holes in the p-type semiconductor will experience a force toward
the oxide-semiconductor interface. The equilibrium distribution of charge in the
MOS capacitor with this particular applied voltage is shown in Figure 3.2(c). An accu-
mulation layer of positively charged holes at the oxide-semiconductor interface
corresponds to the positive charge on the bottom “plate” of the MOS capacitor.

Figure 3.3(a) 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 in-
duced 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, because of the fixed acceptor
impurity atoms. The negative charge in the induced depletion region corresponds to
the negative charge on the bottom “plate” of the MOS capacitor. Figure 3.3(b) shows
the equilibrium distribution of charge in the MOS capacitor with this applied voltage.

(a) (b) (c)

p-type

+

–

+  + +  +

V
E-fieldh+
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V

p-type

++++

Induced negative
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+ ++ + ++
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Electron
inversion

xdT
– –– – ––

Figure 3.3 The MOS capacitor with p-type substrate: (a) effect of positive gate bias,
showing the electric field and charge flow, (b) the MOS capacitor with an induced space-
charge region due to a moderate positive gate bias, and (c) the MOS capacitor with an
induced space-charge region and electron inversion layer due to a larger positive gate bias

Semiconductor
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Figure 3.1 The basic MOS capacitor structure
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128 Part 1 Semiconductor Devices and Basic Applications
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Figure 3.4 The MOS capacitor with n-type substrate: (a) effect of a positive gate bias and
the formation of an electron accumulation layer, (b) the MOS capacitor with an induced
space-charge region due to a moderate negative gate bias, and (c) the MOS capacitor with an
induced space-charge region and hole inversion layer due to a larger negative gate bias

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 3.3(c). 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.

The same basic charge distributions can be obtained in a MOS capacitor with
an n-type semiconductor substrate. Figure 3.4(a) shows this MOS capacitor struc-
ture, with a positive voltage applied to the top gate terminal. A positive charge is
created on the top gate and an electric field is induced in the direction shown. In
this situation, an accumulation layer of electrons is induced in the n-type semi-
conductor.

Figure 3.4(b) shows the case when a negative voltage is applied to the gate ter-
minal. A positive space-charge region is induced in the n-type substrate by the
induced electric field. When a larger negative voltage is applied, a region of positive
charge is created at the oxide-semiconductor interface, as shown in Figure 3.4(c).
This region of minority carrier holes is called a hole inversion layer. The magnitude
of the positive charge in the inversion layer is a function of the applied gate voltage.

The term enhancement mode means that a voltage must be applied to the gate
to create an inversion layer. For the MOS capacitor with a p-type substrate, a positive
gate voltage must be applied to create the electron inversion layer; for the MOS
capacitor with an n-type substrate, a negative gate voltage must be applied to create
the hole inversion layer.

n-Channel Enhancement-Mode MOSFET

We will now apply the concepts of an inversion layer charge in a MOS capacitor to
create a transistor.

Transistor Structure
Figure 3.5(a) 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 charge in the inver-
sion layer, also called the channel region, adjacent to the oxide–semiconductor
interface.

3.1.2
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Figure 3.5 (a) Schematic diagram of an n-channel enhancement-mode MOSFET and (b) an
n-channel MOSFET, showing the field oxide and polysilicon gate

The channel length L and channel width W are defined on the figure. The chan-
nel 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 3.5(a) is a simplified sketch of the basic structure of the
transistor. Figure 3.5(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.

Basic Transistor Operation
With zero bias applied to the gate, the source and drain terminals are separated by the
p-region, as shown in Figure 3.6(a). This is equivalent to two back-to-back diodes, as
shown in Figure 3.6(b). The current in this case is essentially zero. If a large enough
positive gate voltage is applied, an electron inversion layer is created at the
oxide–semiconductor interface and this layer “connects” the n-source to the n-drain,

p-type

Gate (G)

Substrate or body (B)

Source (S) Drain (D)

n+n+

L

S D p

Electron

inversion layer

G

Substrate or body (B)

n+n+

S D

– – – – – – –

(a) (b) (c)

Figure 3.6 (a) Cross section of the n-channel MOSFET prior to the formation of an electron
inversion layer, (b) equivalent back-to-back diodes between source and drain when the
transistor is in cutoff, and (c) cross section after the formation of an electron inversion layer
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130 Part 1 Semiconductor Devices and Basic Applications

2The usual notation for threshold voltage is VT . However, since we have defined the thermal voltage as
VT = kT/q , we will use VT N for the threshold voltage of the n-channel device.
3The voltage notation vDS and vGS , with the dual subscript, denotes the voltage between the drain (D) and
source (S) and between the gate (G) and source (S), respectively. Implicit in the notation is that the first
subscript is positive with respect to the second subscript.

as shown in Figure 3.6(c). A current can then be generated between the source and
drain terminals. Since a voltage must be applied to the gate to create the inversion
charge, this transistor is called an enhancement-mode MOSFET. Also, since the
carriers in the inversion layer are electrons, this device is also called an n-channel

MOSFET (NMOS).

The source terminal supplies carriers that flow through the channel, and the
drain terminal allows the carriers to drain from the channel. For the n-channel
MOSFET, electrons flow from the source to the drain with an applied drain-to-source
voltage, which means the conventional current enters the drain and leaves the source.
The magnitude of the current is a function of the amount of charge in the inversion
layer, which in turn is a function of the applied gate voltage. Since the gate terminal
is separated from the channel by an oxide or insulator, there is no gate current.
Similarly, since the channel and substrate are separated by a space-charge region,
there is essentially no current through the substrate.

