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- The current density can be determined by

Charge Transport 

where v is the average velocity of the n electrons in the nonequilibrium distribution. 

- In a similar manner the heat flow density can be obtained from

where the heat content per electron and the velocity are averaged over the distribution. 

The problem is to determine how this averaging should be performed.

- For this purpose let us examine the current density for spherical conduction band minima 

in a small electric field. The average velocity is obtained by summing the velocities of all 

the electrons in the distribution and normalizing the result. That is,

where f is given by (5.15). 
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- Inserting (5.15) in (5.38), we have

- The term on the left in the numerator of this equation is an average over the equilibrium

distribution. Since there is no transport of charge in equilibrium, this term is zero.

- The term on the right in the denominator provides for additional nonequilibrium carriers 

over the equilibrium concentration. We will take this term to be zero as well. Equation (5.39) 

is therefore

- For spherical conduction band minima we can replace the integrals over three-dimensional 

velocity space by integrals over energy with relative ease. From (2.109) and (2.118) the 

relationship between E and v is

0

0

Charge Transport 
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and the differential volume in velocity space is

With (5.41) and (5.42) , (5.40) becomes

If we consider an electric field in the x direction, the term

Assuming equipartition of energy, each degree of freedom has the same average kinetic 

energy and

Using (5.44) and (5.45), (5.43) is then

Charge Transport 
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- Defining a drift velocity vd as the average velocity of the carriers over the distribution, and 

introducing the dimensionless variables of (4.65), (5.46) becomes

where

- Equation (5.48) gives the proper form for the averaging procedure over the distribution of 

electrons. 

- By evaluating the average momentum relaxation time in the manner proscribed, we can 

determine the drift velocity from (5.47). 

- Equation (5.47) tells us that for small electric fields, the drift velocity is directly 

proportional to the field. 

- The constant of proportionality is called the conductivity mobility, μc

Charge Transport 
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- Thus (5.47) can be put in the form

where

From (5.36) and (5.47) the current density in the x direction is

Since the constant of proportionality between current density and electric

field is referred to as the conductivity, we have

and

- Thus, for the simple case of a small applied electric field, we can define all the transport 

parameters in terms of the average momentum relaxation time,  τm . Once  τm  has been 

obtained, the transport problem is solved.

For Small Electric Field

Charge Transport 
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- If both electrons and holes are present, the conductivity of the material becomes

Table of 

Bandgaps along with electron and hole 

mobilities in several semiconductors. 

Properties of large bandgap materials (C, 

GaN, SiC) are continuously changing 

(mobility is improving), due to progress in 

crystal growth. Zero temperature bandgap is 

extrapolated.

where μn and μp are the electron and hole mobilities and n and p are their densities.

For Small Electric Field

Charge Transport 
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Schematic view of an electron as it moves under an electric field

Charge Transport 
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Schematic view of an electron as it moves under an electric field

Charge Transport 
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Charge Transport - Examples

Example 1 

The mobility of electrons in pure GaAs at 300 K is 8500 cm2/V·s. Calculate the relaxation 

time. If the GaAs sample is doped at ND = 1017 cm−3, the mobility decreases to 5000 cm2/V·s. 

Calculate the relaxation time due to ionized impurity scattering.
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Charge Transport - Examples

Example 1 

The mobility of electrons in pure GaAs at 300 K is 8500 cm2/V·s. Calculate the relaxation 

time. If the GaAs sample is doped at ND = 1017 cm−3, the mobility decreases to 5000 cm2/V·s. 

Calculate the relaxation time due to ionized impurity scattering.

Solution:

The relaxation time is related to the mobility by

If the ionized impurities are present, the time is

The total scattering rate is the sum of individual scattering rates. Since the scattering rate is 

inverse of scattering time we find that (this is called Mathieson’s rule) the impurity-related 

time τ(imp) 
sc is given by

( μ is 5000 instead of 8500)

which gives
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Example 2 

Consider a semiconductor sample, Si. It is doped n-type at ND = 1017 cm−3. Assume 50 % of 

the donors are ionized at 300 K. Calculate the conductivity of the sample. Compare this 

conductivity to the conductivity of undoped sample.

You may assume the following values:

Charge Transport - Examples
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Example 2 

Consider a semiconductor sample, Si. It is doped n-type at ND = 1017 cm−3. Assume 50 % of 

the donors are ionized at 300 K. Calculate the conductivity of the sample. Compare this 

conductivity to the conductivity of undoped sample.

You may assume the following values:

Solution:

In the doped semiconductors, the electron density is (50 % of 1017 cm−3),

The conductivity is

and hole density can be found from

which is negligible for the conductivity calculation.

For silicon we have

In the case of undoped silicon we get (n = ni = p = 1.5 × 1010 cm−3)

Charge Transport - Examples
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Example 3 

The mobility of electrons in pure silicon at 300 K is 1500 cm2/Vs. 

Calculate the time between scattering events using the conductivity effective mass.

Charge Transport - Examples
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Example 3 

The mobility of electrons in pure silicon at 300 K is 1500 cm2/Vs. 

Calculate the time between scattering events using the conductivity effective mass.

Solution:

The conductivity mass for indirect semiconductors, such as Si, is given by

The scattering time is then

Charge Transport - Examples
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- In general, however, the quantity to be averaged is more complex. For example, to 

determine the energy transport from (5.37), an extra energy term is included in the average. 

