
1. Introduction of solid state 

1.1. Elements of solid state physics: 

To understand the operation of many of the semiconductor devices we 

need, at least, an appreciation of the solid state physics of homogeneous 

materials and of the junction between different materials. Accordingly we 

examine now the mechanisms by which current flows in a solid, why 

some materials are good conductors of electricity and other are poor 

conductors, and why the conductivity of a semiconductor varies with 

temperature, exposure to light. One of the physical models which have 

been quite successful in explaining these and related phenomena is the 

energy band model of solids. Before describing this, however we shall 

review some relevant concepts from quantum physics. It is assumed that 

the reader is familiar with much of the basic physics of isolated atoms 

including the description of atomic energy state in terms of four quantum 

numbers and the application of the Pauli Exclusion Principle leading to 

the electron configuration of atoms. 

 



1.2. A reviews some quantum mechanical concepts: 

The energy of a light particle, the photon, can be written as: 

𝐸 = ℎ𝜈 

Where 

𝜈 is the frequency of the wave associated with the photon. When the rest 

mass of the photon is zero its momentum can be written as: 

𝑃 =
ℎ𝜈

𝑐
=

ℎ

𝜆
 

This equation, known the debroglie relation, can be applied quite 

generally to particles such as electrons demonstrated, for example, by 

electron diffraction. 

 



1.3. Energy bands in solids: 

In a solid many atoms are brought together so that the split energy levels 

from a set of bands of very closely spaced levels with forbidden energy 

gaps between them as illustrated in fig (1). The lower energy are 

occupied by completely occupied ((that is full)) are not important, in 

general, in determining the electrical properties of the solid on the other 

hand, the electrons in the higher energy bands of the solid. In particular 

the two highest energy bands called valence and conduction bands are of 

crucial importance in this respect, as is the forbidden energy region 

between them which is reformed to as the energy gap, Eg. In different 

solids the valance band might be completely filled nearly filled or only 

half filled with electrons. While the conduction band is never more than 

slightly filled. The extent to which these bands are occupied and the size 

of the energy gap determines the nature of a given solid. 
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2. Insulators, semiconductors, and conductors 

2.1. Productions of free charge carriers: 

We are now in a position to appreciate the different between insulators 

and conductors. The factor that determines whether a material is one or 

the other is the nature of the bond between constituent atoms. If all the 

electrons of an atom are required in the bond it would appear that none 

are free to participate in conduction and the material should be a perfect 

insulator. The covalent bands described earlier are examples of this. 

However diamond, for example has a covalent bond and a conductivity of 

10
-14

 s/m. at 20
o
c the conductivity of pure silicon is 0.3*10

-3
s/m, and of 

pure germanium 20 s/m. 

Since none of these values is zero, there must therefore be a few electrons 

that can participate in conduction. It is obvious that a covalent bond can 

be broken since one can readily smash a sample of diamond or silicon, for 

example. It requires a certain amount of energy to partially break a bond 

and release an electron, and thus energy is called the ionization energy. If 

the material is heated then the lattice vibrations grow in amplitude and 

eventually sufficient kinetic energy is given to the valance electrons to 

allow some of them to break free. The electrons are then able to wander 

about the lattice of the material and contribute to the conductivity. 

Eventually a free electron will come across another broken bond and be 

captured, i.e. available for conduction. In equilibrium there will be a 

certain number of bonds per unit volume broken per second and the same 

number of broken bonds completed per second. There will beam average 

equilibrium value (ni) of free electrons per unit volume at any given time. 

One might expect to find that ni was greater. 

(a) The greater the temperature, since the lattice vibrational energy 

increases with temperature. 

(b) The smaller the energy required to break a bond i.e. the smaller 

the ionization energy. 

It can be shown from statistical quantum mechanics that ni is given 

approximately by: 

𝑛𝑖 = 2  
2𝜋𝑚𝑘𝑇

ℎ2  

3/2

exp  −
𝑤𝑔

2𝑘𝑇
 ………………………… (1) 

= 5 × 1021𝑇3/2 exp  −
𝑤𝑔

2𝑘𝑇
                    𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 /𝑚3 



Where T is the absolute temperature of the material, wg is the ionization 

energy, k is Boltzmann’s constant, h is Plank’s constant and m is the 

electron mass. It can be seen that (a) and (b) are in accordance with 

equation (1). 