Ideal MOSFET Current–Voltage 
Characteristics—NMOS Device

The threshold voltage of the n-channel MOSFET, denoted as VT N , is defined2 as the
applied gate voltage needed to create an inversion charge in which the density is
equal to the concentration of majority carriers in the semiconductor substrate. In
simple terms, we can think of the threshold voltage as the gate voltage required to
“turn on” the transistor.

For the n-channel enhancement-mode MOSFET, the threshold voltage is posi-
tive because a positive gate voltage is required to create the inversion charge. If the
gate voltage is less than the threshold voltage, the current in the device is essentially
zero. If the gate voltage is greater than the threshold voltage, a drain-to-source
current is generated as the drain-to-source voltage is applied. The gate and drain
voltages are measured with respect to the source.

Figure 3.7(a) shows an n-channel enhancement-mode MOSFET with the source
and substrate terminals connected to ground. The gate-to-source voltage is less than
the threshold voltage, and there is a small drain-to-source voltage. With this bias
configuration, there is no electron inversion layer, the drain-to-substrate pn junction
is reverse biased, and the drain current is zero (neglecting pn junction leakage
currents).

Figure 3.7(b) shows the same MOSFET with an applied gate voltage greater
than the threshold voltage. In this situation, an electron inversion layer is created and,
when a small drain voltage is applied, electrons in the inversion layer flow from the
source to the positive drain terminal. The conventional current enters the drain
terminal and leaves the source terminal. Note that a positive drain voltage creates a
reverse-biased drain-to-substrate pn junction, so current flows through the channel
region and not through a pn junction.

The iD versus vDS characteristics3 for small values of vDS are shown in Fig-
ure 3.8. When vGS < VT N , the drain current is zero. When vGS is greater than VT N ,

3.1.3
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Chapter 3 The Field-Effect Transistor 131
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Figure 3.7 The n-channel enhancement-mode MOSFET (a) with an applied gate voltage
vGS < VT N , and (b) with an applied gate voltage vGS > VT N
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Figure 3.8 Plot of iD versus
vDS characteristic for small
values of vDS at three vGS

voltages

the channel inversion charge is formed and the drain current increases with vDS .
Then, with a larger gate voltage, a larger inversion charge density is created, and the
drain current is greater for a given value of vDS .

Figure 3.9(a) shows the basic MOS structure for vGS > VT N and a small applied
vDS . In the figure, the thickness of the inversion channel layer qualitatively indicates
the relative charge density, which for this case is essentially constant along the entire
channel length. The corresponding iD versus vDS curve is also shown in the figure.

Figure 3.9(b) shows the situation when vDS increases. As the drain voltage
increases, the voltage drop across the oxide near the drain terminal decreases, which
means that the induced inversion charge density near the drain also decreases. The in-
cremental conductance of the channel at the drain then decreases, which causes the
slope of the iD versus vDS curve to decrease. This effect is shown in the iD versus vDS

curve in the figure.
As vDS increases to the point where the potential difference, vGS − vDS , across

the oxide at the drain terminal is equal to VT N , the induced inversion charge density
at the drain terminal is zero. This effect is shown schematically in Figure 3.9(c). For
this condition, the incremental channel conductance at the drain is zero, which means
that the slope of the iD versus vDS curve is zero. We can write

vGS − vDS(sat) = VT N (3.1(a))

or

vDS(sat) = vGS − VT N (3.1(b))

where vDS(sat) is the drain-to-source voltage that produces zero inversion charge
density at the drain terminal.

When vDS becomes larger than vDS(sat), the point in the channel at which the
inversion charge is just zero moves toward the source terminal. In this case, electrons
enter the channel at the source, travel through the channel toward the drain, and then,
at the point where the charge goes to zero, are injected into the space-charge region,
where they are swept by the E-field to the drain contact. In the ideal MOSFET, the
drain current is constant for vDS > vDS(sat). This region of the iD versus vDS char-
acteristic is referred to as the saturation region, which is shown in Figure 3.9(d).

As the applied gate-to-source voltage changes, the iD versus vDS curve changes.
In Figure 3.8, we saw that the initial slope of iD versus vDS increases as vGS increases.
Also, Equation (3.1(b)) shows that vDS(sat) is a function of vGS . Therefore, we can
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132 Part 1 Semiconductor Devices and Basic Applications

generate the family of curves for this n-channel enhancement mode MOSFET as
shown in Figure 3.10.

Although the derivation of the current–voltage characteristics of the MOSFET
is beyond the scope of this text, we can define the relationships. The region for
which vDS < vDS(sat) is known as the nonsaturation or triode region. The ideal
current–voltage characteristics in this region are described by the equation

iD = Kn
[
2(vGS − VT N )vDS − v2

DS

]
(3.2(a))

(a) (b)

(c) (d)

iD

vDS

iD

vDS

iD

vDSvDS (sat)
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vDSvDS (sat)

Saturation
region
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Channel

inversion

charge

Depletion
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Oxide
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Channel
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Channel
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Figure 3.9 Cross section and iD versus vDS curve for an n-channel enhancement-mode
MOSFET when vGS > VT N for (a) a small vDS value, (b) a larger vDS value but for
vDS < vDS(sat), (c) vDS = vDS (sat), and (d) vDS > vDS (sat)
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Chapter 3 The Field-Effect Transistor 133

vDS

vGS1 > VTN > 0

vGS2 > vGS1

vGS3 > vGS2

vGS4 > vGS3

vGS5 > vGS4

vDS (sat) = vGS – VTN

Saturation region

vDS > vDS (sat)