- Also, from (5.34) the vector G depends on multiple powers of τm and depends on energy 

through both τm and F . 

- Thus the quantity that must be averaged over the electron distribution in more complex 

transport problems has the form τ s
m x t, where s and t are to be determined. 

- Equation (5.48) shows that the averaging procedure for this quantity is

- Equation (5.54) can be evaluated if we know the dependence of τm on electron energy.

- Let us take the momentum relaxation time as having the form

where τ0 is independent of energy. Equation (5.54) is then

- This equation can be solved by integrating by parts.

Charge Transport 
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- Using (5.59) and (4.67), we obtain

which is the final form for the average.

- To determine transport parameters, we will use expressions of the form  τsm x
t , which can 

then be evaluated with (5.60). As an example, the conductivity mobility in (5.50) and the 

conductivity in (5.52) can be obtained from

when the value of r for the appropriate scattering mechanism is known.

- Let us now look at the transport of electrons in both electric and magnetic fields. Assuming 

no concentration or temperature gradients, (5.34) reduces to

Charge Transport 
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- From (5.47) and (5.48) the drift velocity is

and the current density is given by (5.36). Because of (5.58), it is not necessary to average 

each term of G to obtain the current density. We simply have, by inspection,

where we have introduced the cyclotron frequency

the ohmic term: The factor 1 + (𝜔c τm)2 in the denominator of the average in this term 

reflects the magnetoresistance or reduction in conductivity due to the magnetic field.

reflects the Hall effect; it also has magnetoresistance associated with it.

additional magnetoresistance term

Charge Transport 
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- Let us look at (5.64) for small magnetic fields. Under this condition the second-order terms 

in B, which produce the magnetoresistance, are small and

For Small Electric Field & Magnetic Field

If we take                 , (5 .66) becomes

When Jy = 0, (5.68) gives us

Charge Transport 
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- Using (5.70) in (5.67) and neglecting a second-order term in Bz , we have

For Small E&M Field

-That is, jx and Bz induce a field Ey . This is the Hall effect. 

- These geometric constraints are obtained experimentally by applying a magnetic field in the

z direction, a current in the x direction, and measuring the voltage in the y direction with a 

high-impedance voltmeter, so that the current in the y direction is negligible.

- The Hall constant is defined as

-From (5.72) we can see that the concentration of electrons in the conduction band can be 

obtained from an experimental determination of the Hall constant.

-http://www.youtube.com/watch?v=_ATDraCQtpQ

-http://www.youtube.com/watch?v=AcRCgyComEw

Charge Transport 
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For Small E&M Field

- If the charge carriers are holes in the valence bands, the negative q's in (5.28), (5.34), and 

(5.36) are replaced by positive q's. The resulting Hall constant is

- Thus the sign of the Hall constant (and Hall field) indicates the sign of the charge carriers 

and Hall measurements can be used to distinguish between n- and p-type material. 

- With (5.53) for the conductivity, we can define a Hall mobility as

- This mobility differs from the conductivity mobility μc by the factor

which is referred to as the Hall factor. For a nondegenerate semiconductor; we find, from 

(5.60),

Charge Transport 
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- Let us next examine the flow of charge for small electric fields in the presence of electron 

concentration gradients. 

- We will assume there are no magnetic fields or temperature gradients. 

- Under these conditions the electrothermal field (5.28) for electrons is

For Small Electric Field with Concentration Gardients

and from (5.34),

- Equations (5.36) , (5.47) , and (5.34) tell us that the electron current density is given by

or

Charge Transport 
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- Using (5.50) for the conductivity mobility, (5.80) becomes

For Small Electric Field with Concentration Gardients

where μn indicates conductivity mobility for electrons.

- The chemical potential gradient is

and the electron current density is

drift term : proportional to the electric field

diffusion term : directly related to the concentration gradient

Notice that the electron current density is in the same direction as the concentration gradient, 

which is in the direction of increasing concentration.

Charge Transport 
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- The diffusion component of current is usually obtained from Fick's first law as qDn ∇r n , 

where Dn is the diffusion constant of the electrons. In comparison with (5.87), we find that

For Small Electric Field with Concentration Gardients

- Equation (5 .88) is the Einstein relationship between the diffusion coefficient and the 

conductivity mobility. 

- Although this relationship is easily derived for an equilibrium condition where the total 

current density is zero, the approach we have taken shows that Einstein's relation is also valid 

under nonequilibrium conditions. 

-Following similar arguments for valence band holes , the current density is

where μp is the conductivity mobility for holes. 

- Notice that the diffusion component of hole current is opposite to the direction of the hole 

gradient.

Charge Transport 
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- From Fick's law the diffusion coefficient for holes is also of the form of (5.88). When the 

Fermi energy is in the energy gap at least 4kT removed from either band edge, (5.88) reduces 

to

For Small Electric Field with Concentration Gardients

- The equations we have derived for 

the mobility (5.50),

conductivity (5.52), 

and Hall constant (5 .72) 

are applicable for electrons in spherical conduction band minima. 

- When the electrons transport charge in an ellipsoidal minimum, the situation is somewhat 

more complicated.

Charge Transport 