 



2.2. Drift motion of charge carriers in an electric field 

When an electron becomes freed from its bond it can move a bout, 

colliding from time to time with other atoms and eventually recombining 

in another broken bond.fig (2) shows schematically its motion in space 

between being freed and deflecting collision with atom cores. There is no 

tendency for an electron to more in any overall direction, and at any given 

time there are likely to be as many electrons moving to the left say as the 

right. If , however an electronic filed is applied to the material, then 

superimposed on this random motion due to collision there is a net drift 

velocity in the direction of the force on the electrons caused by the 

electric field. This is shown in fig (3). Suppose this drift velocity is 

always small compared to the random velocity of electrons between 

collisions. Let the electric filed by E and the mean time between 

collisions, τ seconds. Then the force on an electron due to the electric 

field is –eE and its acceleration in the direction of the electric field is –e 

E/m, where m is the electron mass. The increase in velocity in the field 

direction between collisions is thus –Eeτ/m. after collision, an electron of 

moves off in a direction completely unrelated to its direction of motion 

before collision, but dependent solely on the geometry of the collision. It 

loses the directed component of velocity –eEτ/m. between collisions the 

direction component of velocity increases uniformly from zero to –eEτ/m 

thus the average drift velocity 𝜐D is given by: 

𝜐𝐷 = −
𝑒𝐸𝜏

𝑚
  ………………………………………… . (2) 

Note that the drift velocity is proportional to the electric field and the 

mean time between collisions. We wish now to calculate the current 

produced by this drift of electrons. Suppose plane of unit area ((dashed 

lines in fig (4))) is imagined normal to the drift velocity, and that the 

number of electrons per second that pass through this plane is counted. 

The number that just passes through in one second must be those 

contained within the volume shown, the last one to passes through the 

surface must have been distant 𝜐D away when counting started. The 

volume is 𝜐D therefore and number of particles passing through the 

surface per second is N 𝜐D where N is the density of free electrons. Each 

electron transports a change –e, so the total charge passing through the 

surface per second is: 

𝐽 = −𝑁𝑒𝜐𝐷 ……………………………………… . . (3) 



Where 𝐽  is the current density. Now ohm’s law states that: 

𝐽 = 𝜎𝐸 ……………………………………………… . . (4) 

Where 𝜎 is the conductivity of the material. Thus from (3) and (4) it can 

be seen that:  

𝜎 =
𝑁𝑒2𝜏

2𝑚
……………………………………………… . .  5  

Thus the conductivity of a material depends on: 

a- the number of electrons free for conduction. 

b- the mean free time between collision. 

Equation (5) gives some insight into the reasons why metals have positive 

temperature coefficients of resistance whilst semiconductor and insulator 

have negative temperature coefficients, for metal N does not vary with 

temperature. It follows that τ decrease with the lattice atoms at higher 

temperature can be explained only by ware mechanics. A practically 

correct explanation, however, is that at higher temperatures the lattice 

atoms are vibrating with large amplitudes of oscillation than at lower 

temperatures and thus present a bigger effective area for collision. Now in 

the case of a semiconductor the free electron density increase very rapidly 

with temperature as predicted by equation (1). The rapid increase in ni 

with temperature completely masks the decrease in τ, thus causing a net 

increase of 𝜎 with temperature. A semiconductor thus has a resistance 

that decrease with increasing temperature. The Joule heating effect that 

occurs in a conductor or semiconductor when current passes is readily 

explained on the above picture. An electron gains kinetic energy from the 

electric field equal to ½ m (eEτ/m)
2
 between collision. On collision it 

gives all this up to the lattice atom it collides with. The electron makes 

1/τ collisions per second, and there are N electrons per unit volume, so 

the total kinetic energy per unit volume per second imparted to the atomic 

lattices by collision is: 

1

2
𝑚(

𝑒𝐸𝜏

𝑚
)2

𝑁

𝜏
=

𝑁𝑒2𝜏

2𝑚
𝐸2                                    𝑤\𝑢𝑛𝑖𝑡 𝑣𝑜𝑙. 