Nonsaturation

region,

vDS < vDS (sat)

iD

Figure 3.10 Family of iD versus vDS curves for an n-channel enhancement-mode MOSFET.
Note that the vDS(sat) voltage is a single point on each of the curves. This point denotes the
transition between the nonsaturation region and the saturation region

In the saturation region, the ideal current–voltage characteristics for vGS > VT N are
described by the equation

iD = Kn(vGS − VT N )2 (3.2(b))

In the saturation region, since the ideal drain current is independent of the drain-to-
source voltage, the incremental or small-signal resistance is infinite. We see that

r0 = �vDS/�iD|vGS=const. = ∞
The parameter Kn is sometimes called the transconduction parameter for the

n-channel device. However, this term is not to be confused with the small-signal
transconductance parameter introduced in the next chapter. For simplicity, we will
refer to this parameter as the conduction parameter, which for an n-channel device
is given by

Kn = WμnCox

2L
(3.3(a))

where Cox is the oxide capacitance per unit area. The capacitance is given by

Cox = εox/tox

where tox is the oxide thickness and εox is the oxide permittivity. For silicon devices,
εox = (3.9)(8.85 × 10−14) F/cm. The parameter μn is the mobility of the electrons
in the inversion layer. The channel width W and channel length L were shown in
Figure 3.5(a).

As Equation (3.3(a)) indicates, the conduction parameter is a function of both
electrical and geometric parameters. The oxide capacitance and carrier mobility are
essentially constants for a given fabrication technology. However, the geometry, or
width-to-length ratio W/L, is a variable in the design of MOSFETs that is used to
produce specific current–voltage characteristics in MOSFET circuits.

We can rewrite the conduction parameter in the form

Kn = k ′
n

2
· W

L
(3.3(b))

nea80644_ch03_125-204.qxd  06/08/2009  08:37 PM  Page 133 F506 Hard disk:Desktop Folder:MHDQ134-03:

Dr.Faris
Rectangle

Dr.Faris
Pencil

Dr.Faris
Pencil

Dr.Faris
Pencil

Dr.Faris
Pencil

Dr.Faris
Rectangle

Dr.Faris
Line



134 Part 1 Semiconductor Devices and Basic Applications

where k ′
n = μnCox and is called the process conduction parameter. Normally, k ′

n
is considered to be a constant for a given fabrication technology, so Equation
(3.3(b)) indicates that the width-to-length ratio W/L is the transistor design
variable.

EXAMPLE 3.1

Objective: Calculate the current in an n-channel MOSFET.
Consider an n-channel enhancement-mode MOSFET with the following para-

meters: VT N = 0.4 V, W = 20 μm, L = 0.8 μm, μn = 650 cm2/V–s, tox = 200 Å,
and εox = (3.9)(8.85 × 10−14) F/cm. Determine the current when the transistor is bi-
ased in the saturation region for (a) vGS = 0.8 V and (b) vGS = 1.6 V.

Solution: The conduction parameter is determined by Equation (3.3(a)). First,
consider the units involved in this equation, as follows:

Kn =
W (cm) · μn

(
cm2

V–s

)
εox

(
F

cm

)
2L(cm) · tox(cm)

= F

V–s
= (C/V)

V–s
= A

V2

The value of the conduction parameter is therefore

Kn = Wμn εox

2Ltox
= (20 × 10−4)(650)(3.9)(8.85 × 10−14)

2(0.8 × 10−4)(200 × 10−8)

or

Kn = 1.40 mA/V2

From Equation (3.2(b)), we find:

(a) For vGS = 0.8 V,

iD = Kn(vGS − VT N )2 = (1.40)(0.8 − 0.4)2 = 0.224 mA

(b) For vGS = 1.6 V,

iD = (1.40)(1.6 − 0.4)2 = 2.02 mA

Comment: The current capability of a transistor can be increased by increasing the
conduction parameter. For a given fabrication technology, Kn is adjusted by varying
the transistor width W.

EXERCISE PROBLEM

Ex 3.1: An NMOS transistor with VT N = 1 V has a drain current iD = 0.8 mA
when vGS = 3 V and vDS = 4.5 V. Calculate the drain current when: (a) vGS = 2 V,
vDS = 4.5 V; and (b) vGS = 3 V, vDS = 1 V. (Ans. (a) 0.2 mA (b) 0.6 mA)

p-Channel Enhancement-Mode MOSFET

The complementary device of the n-channel enhancement-mode MOSFET is the
p-channel enhancement-mode MOSFET.

3.1.4
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Chapter 3 The Field-Effect Transistor 135
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Figure 3.11 Cross section of p-channel enhancement-mode MOSFET. The device is cut off
for vSG = 0. The dimension W extends into the plane of the page.

4Using a different threshold voltage parameter for a PMOS device compared to the NMOS device is for
clarity only.

Transistor Structure
Figure 3.11 shows a simplified cross section of the p-channel enhancement-
mode transistor. The substrate is now n-type and the source and drain areas are
p-type. The channel length, channel width, and oxide thickness parameter definitions
are the same as those for the NMOS device shown in Figure 3.5(a).

Basic Transistor Operation
The operation of the p-channel device is the same as that of the n-channel device,
except the hole is the charge carrier rather than the electron. A negative gate bias is
required to induce an inversion layer of holes in the channel region directly under the
oxide. The threshold voltage for the p-channel device is denoted as VT P .4 Since the
threshold voltage is defined as the gate voltage required to induce the inversion layer,
then VT P < 0 for the p-channel enhancement-mode device.

Once the inversion layer has been created, the p-type source region is the source
of the charge carrier so that holes flow from the source to the drain. A negative drain
voltage is therefore required to induce an electric field in the channel forcing the
holes to move from the source to the drain. The conventional current direction, then,
for the PMOS transistor is into the source and out of the drain. The conventional
current direction and voltage polarity for the PMOS device are reversed compared to
the NMOS device.

Note in Figure 3.11 the reversal of the voltage subscripts. For vSG > 0, the gate
voltage is negative with respect to that at the source. Similarly, for vSD > 0, the
drain voltage is negative with respect to that at the source.

Ideal MOSFET Current–Voltage
Characteristics—PMOS Device

The ideal current–voltage characteristics of the p-channel enhancement-mode device
are essentially the same as those shown in Figure 3.10, noting that the drain current

3.1.5
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136 Part 1 Semiconductor Devices and Basic Applications

is out of the drain and vDS is replaced by vSD . The saturation point is given by
vSD(sat) = vSG + VT P . For the p-channel device biased in the nonsaturation region,
the current is given by

iD = Kp
[
2(vSG + VT P)vSD − v2

SD

]
(3.4(a))

In the saturation region, the current is given by

iD = Kp(vSG + VT P)2 (3.4(b))

and the drain current exits the drain terminal. The parameter Kp is the conduction
parameter for the p-channel device and is given by

Kp = WμpCox

2L
(3.5(a))

where W, L, and Cox are the channel width, length, and oxide capacitance per unit
area, as previously defined. The parameter μp is the mobility of holes in the hole
inversion layer. In general, the hole inversion layer mobility is less than the electron
inversion layer mobility.

We can also rewrite Equation (3.5(a)) in the form

Kp = k ′
p

2
· W

L
(3.5(b))

where k ′
p = μpCox.

For a p-channel MOSFET biased in the saturation region, we have

vSD > vSD(sat) = vSG + VT P (3.6)

EXAMPLE 3.2

Objective: Determine the source-to-drain voltage required to bias a p-channel
enhancement-mode MOSFET in the saturation region.

Consider an enhancement-mode p-channel MOSFET for which Kp = 0.2mA/V2,
VT P = − 0.50 V, and iD = 0.50 mA.

Solution: In the saturation region, the drain current is given by

iD = Kp(vSG + VT P)2

or

0.50 = 0.2(vSG − 0.50)2

which yields

vSG = 2.08 V

To bias this p-channel MOSFET in the saturation region, the following must apply:

vSD > vSD(sat) = vSG + VT P = 2.08 − 0.5 = 1.58 V

Comment: Biasing a transistor in either the saturation or the nonsaturation region
depends on both the gate-to-source voltage and the drain-to-source voltage.
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Figure 3.12 The n-channel enhancement-mode MOSFET: (a) conventional circuit symbol,
(b) circuit symbol that will be used in this text, and (c) a simplified circuit symbol used in
more advanced texts

EXERCISE PROBLEM

Ex 3.2: A PMOS device with VT P = −1.2 V has a drain current iD = 0.5 mA
when vSG = 3 V and vSD = 5 V. Calculate the drain current when (a) vSG = 2 V,
vSD = 3 V; and (b) vSG = 5 V, vSD = 2 V. (Ans. (a) 0.0986 mA, (b) 1.72 mA)

Circuit Symbols and Conventions

The conventional circuit symbol for the n-channel enhancement-mode MOSFET is
shown in Figure 3.12(a). The vertical solid line denotes the gate electrode, the verti-
cal broken line denotes the channel (the broken line indicates the device is enhance-
ment mode), and the separation between the gate line and channel line denotes the
oxide that insulates the gate from the channel. The polarity of the pn junction
between the substrate and the channel is indicated by the arrowhead on the body or
substrate terminal. The direction of the arrowhead indicates the type of transistor,
which in this case is an n-channel device. This symbol shows the four-terminal struc-
ture of the MOSFET device.

In most applications in this text, we will implicitly assume that the source and
substrate terminals are connected together. Explicitly drawing the substrate terminal
for each transistor in a circuit becomes redundant and makes the circuits appear more
complex. Instead, we will use the circuit symbol for the n-channel MOSFET shown
in Figure 3.12(b). In this symbol, the arrowhead is on the source terminal and it
indicates the direction of current, which for the n-channel device is out of the source.
By including the arrowhead in the symbol, we do not need to explicitly indicate the
source and drain terminals. We will use this circuit symbol throughout the text except
in specific applications.

In more advanced texts and journal articles, the circuit symbol of the n-channel
MOSFET shown in Figure 3.12(c) is generally used. The gate terminal is obvious
and it is implicitly understood that the “top” terminal is the drain and the “bottom”
terminal is the source. The top terminal, in this case the drain, is usually at a more
positive voltage than the bottom terminal. In this introductory text, we will use the
symbol shown in Figure 3.12(b) for clarity.

3.1.6

nea80644_ch03_125-204.qxd  06/08/2009  08:37 PM  Page 137 F506 Hard disk:Desktop Folder:MHDQ134-03:



138 Part 1 Semiconductor Devices and Basic Applications

G
+

–

+

vSD

iD

vSG

G

S

D

(b)

+

–

+

vSD

iD

vSG

G

S

D

(c)

+

–

+

–
– –

vDS

iD

vSG

B

S

D

(a)

Figure 3.13 The p-channel enhancement-mode MOSFET: (a) conventional circuit symbol,
(b) circuit symbol that will be used in this text, and (c) a simplified circuit symbol used in
more advanced texts

The conventional circuit symbol for the p-channel enhancement-mode
MOSFET appears in Figure 3.13(a). Note that the arrowhead direction on the sub-
strate terminal is reversed from that in the n-channel enhancement-mode device.
This circuit symbol again shows the four terminal structure of the MOSFET device.