From equation (5) this becomes equal to 𝜎E
2
. This is the usual 

relationship for the Joule heating effect. From equation (2) the drift 

velocity is proportional to the electric field. The constant of 

proportionality or the drift velocity per unit electric field strength is called 

the mobility µ, thus: 

𝜐D = µE  



From equation (2): 

𝜇 = −
𝑒𝜏

2𝑚
 ………………………………………… . (6) 

Later, when considering semiconductor in more detail it will be seen that 

there are charge carrier other than electrons. Suppose a mobile charge 

carrier has a charge q1, mass m1, collision mean free time with the lattice 

τ1, then its mobility µ1 is given by: 

𝜇1 =  
𝑞1𝜏1

2𝑚1
………………………………………… . (7) 

If an electric field E is applied to the material1 then the current density J1 

is given by: 

𝐽1 = 𝑁1𝑞1𝜇1𝐸 …………………………………… (8) 

Where N1 is the number of carrier per unit volume equation (7) is a 

generalization of equation (6) and equation (8) comes from (3) and (6) 

when several different types of charge carrier are present the resultant 

current density J is given by:  

𝐽 = 𝑁1𝑞1𝜇1𝐸 + 𝑁2𝑞2𝜇2𝐸 + ⋯ 

Where the suffixes 1, 2 ... etc, stand for the different groups of particles. 

Such currents are usually called drift currents. 
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2.3. Diffusion of charge carrier: 

A current will exist in a material because of the drift velocity imposed on 

all current carriers by an external electric field if there is an unequal 

concentration of charge carriers with in a material. Let us consider first of 

all an example of this in a gas of neutral particles, e.g. a molecular gas. 

Fig (5) shows a container filled with gas in which the pressure is greater 

to the right than to the left. 
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Suppose that the pressure gradient exists in the x-direction only. Imagine 

a volume of molecules of length 𝛿𝑥  and unit cross sectional area. This is 

shown in fig (5). The force on the left-hand face of the cylinder is P and 

the right-hand faceP +
dp

dx
δx  , where P is the pressure. Thus the overall 

force on the cylinder is  − 
𝑑𝑝

𝑑𝑥
 𝛿𝑥  to the right. If there are N molecules 

per unit volume, than the total number in the cylinder is N𝛿𝑥  . The 

average force per molecules is therefore: 

−
𝑑𝑝
𝑑𝑥

𝛿𝑋

𝑁𝛿𝑥
=

−
𝑑𝑝
𝑑𝑥
𝑁

 

This force also results in a drift velocity 𝜐𝐷. The argument now closely 

parallels the one used for calculating mobility except that the above force 

replaces the electric field force - eE. If τ is the mean time between 

collisions, the drift velocity is found to be:  



𝜐𝐷 = −
𝜏

2𝑚𝑁
 
𝑑𝑝

𝑑𝑥
…………………………………………………… . . (9) 

Now for any gas having N molecules per unit volume at temperature T, 

kinetic theory gives: 

𝑃 = 𝑁𝐾𝑇 

Where k is Boltzmann’s constant. Assuming that the temperature is 

everywhere the same. 

𝑑𝑃 = 𝐾𝑇𝑑𝑁 

Substituting this in equation (9): 

𝜐𝐷 = −
𝜏𝐾𝑇

2𝑚𝑛
 
𝑑𝑁

𝑑𝑥
……………………………………………… . .  10  

This equation is the required diffusion equation and shows that there will 

be a net drift of molecules from regions of high density (and therefore 

pressure) to regions of lower density. The average drift velocity per 

particle is, from equation (10) equal to: 

  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  ∗
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

The constant is called the diffusion constant D. 

D =
𝜏𝐾𝑇

2𝑚
………………………………………………………… .  11  

𝜐𝐷 = −
𝐷

𝑁
 
𝑑𝑁

𝑑𝑥
……………………………………………… . . (12) 

The same effect occurs in any gas where there is a concentration gradient; 

the fact that the particles may be charged does not affect this analysis. 