The circuit symbol for the p-channel enhancement-mode device shown in Fig-
ure 3.13(b) will be used in this text. The arrowhead is on the source terminal indicating
the direction of the current, which for the p-channel device is into the source terminal.

In more advanced texts and journal articles, the circuit symbol of the p-channel
MOSFET shown in Figure 3.13(c) is generally used. Again, the gate terminal is
obvious but includes the O symbol to indicate that this is a PMOS device. It is
implicitly understood that the “top” terminal is the source and the “bottom” terminal
is the drain. The top terminal, in this case the source, is normally at a higher poten-
tial than the bottom terminal. Again, in this text, we will use the symbol shown in
Figure 3.13(b) for clarity.

Additional MOSFET Structures and Circuit Symbols

Before we start analyzing MOSFET circuits, there are two other MOSFET struc-
tures in addition to the n-channel enhancement-mode device and the p-channel
enhancement-mode device that need to be considered.

n-Channel Depletion-Mode MOSFET
Figure 3.14(a) shows the cross section of an n-channel depletion-mode MOSFET.
When zero volts are applied to the gate, an n-channel region or inversion layer exists
under the oxide as a result, for example, of impurities introduced during device
fabrication. Since an n-region connects the n-source and n-drain, a drain-to-source cur-
rent may be generated in the channel even with zero gate voltage. The term depletion

mode means that a channel exists even at zero gate voltage. A negative gate voltage
must be applied to the n-channel depletion-mode MOSFET to turn the device off.

Figure 3.14(b) shows the n-channel depletion mode MOSFET with a negative
applied gate-to-source voltage. A negative gate voltage induces a space-charge
region under the oxide, thereby reducing the thickness of the n-channel region.
The reduced thickness decreases the channel conductance, which in turn reduces
the drain current. When the gate voltage is equal to the threshold voltage, which is

3.1.7
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Figure 3.14 Cross section of an n-channel depletion mode MOSFET for: (a) vGS = 0,
(b) vGS < 0, and (c) vGS > 0

negative for this device, the induced space-charge region extends completely through
the n-channel region, and the current goes to zero. A positive gate voltage creates an
electron accumulation layer, as shown in Figure 3.14(c) which increases the drain
current. The general iD versus vDS family of curves for the n-channel depletion-
mode MOSFET is shown in Figure 3.15.

The current–voltage characteristics defined by Equations (3.2(a)) and (3.2(b))
apply to both enhancement- and depletion-mode n-channel devices. The only
difference is that the threshold voltage VT N is positive for the enhancement-
mode MOSFET and negative for the depletion-mode MOSFET. Even though the
current–voltage characteristics of enhancement- and depletion-mode devices are
described by the same equations, different circuit symbols are used, simply for
purposes of clarity.

The conventional circuit symbol for the n-channel depletion-mode MOSFET is
shown in Figure 3.16(a). The vertical solid line denoting the channel indicates the
device is depletion mode. A comparison of Figures 3.12(a) and 3.16(a) shows that the
only difference between the enhancement- and depletion-mode symbols is the bro-
ken versus the solid line representing the channel.

vDS

VTN < vGS4 < vGS3

vGS3 < 0

vGS = 0

vGS1 > 0

vGS2 > vGS1

vDS (sat) = vGS – VTNiD

Figure 3.15 Family of iD versus vDS curves for an
n-channel depletion-mode MOSFET. Note again that
the vDS (sat) voltage is a single point on each curve.
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Figure 3.16 The n-channel depletion-mode
MOSFET: (a) conventional circuit symbol and
(b) simplified circuit symbol
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Figure 3.17 Cross section of p-channel depletion-mode MOSFET showing the p-channel
under the oxide at zero gate voltage
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Figure 3.18 The p-channel
depletion mode MOSFET:
(a) conventional circuit
symbol and (b) simplified
circuit symbol

n-substrate

p+ p+
n+ n+
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Metal Metal contactPolysilicon gateField oxide

p-well

Figure 3.19 Cross sections of n-channel and p-channel transistors fabricated with a p-well
CMOS technology

A simplified symbol for the n-channel depletion-mode MOSFET is shown in
Figure 3.16(b). The arrowhead is again on the source terminal and indicates the
direction of current, which for the n-channel device is out of the source. The heavy
solid line represents the depletion-mode channel region. Again, using a different
circuit symbol for the depletion-mode device compared to the enhancement-mode
device is simply for clarity in a circuit diagram.

p-Channel Depletion-Mode MOSFET
Figure 3.17 shows the cross section of a p-channel depletion-mode MOSFET, as well
as the biasing configuration and current direction. In the depletion-mode device, a
channel region of holes already exists under the oxide, even with zero gate voltage.
A positive gate voltage is required to turn the device off. Hence the threshold voltage
of a p-channel depletion-mode MOSFET is positive (VT P > 0).

The conventional and simplified circuit symbols for the p-channel depletion-
mode device are shown in Figure 3.18. The heavy solid line in the simplified symbol
represents the channel region and denotes the depletion-mode device. The arrowhead
is again on the source terminal and it indicates the current direction.

Complementary MOSFETs
Complementary MOS (CMOS) technology uses both n-channel and p-channel
devices in the same circuit. Figure 3.19 shows the cross section of n-channel and
p-channel devices fabricated on the same chip. CMOS circuits, in general, are more
complicated to fabricate than circuits using entirely NMOS or PMOS devices. Yet, as
we will see in later chapters, CMOS circuits have great advantages over just NMOS
or PMOS circuits.
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Chapter 3 The Field-Effect Transistor 141

In order to fabricate n-channel and p-channel devices that are electrically equiv-
alent, the magnitude of the threshold voltages must be equal, and the n-channel and
p-channel conduction parameters must be equal. Since, in general, μn , and μp are not
equal, the design of equivalent transistors involves adjusting the width-to-length
ratios of the transistors.

Summary of Transistor Operation

We have presented a first-order model of the operation of the MOS transistor. For an
n-channel enhancement-mode MOSFET, a positive gate-to-source voltage, greater
than the threshold voltage VT N , must be applied to induce an electron inversion layer.
For vGS > VT N , the device is turned on. For an n-channel depletion-mode device, a
channel between the source and drain exists even for vGS = 0. The threshold voltage
is negative, so that a negative value of vGS is required to turn the device off.

For a p-channel device, all voltage polarities and current directions are reversed
compared to the NMOS device. For the p-channel enhancement-mode transistor,
VT P < 0 and for the depletion-mode PMOS transistor, VT P > 0.

Table 3.1 lists the first-order equations that describe the i–v relationships in
MOS devices. We note that Kn and Kp are positive values and that the drain current
iD is positive into the drain for the NMOS device and positive out of the drain for the
PMOS device.

3.1.8

Table 3.1 Summary of the MOSFET current–voltage relationships

NMOS PMOS

Nonsaturation region (vDS < vDS (sat)) Nonsaturation region (vSD < vSD (sat))
iD = Kn[2(vGS − VT N )vDS − v2

DS] iD = Kp[2(vSG + VT P)vSD − v2
SD]

Saturation region (vDS > vDS (sat)) Saturation region (vSD > vSD (sat))
iD = Kn(vGS − VT N )2 iD = Kp(vSG + VT P)2

Transition point Transition point
vDS(sat) = vGS − VT N vSD(sat) = vSG + VT P

Enhancement mode Enhancement mode
VT N > 0 VT P < 0
Depletion mode Depletion mode
VT N < 0 VT P > 0

Short-Channel Effects

The current–voltage relations given by Equations (3.2(a)) and (3.2(b)) for the n-channel
device and Equations (3.4(a)) and (3.4(b)) for the p-channel device are the ideal
relations for long-channel devices. A long-channel device is generally one whose
channel length is greater than 2 μm. In this device, the horizontal electric field in the
channel induced by the drain voltage and the vertical electric field induced by the
gate voltage can be treated independently. However, the channel length of present-
day devices is on the order of 0.2 μm or less.

There are several effects in these short-channel devices that influence and
change the long-channel current–voltage characteristics. One such effect is a variation

3.1.9
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142 Part 1 Semiconductor Devices and Basic Applications

in threshold voltage. The value of threshold voltage is a function of the channel
length. This variation must be considered in the design and fabrication of these
devices. The threshold voltage also becomes a function of the drain voltage. As the
drain voltage increases, the effective threshold voltage decreases. This effect also
influences the current–voltage characteristics.

The process conduction parameters, k ′
n and k ′

p , are directly related to the carrier
mobility. We have assumed that the carrier mobilities and corresponding process
conduction parameters are constant. However, the carrier mobility values are func-
tions of the vertical electric field in the inversion layer. As the gate voltage and verti-
cal electric field increase, the carrier mobility decreases. This result, again, directly
influences the current–voltage characteristics of the device.

Another effect that occurs in short-channel devices is velocity saturation. As the
horizontal electric field increases, the velocity of the carriers reaches a constant value
and will no longer increase with an increase in drain voltage. Velocity saturation will
lower the VDS(sat) voltage value. The drain current will reach its saturation value at
a smaller VDS voltage. The drain current also becomes approximately a linear func-
tion of the gate voltage in the saturation region rather than the quadratic function of
gate voltage in the long-channel characteristics.

Although the analysis of modern MOSFET circuits must take into account these
short-channel effects, we will use the long-channel current–voltage relations in this
introductory text. We will still be able to obtain a good basic understanding of the op-
eration and characteristics of these devices, and we can still obtain a good basic un-
derstanding of the operation and characteristics of MOSFET circuits using the ideal
long-channel current–voltage relations.

Additional Nonideal 
Current–Voltage Characteristics

The five nonideal effects in the current–voltage characteristics of MOS transistors
are: the finite output resistance in the saturation region, the body effect, subthreshold
conduction, breakdown effects, and temperature effects. This section will examine
each of these effects.

Finite Output Resistance
In the ideal case, when a MOSFET is biased in the saturation region, the drain
current iD is independent of drain-to-source voltage vDS. However, in actual
MOSFET iD versus vDS characteristics, a nonzero slope does exist beyond the sat-
uration point. For vDS > vDS(sat), the actual point in the channel at which the in-
version charge goes to zero moves away from the drain terminal (see Figure
3.9(d)). The effective channel length decreases, producing the phenomenon called
channel length modulation.

An exaggerated view of the current–voltage characteristics is shown in Figure 3.20.
The curves can be extrapolated so that they intercept the voltage axis at a point
vDS = −VA . The voltage VA is usually defined as a positive quantity. The slope of the
curve in the saturation region can be described by expressing the iD versus vDS char-
acteristic in the form, for an n-channel device,

iD = Kn[(vGS − VT N )2(1 + λvDS)] (3.7)

where λ is a positive quantity called the channel-length modulation parameter.

3.1.10
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Chapter 3 The Field-Effect Transistor 143

The parameters λ and VA are related. From Equation (3.7), we have
(1 + λ vDS) = 0 at the extrapolated point where iD = 0. At this point, vDS = −VA ,
which means that VA = 1/λ.

The output resistance due to the channel length modulation is defined as

ro =
(

∂iD

∂vDS

)−1
∣∣∣∣∣
vGS=const.