There is a relation between the mobility of a gas of charged particles and 

the diffusion constant of such a gas since from equation (11) and (7): 

D =
𝜏𝐾𝑇

2𝑚
 

𝜇 =
𝑞𝜏

2𝑚
 



It follows: 

𝐷 =
𝐾𝑇

𝑞
𝜇……………………………………………………… . . (13) 

This equality is known as the Einstein relation. If now the specimen is 

subject to an electric field Ex along the x-axis and there is also a density 

gradient 𝑑𝑁 𝑑𝑥  ,the  resultant current density Jx arising from drift 

current and diffusion current is seen from equation (3) and (12) to be : 

Jx = NqμEx − Dq
dN

dx
………………………………………… (14) 

If 

    Ex =
D

μN
 
dN

dx
………………………………………………………… . . . (15) 

Then Jx =0 

It follows then that a suitable value of electric field can maintain 

concentration gradient of charged particles, i.e. the tendency for particles 

to drift in on direction because of the concentration gradicles can be 

balanced by an applied electric field trying to force the particles to move 

in the opposite direction. This interplay between concentration gradients 

and electric fields is very important to an understanding of transistor and 

diode action. 

 



2.5.1. Intrinsic semiconductor (pure): 

A perfect semiconductor crystal containing no impurities or lattice 

defects is called an intrinsic semiconductor. In such a material there are 

no charge carriers at absolute zero but as the temperature raises electron-

hole pairs are generated in pairs the concentration n of electron in the 

conduction band equals the concentration p of holes in the valance band. 

Thus we have n=p=ni  

Where ni is the intrinsic carrier concentration. The value of ni varies 

exponentially with temperature but even at room temperature it is usually 

not very large. For example, in silicon ni~ 1.6*10
16

 cm
-3

 at room 

temperature, where as there are about 10
28

  free electron per cubic meter 

in a typical metal. As at a given temperature there is a steady state carrier 

concentration, there must be a recombination of electron-holes pairs at 

the same rate as that at which the thermal generation occurs. 

Recombination takes place when an electron in the conduction band 

makes a transition into a vacant state in the valence band. The energy 

released in the recombination, which is about Eg, may be emitted as a 

photon or given up as heat to the crystal lattice in the form of quantized 

lattice vibrations, which are called phonons depending on the nature of 

the recombination mechanism. When a photon is released, the process is 

called radiative recombination. The absence of photon emission indicates 

a nonradiative process in which lattice phonons are created. We may 

distinguish between two types of recombination process which we term 

(band to band) and (defect center) recombination. In the band to band 

process which is shown in fig (6.a) an electron in the conduction band 

makes a transition directly to the valence band to recombine with a hole. 

In the defect center process the recombination takes place via 

recombination centers or traps.  

These are energy levels Er in the forbidden energy gap which are 

associated with defect state caused by the presence of impurities or lattice 

imperfections. Any such defect state can act as a recombination center if 

it is capable of trapping a carrier of one type and subsequently capturing a 

carrier of the opposite type there by enabling them to recombine. The 

precise mechanism of a defect center recombination event depends on the 

nature and energy of the defect state. One such process is illustrated in fig 

(6.b). In the first step (i) an electron is trapped by the recombination 

center, which subsequently captures a hole (ii) when both of these events 



have occurred the net result is the annihilation of an electron-hole pair 

leaving the center ready to participate in another recombination event 

(iii). The energy released in the recombination is given up as heat to the 

lattice. 
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2.5.2. Extrinsic semiconductor (doping): 

 

The number of charge carriers in a semiconductor can be vastly increased 

by introduction appropriate impurities into the crystal lattice. In this 

process, which is called doping a crystal can be altered so that it has a 

predominance of either electrons or holes, that is it can be made either n-

type (where the majority carrier are negative electron and the minority 

carrier are holes) or p-type (where the majority carrier are positive holes) 

in doped semiconductor the carrier concentrations are no longer equal and 

the material is said to be extrinsic. 

2.5.2.1. N-type semiconductor: 

In doping tetravalent element, for example silicon, impurities from 

column of the periodic table such as phosphorus and arsenic or from 

column III such as boron and indium are used to produced n-type and p-

type semiconductor respectively. The reasons for this are as follows. 

When intrinsic silicon is doped with phosphorus for example the 

phosphorus atoms are found to occupy atomic sites normally occupied by 

silicon atoms as shown in fig (7.a). Since the silicon atom are tetravalent 

only four of the five valence atoms of phosphorus are used in forming 

covalent bands leaving one electron is easily freed; that is; it can be easily 

excited into the conduction band. Therefore on the energy band model the 

energy levels for the ((extra)) electron associated with these impurities lie 

at Ed just beneath the conduction band as shown in fig (7.b). Such 

impurities are referred to as donors and the energy levels at Ed as donor 

level since they donate electrons to the conduction band. The energy 

required to excite an electron from the donor levels into the conduction 

band is Ed which equals (Ec-Ed) where Ec is the energy of the bottom of 

the conduction band. 
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If, as frequently the case, we take energy Ev at the top of the valance 