(3.8)

From Equation (3.7), the output resistance, evaluated at the Q-point, is

ro = [λKn(VGSQ − VT N )2]−1 (3.9(a))

or

ro ∼= [λ IDQ]−1 = 1

λ IDQ
= VA

IDQ
(3.9(b))

The output resistance ro is also a factor in the small-signal equivalent circuit of the
MOSFET, which is discussed in the next chapter.

Body Effect
Up to this point, we have assumed that the substrate, or body, is connected to the
source. For this bias condition, the threshold voltage is a constant.

In integrated circuits, however, the substrates of all n-channel MOSFETs are
usually common and are tied to the most negative potential in the circuit. An exam-
ple of two n-channel MOSFETs in series is shown in Figure 3.21. The p-type

iD

vDS0

Slope =
1
ro

–VA = – 
λ
1

Figure 3.20 Family of iD versus vDS curves showing the effect of channel length
modulation producing a finite output resistance

p-substrate

VO VDDVIS1

S2D1 D2

M1

n+ n+ n+

M2

Figure 3.21 Two n-channel MOSFETs fabricated in series in the same substrate. The source
terminal, S2, of the transistor M2 is more than likely not at ground potential.
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144 Part 1 Semiconductor Devices and Basic Applications

substrate is common to the two transistors, and the drain of M1 is common to
the source of M2. When the two transistors are conducting, there is a nonzero drain-
to-source voltage on M1, which means that the source of M2 is not at the same
potential as the substrate. These bias conditions mean that a zero or reverse-bias
voltage exists across the source–substrate pn junction, and a change in the source–
substrate junction voltage changes the threshold voltage. This is called the body

effect. The same situation exists in p-channel devices.
For example, consider the n-channel device shown in Figure 3.22. To maintain a

zero- or reverse-biased source–substrate pn junction, we must have vSB ≥ 0. The
threshold voltage for this condition is given by

VT N = VT N O + γ
[√

2φ f + vSB − √
2φ f

]
(3.10)

where VT N O is the threshold voltage for vSB = 0; γ , called the bulk threshold or
body-effect parameter, is related to device properties, and is typically on the order
of 0.5 V1/2; and φ f is a semiconductor parameter, typically on the order of 0.35 V,
and is a function of the semiconductor doping. We see from Equation (3.10) that the
threshold voltage in n-channel devices increases due to this body effect.

The body effect can cause a degradation in circuit performance because of the
changing threshold voltage. However, we will generally neglect the body effect in
our circuit analyses, for simplicity.

Subthreshold Conduction
If we consider the ideal current-voltage relationship for the n-channel MOSFET
biased in the saturation region, we have, from Equation (3.2(b)),

iD = Kn(vGS − VT N )2

Taking the square root of both sides of the equation, we obtain√
iD =

√
Kn(vGS − VT N ) (3.11)

From Equation (3.11), we see that 
√

id is a linear function of vGS . Figure 3.23 shows
a plot of this ideal relationship.

Also plotted in Figure 3.23 are experimental results, which show that when vGS

is slightly less than VT N , the drain current is not zero, as previously assumed. This
current is called the subthreshold current. The effect may not be significant for a
single device, but if thousands or millions of devices on an integrated circuit are
biased just slightly below the threshold voltage, the power supply current will not
be zero but may contribute to significant power dissipation in the integrated circuit.
One example of this is a dynamic random access memory (DRAM), as we will see in
Chapter 16.

In this text, for simplicity we will not specifically consider the subthreshold
current. However, when a MOSFET in a circuit is to be turned off, the “proper”
design of the circuit must involve biasing the device at least a few tenths of a volt
below the threshold voltage to achieve “true” cutoff.

Breakdown Effects
Several possible breakdown effects may occur in a MOSFET. The drain-to-substrate
pn junction may break down if the applied drain voltage is too high and avalanche
multiplication occurs. This breakdown is the same reverse-biased pn junction break-
down discussed in Chapter 1 in Section 1.2.5.

+

+
–

–

vSBvGS

G
B

D

S

Figure 3.22 An n-channel
enhancement-mode
MOSFET with a substrate
voltage

iD

VTN vGS

Experimental

Ideal

Figure 3.23 Plot of 
√

iD

versus vGS for a MOSFET
biased in the saturation
region showing subthreshold
conduction. Experimentally, a
subthreshold current exists
even for vGS < VT N .
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Chapter 3 The Field-Effect Transistor 145

As the size of the device becomes smaller, another breakdown mechanism,
called punch-through, may become significant. Punch-through occurs when the
drain voltage is large enough for the depletion region around the drain to extend com-
pletely through the channel to the source terminal. This effect also causes the drain
current to increase rapidly with only a small increase in drain voltage.

A third breakdown mechanism is called near-avalanche or snapback break-

down. This breakdown process is due to second-order effects within the MOSFET.
The source-substrate-drain structure is equivalent to that of a bipolar transistor. As
the device size shrinks, we may begin to see a parasitic bipolar transistor action with
increases in the drain voltage. This parasitic action enhances the breakdown effect.

If the electric field in the oxide becomes large enough, breakdown can also occur
in the oxide, which can lead to catastrophic failure. In silicon dioxide, the electric
field at breakdown is on the order of 6 × 106 V/cm, which, to a first approximation,
is given by Eox = VG/tox. A gate voltage of approximately 30 V would produce
breakdown in an oxide with a thickness of tox = 500 Å. However, a safety margin of
a factor of 3 is common, which means that the maximum safe gate voltage for
tox = 500 Å would be 10 V. A safety margin is necessary since there may be defects
in the oxide that lower the breakdown field. We must also keep in mind that the input
impedance at the gate is very high, and a small amount of static charge accumulating
on the gate can cause the breakdown voltage to be exceeded. To prevent the accumu-
lation of static charge on the gate capacitance of a MOSFET, a gate protection
device, such as a reverse-biased diode, is usually included at the input of a MOS
integrated circuit.

Temperature Effects
Both the threshold voltage VT N and conduction parameter Kn are functions of tem-
perature. The magnitude of the threshold voltage decreases with temperature, which
means that the drain current increases with temperature at a given VGS . However, the
conduction parameter is a direct function of the inversion carrier mobility, which de-
creases as the temperature increases. Since the temperature dependence of mobility is
larger than that of the threshold voltage, the net effect of increasing temperature is a de-
crease in drain current at a given VGS . This particular result provides a negative feed-
back condition in power MOSFETs. A decreasing value of Kn inherently limits the
channel current and provides stability for a power MOSFET.

Test Your Understanding

TYU 3.1 (a) An n-channel enhancement-mode MOSFET has a threshold voltage of
VT N = 1.2 V and an applied gate-to-source voltage of vGS = 2 V. Determine the
region of operation when: (i) vDS = 0.4 V; (ii) vDS = 1 V; and (iii) vDS = 5 V.
(b) Repeat part (a) for an n-channel depletion-mode MOSFET with a threshold
voltage of VT N = −1.2 V. (Ans. (a) (i) nonsaturation, (ii) saturation, (iii) saturation;
(b) (i) nonsaturation, (ii) nonsaturation, (iii) saturation)

TYU 3.2 The NMOS devices described in Exercise TYU 3.1 have parameters
W = 20 μm, L = 0.8 μm, tox = 200 Å, μn = 500 cm2/V–s, and λ = 0. (a) Calcu-
late the conduction parameter Kn for each device. (b) Calculate the drain current for
each bias condition listed in Exercise TYU 3.1. (Ans. (a) Kn = 1.08 mA/V2;
(b) iD = 0.518 mA, 0.691 mA, and 0.691 mA; iD = 2.59 mA, 5.83 mA, and 11.1 mA)
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146 Part 1 Semiconductor Devices and Basic Applications

TYU 3.3 (a) A p-channel enhancement-mode MOSFET has a threshold voltage of
VT P = −1.2 V and an applied source-to-gate voltage of vSG = 2 V. Determine
the region of operation when (i) vSD = 0.4 V, (ii) vSD = 1 V, and (iii) vSD = 5 V.
(b) Repeat part (a) for a p-channel depletion-mode MOSFET with a threshold volt-
age of VT P = +1.2 V. (Ans. (a) (i) nonsaturation, (ii) saturation, (iii) saturation;
(b) (i) nonsaturation, (ii) nonsaturation, (iii) saturation)

TYU 3.4 The PMOS devices described in Exercise TYU 3.3 have parameters
W = 10 μm, L = 0.8 μm, tox = 200 Å, μp = 300 cm2/V–s, and λ = 0. (a) Calculate
the conduction parameter Kp for each device. (b) Calculate the drain current for each
bias condition listed in Exercise TYU 3.3. (Ans. (a) Kp = 0.324 mA/V2;
(b) iD = 0.156 mA, 0.207 mA; and 0.207 mA; iD = 0.778 mA, 1.75 mA, and 3.32
mA)

TYU 3.5 The parameters of an NMOS enhancement-mode device are VT N = 0.25 V
and Kn = 10 μ A/V2. The device is biased at vGS = 0.5 V. Calculate the drain current
when (i) vDS = 0.5 V and (ii) vDS = 1.2 V for (a) λ = 0 and (b) λ = 0.03 V−1. (c) Cal-
culate the output resistance ro for parts (a) and (b). (Ans. (a) (i) and (ii) iD = 0.625 μA;
(b) (i) iD = 0.6344 μA, (ii) iD = 0.6475 μA; (c) (i) ro = ∞, (ii) ro = 53.3 M�).

TYU 3.6 An NMOS transistor has parameters VT N O = 0.4 V, γ = 0.15 V1/2, and
φ f = 0.35 V. Calculate the threshold voltage when (a) vSB = 0, (b) vSB = 0.5 V,
and (c) vSB = 1.5 V. (Ans. (a) 0.4 V, (b) 0.439 V, (c) 0.497 V)

3.2 MOSFET DC CIRCUIT ANALYSIS

Objective: • Understand and become familiar with the dc analysis
and design techniques of MOSFET circuits.

In the last section, we considered the basic MOSFET characteristics and properties.
We now start analyzing and designing the dc biasing of MOS transistor circuits.
A primary purpose of the rest of the chapter is to continue to become familiar and
comfortable with the MOS transistor and MOSFET circuits. The dc biasing of
MOSFETs, the focus of this chapter, is an important part of the design of amplifiers.
MOSFET amplifier design is the focus of the next chapter.

In most of the circuits presented in this chapter, resistors are used in conjunction
with the MOS transistors. In a real MOSFET integrated circuit, however, the resistors
are generally replaced by other MOSFETs, so the circuit is composed entirely of MOS
devices. In general, a MOSFET device requires a smaller area than a resistor. As we
go through the chapter, we will begin to see how this is accomplished and as we fin-
ish the text, we will indeed analyze and design circuits containing only MOSFETs.

In the dc analysis of MOSFET circuits, we can use the ideal current–voltage
equations listed in Table 3.l in Section 3.1.

Common-Source Circuit

One of the basic MOSFET circuit configurations is called the common-source

circuit. Figure 3.24 shows one example of this type of circuit using an n-channel

3.2.1
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