band to be zero than Eg =Ec and then ED equals (Eg-Ed). At absolute zero 

the donor levels are all occupied but, because ED is so small ((about 0.04 

Ev)), even at moderately low temperatures most of the electrons are 

excited into the conduction band there by increasing the free electron 

concentration and conductivity of thee material. We can estimate ED as 

follows. If a phosphorus impurity atom loses its fifth valence electron it is 

left with a net positive charge of +e (the impurity is said to have been 

ionized) it can be imagined, therefore, is bound to its parent atom in a 

situation which is similar to that found in the hydrogen atom, where a 

charge of +e binds an electron to the nucleus. The ionization energy of 

the hydrogen atom is 13.6eV but in the case under discussion there are 

two important differences arising from the fact that the electron moves in 

a solid firstly we must use the effective mass me
* 

rather than the free 

electron mass. Secondly the relative permittivity of the semiconductor 

must be included in the derivation of the electron energy levels in 

hydrogen. This is because the electron orbit is large enough to embrace a 

significant number of silicon atoms so that the electron may be 

considered to be moving in a dielectric medium of relative permittivity𝜀𝑟 . 

Therefore, the excitation energy ED is given by: 

E𝐷 = 13.6 
𝑚𝑒

∗

𝑚
 (

1

𝜀𝑟
)2                                                 𝑒𝑉  

 



2.5.2.2. P-type semiconductor: 

Suppose, on the other hand, that silicon is doped with boron. Again it is 

found that the impurity atoms occupy sites normally occupied by silicon 

atoms as shown in fig(8.a). in this case, however, there is one electron to 

few to complete the covalent bonding. At temperatures above a absolute 

zero an electron from a neighboring silicon atom can move to the valence 

band there by creating an additional hole. For this reason the trivalent 

impurities are referred to as acceptors as then accept electrons excited 

from the valence band. Ti is convenient to regard this situation as a 

negatively ionized acceptor atom with a positive hole orbiting a round it 

analogous to the situation described above. The energy EA, which equals 

Ea-Ev required to (free) the hole from its parent impurity can be 

estimated as above. An average value of the effective mass of holes in 

silicon is 0.33m and, EA=0.032ev.In reality of course EA is the energy 

required to excited an electron from the valence band to the acceptor 

energy levels, which lie just a above the valence band as illustrated in 

fig(8.b). 
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2.4. Hall effect:                             Y 

B (+Z) 2 

I (+X) d 

E (-Y)                                I  

                                                                                      w                     X 

                                                B 1 

                                            Z 

                                                           E 

If a specimen (metal, semiconductor) carrying current I in a transverse 

magnetic (B) field, an electric field is induced (E). (E) is perpendicular to 

both (I, B). In case of n-type semiconductor the current in carried by 

electrons these electrons will be forced down ward to ward terminal 1 and 

terminal 1 becomes negatively charged w.r.t.  terminal 2. In case of 

equilibrium state:  

Fe=Fm 

eE =e𝜐B  

Where 𝜐 drift velocity. 

∵ 𝐸 =
𝑉𝐻
𝑑

 

Where 𝑉𝐻  hall voltage, d distance between terminal 1 & 2. 

Current density (J)             J= ρv  

Where ρ is charge density. 

∴  𝑉𝐻 = 𝐸𝑑 =
𝐵J𝑑

𝜌
 

∴  𝑉𝐻 =
𝐵𝐼

𝜌𝑤
 

Since  

J =
𝐼

A
=

𝐼

𝑤. 𝑑
 

Where w is width of the specimen. In general: 

Hall coefficient: 



𝑅𝐻 =
1

𝜌
 

And conductivity (𝜎): 

∴ 𝜎 = 𝜌𝜇 

And mobility (µ): 

𝜇 = 𝜎𝑅𝐻  

Where: 

𝜌 = 𝑛𝑒                                    𝑓𝑜𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 

𝜌 = 𝑝𝑒                                     𝑓𝑜𝑟 ℎ𝑜𝑙𝑒𝑠 

𝑛 𝑎𝑛𝑑 𝑝 are carrier’s concentration. 

 



3. Semiconductor properties: 

In metal, the current is due to the flow of electrons, whereas the current in 

semiconductor is due to the movement of both -e & hole. Hole is empty 

position of electron which is capable of accepting electron. In addition, 

holes can serve as a carrier of electricity as well as electrons. A 

semiconductor may be doped with impurity atom so that the current id 

due to mainly either to electrons or to holes. The properties of 

semiconductor:  

1- Usually tetra valence; its atoms contains 4(-e) in the outer shell such as 

Si (z=14) & Ge (z=32). 

2- Behave as insulator in very low temperatures (T≈ 0
o
k), and as 

conductor at high temperature (≥ 450 
o
k), and as semiconductor at 

ordinary temperatures (100≤T≤400 
o
k). The temperature coefficient: 

𝛼 =
𝑅2 − 𝑅1
𝑇2 − 𝑇1

 

It is positive in conductors and is negative in semiconductors.  

3- The current in semiconductor is of two types electron & hole current. 

4- The covalent bonds are introduced between the outer electrons of the 

neighboring atoms. 
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3.1. Mobility & conductivity: 

A metal is a region containing an array of ions surrounded by free 

electrons. The free electrons are in a continuous motion, the direction of 

flight being changed at each collision with the ions stationary. The 

average distance between collisions is called (mean free path). Since the 

motion is random so the average current is zero. Before applying the 

electric field E electrons with thermal velocity (~10
5
 m/s). Let a constant 

E applied to a metal, an electrostatic acting on the electron will accelerate 

it to gain a drift velocity 𝜐𝐷𝑑 . Drift velocity is the average velocity 

between collisions and it is opposite in direction to the E. the velocity at a 

time (t) between collisions is (at). Let (τ) is the average time between 

collisions.  

𝜐𝑚𝑎𝑥 = 𝑎𝜏 =
𝑞𝐸

2𝑚
𝜏  

∴ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦  𝜐𝑑 = −
𝑞𝐸

2𝑚
𝜏  

∴ 𝜐𝑑  ∝ 𝐸 ∝ 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒   

The mobility µ is defined as the drift velocity per unit electric field: 

𝜐𝑑= -µE         or         𝜇 =
𝑞𝜏

2𝑚
  

Therefore, when E is applied to a metal a steady state drift velocity has 

been superimpose upon the random thermal velocity of electron to 

constitute a drift current. 

 

 Drift motion of - e under the influence  -e 

   of E.         

 

The current density (J) due to drift can be calculated as follows. Assume 

that N≡ no. of electrons contained in a length (L) of conductor. 

     N  

           A  

 L 

Hence, the no. of -e passing an area in the conductor per unit time is N/T. 

the current is given by:  I =
qN  

T
=

qN  υd

L
 , since υd =

𝐿

𝑇
  

The current density (J) is the current per unit area of the conductor. 

E 

Fe 



𝐽 =
𝐼

𝐴
      (A/m

2
) , A ≡ cross-sectional area of conductor. 

𝐽 =
qN  υd

LA
  , since LA ≡ volume containing electrons. But 𝑛 =

𝑁

𝐿𝐴
 ≡ 

electron concentration (electron/m
3
). 

𝐽 = 𝑞𝑛υd ……………………………………………………………… (1) 

But since  υd =  µE  

∴ 𝐽 = 𝑞𝑛𝜇𝐸 …………………………………………………………… . (2) 

The resistance: 𝑅 = 𝜌
𝐿

𝐴
  , Where ρ is resistivity (Ω.m). 

And the conductivity 𝜎 =
1

𝜌
            𝑅 =

𝐿

𝜎𝐴
  

𝐼 =
𝑉

𝑅
=

𝑉

𝐿 𝜎𝐴 
= 𝜎𝐴

𝑉

𝐿
  Rearrange this equation to get: 

𝐼

𝐴
= 𝜎

𝑉

𝐿
   

𝐽 = 𝜎𝐸 ………………………………………………………………… . . (3) 

Compare equation (2) & (3) to get: 

𝜎 = 𝑞𝑛𝜇 ………………………………………………………………… (4) 

 

 



3. Semiconductor properties: 

In metal, the current is due to the flow of electrons, whereas the current in 

semiconductor is due to the movement of both -e & hole. Hole is empty 

position of electron which is capable of accepting electron. In addition, 

holes can serve as a carrier of electricity as well as electrons. A 

semiconductor may be doped with impurity atom so that the current id 

due to mainly either to electrons or to holes. The properties of 

semiconductor:  

1- Usually tetra valence; its atoms contains 4(-e) in the outer shell such as 

Si (z=14) & Ge (z=32). 

2- Behave as insulator in very low temperatures (T≈ 0
o
k), and as 

conductor at high temperature (≥ 450 
o
k), and as semiconductor at 

ordinary temperatures (100≤T≤400 
o
k). The temperature coefficient: 

𝛼 =
𝑅2 − 𝑅1
𝑇2 − 𝑇1

 

It is positive in conductors and is negative in semiconductors.  

3- The current in semiconductor is of two types electron & hole current. 

4- The covalent bonds are introduced between the outer electrons of the 

neighboring atoms. 

  ρ Conductor (metal) 

 (Ω.m) (ρ   as T  ) 

                      Resistivity  

 

       (ρ   as T   ) 

       Semiconductor 

  T (
O
k) 

 

 



Example: 

Compare the electrical conductivity of copper and intrinsic silicon from 

the following data: for copper a density of 8.93*10
3 

kg.m
-3

 an atomic 

mass number of 63.54. A mean free time between collisions of 2.6*10
-14

 

sec and let m*=m. for intrinsic silicon ni=1.6*10
16

 m
-3

 electron mobility 

of 0.385 m
2
/v.s and hole mobility of 0.048 m

2
/v.s. 

Solution: 

Note: 

𝑎𝑡𝑜𝑚𝑖𝑐 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑎𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑛𝑜.×
𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑎𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡
  

Av.no. = 6.02*10
23

 atom/mole 

Density= gram/mole  

Atomic weight = gram/mole 

N= atomic density * valence electrons    (electron/cm
3
) 

To find 𝜎𝑐𝑜𝑝𝑝𝑒𝑟 : 

𝜎 = 𝑛𝑒𝜇𝑒 = 𝑛𝑒
𝑒𝜏

2𝑚
= 𝑛𝑒

𝑒𝜏

𝑚∗ =
𝑛𝑒2𝜏

𝑚∗ = 𝑛
𝑒2𝜏

𝑚∗  

=
𝐴𝑣.𝑛𝑜.∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑎𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡
∗
𝑒2𝜏

𝑚∗                                

 

=
(6.02 ∗ 1026) (8.93 ∗ 103)

(63.54)
∗
 1.6 ∗ 10−19 2(2.6 ∗ 10−14)

(9.1 ∗ 10−31)
 

= 6.2 ∗ 107 (Ω. 𝑚)−1                                                                        

 

 

To find 𝜎𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐  𝑠𝑖𝑙𝑖𝑐𝑜𝑛  : 

𝜎 = 𝑛𝑒𝜇 =  𝑛𝑒𝜇𝑒 + 𝑝𝑒𝜇𝑝   

∵ 𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑛 = 𝑝 = 𝑛𝑖  

∴ 𝜎 = 𝑛𝑖 𝑒(𝜇𝑒 + 𝜇𝑝) 

       =  1.6 ∗ 1016  1.6 ∗ 10−19 (0.385 + 0.048) 

       = 1.01 ∗ 10−3 (Ω.𝑚)−1 

Example: 

Estimate the energy required to excite electron from the donor levels to 

the conduction band in silicon given that me*=0.26 m and relative 

permittivity is 11.8. 

Solution: 



To find the energy required to excite electron from the donor levels to the 

conduction band ED given by: 

ED = 13.6 
me

∗

m
  

1

εr
 

2 

 

= 13.6 
0.26𝑚

𝑚
  

1

11.8
 

2

  

= 0.025 𝑒𝑣 

Homework: 

At 300k the conductivity of intrinsic silicon is 5*10
-4

(Ω.m)
-1

. If the 

electron and hole mobility’s are 0.14 and 0.05 m
2
/v.s respectively. What 

is the density of electron-hole pairs? If the crystal is doped with 10
22

 m
-3

 

phosphorus atoms calculate the new conductivity respect for the case of 

boron doping at the same impurity level. Assume all of the impurities are 

ionized in both cases.  

 

Ans.  1.64*10
16 

m
-3

 ,224 (Ω.m)
-1

,
 
and 80(Ω.m)

-1
. 
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