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- To determine the heat flow density, (5.37) tells that we must find the average

Charge & Energy Transport 

where e is heat content per electron. This equation has the same form as (5.38) except that, in 

this case, we must include e in the average since e depends on the electron energy. We have 

already solved this problem with (5.60), so in the same way we obtained (5.79) we can simply 

write

where the minus sign indicates that W is opposite in direction to G and thus J for electrons. It 

is now necessary to obtain e in terms of E , so that the average in (5.98) can be determined.

- Since heat is that portion of the total electron energy which can be added or removed in 

disordered form, the heat content of all the electrons in the system is given by the entropy term 

in Euler's equation (4.28). Thus the heat content per electron is
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- From (4.29) for the Helmholtz function,

where E ΄ is the total energy of all the electrons. Using (5.100) in (5.99), we have

the energy per electron, E the chemical potential, μ.

- The heat content per electron is therefore

- Let us now obtain the equations that determine the transport of charge and energy under the 

following conditions. 

- We will assume that the electric and magnetic fields are small and allow for temperature and 

concentration gradients. Also, for simplicity we will assume spherical energy band extrema.

Charge & Energy Transport 
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- From (5.79) and (5.34) the equation for the electron current density is

- Using (5.98), (5.102), and (5.34), the electron heat current density is

where from (5.28),

We will use (5.103), (5.104), and (5.105) to examine various effects that involve the transport 

of charge and energy in semiconductors.

For Small E & B Field with Temp. & Conc. Gardients

Charge & Energy Transport 
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- One of the more important thermal transport parameters is the thermal conductivity. 

- Although in lightly doped semiconductors most of the heat is carried by lattice vibrations or 

phonons, in heavily doped semiconductors a substantial proportion is carried by electrons. 

- The thermal conductivity, κ, is defined as the proportionality factor between the heat current 

density and the temperature gradient,

Thermal Conductivity 

The minus sign is required because the heat flows from higher to lower temperatures. 

- To determine the thermal conductivity, we examine a sample under open-circuit conditions  

(J = 0) with no magnetic field. For small temperature gradients, (5.103) is

and (5.104) is

For Small Temp. Gardients & J = 0
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- Using (5.107) in (5. l05) yields

and the thermal conductivity due to electrons is

- Numerical values for the averages in (5.110) can be obtained with (5.60).

For Small Temp. Gardients & J = 0

Thermal Conductivity 
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High Electric Field Effects

- Up to now we have limited our analysis of transport properties to small electric fields . 

- Under these conditions the energy the carrier distribution gains from the electric field is lost 

to the lattice through collisions with low energy acoustic phonons or impurities. 

- The average energy of the electrons, therefore , remains close to the thermal equilibrium 

value, kT, and the drift velocity of the distribution is linearly related to the electric field. 

-However, because the average electron energy in semiconductors is so small, it is relatively 

easy to obtain significant deviations from this ohmic behavior. 

- For moderate electric fields the collisions with acoustic phonons and impurities, which serve 

to maintain the electron distribution and the lattice at the same temperature , become less

effective and the electrons gain energy from the field faster than they can lose it to the lattice. 

- In this situation, the electron distribution can be characterized by an effective temperature, 

Te , which is "hotter" than the lattice temperature, T. 

- The relationship between the drift velocity and electric field is no longer linear and 

nonohmic electrical behavior is observed.

2

3
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- When the electrons have gained sufficient energy from the field, they can transfer energy to 

the lattice by the generation of high energy optical phonons. 

- Since this process is an efficient energy loss mechanism for the electrons, the drift velocity 

of the distribution reaches a limiting value where it no longer increases with the electric field. 

- This value is referred to as the saturated drift velocity and is obtained for electron energies 

of the order of the optical phonon frequencies given in Table 3.2. 

- Figure 5.7(a) and (b) show experimental drift velocity-electric field characteristics of 

electrons and holes, respectively, for Ge, Si, and GaAs up to the saturated regions. 

High Electric Field Effects
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-As can be seen, all of these characteristics, except for electrons in GaAs, exhibit,

qualitatively, the nonohmic behavior described above. 

- These hot electron effects play an important role in the operation of several semiconductor 

devices.

-If the electric field is increased further in the saturated region, at some point the charge 

carriers will have sufficient energy to generate an electron-hole pair in a collision with the 

lattice. 

- This process is known as impact ionization. When each of these electron-hole pairs creates 

an additional pair by impact ionization, an unstable situation is obtained where, in principle,

the number of charge carriers increases without limit. 

- This situation is referred to as avalanche breakdown and is readily observed in the reverse

bias current-voltage characteristics of p-n junctions.

High Electric Field Effects
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Basic Equations

- The basic equations for semiconductor-device operation describe the static and dynamic

behavior of carriers in semiconductors under external influences, such as applied field or 

optical excitation, that cause deviation from the thermal-equilibrium conditions.

- The basic equations can be classified in three groups; 

(1) electrostatic equations,

(2) current-density equations, and 

(3) continuity equations.
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Electrostatic Equations

- For a one-dimensional problem, this reduces to a more useful form of

(ψi ≡ - E i /q). This is commonly used, for example, to determine the potential and field

distribution caused by a charge density ρ within the depletion layer. 

-The second equation deals with charge density along an interface, instead of bulk charge. The

boundary conditions across an interface of charge sheet Q is given by

- There are two important equations relating charge to electric field (= D / s where D is 

electric displacement). 

- The first is from one of Maxwell equations,

also known as Gauss' law or Poisson equation.
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Current-Density Equations 

- The most-common current conduction consists of the drift component, caused by the electric 

field, and the diffusion component, caused by the carrier-concentration gradient. 

- The current-density equations are:

where Jn and Jp are the electron and hole current densities, 

respectively. 

- For nondegenerate semiconductors the carrier diffusion 

constants (Dn and Dp) and the mobilities are given by the 

Einstein relation [Dn = (kT/q)μn , etc.].

- For a one-dimensional case, above equations reduce to

where EFn and EFp are quasi Fermi levels for electrons and holes, respectively. These 

equations are valid for low electric fields. At sufficiently high fields the term μnE or μpE

should be replaced by the saturation velocity vs (and the last equalities about EFn and EFp do 

not hold any more). These equations do not include the effect from an externally applied 

magnetic field where the magneto-resistive effect reduces the current.

(1)

(2)
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Continuity Equations

- While the above current-density equations are for steady state conditions, the continuity 

equations deal with time-dependent phenomena such as low-level injection, generation and 

recombination. 

- Qualitatively, the net change of carrier concentration is the difference between generation

and recombination, plus the net current flowing in and out of the region of interest.

- The continuity equations are:

where Gn and Gp are the electron and hole generation rate (cm-3-s-1), respectively, caused by 

external influences such as the optical excitation with photons or impact ionization under large 

electric fields . The recombination rates are Un = ∆n /τn and Up = ∆p /τp .

For the one-dimensional case under a low-injection condition, above equations reduce to

(3)

(4)

(5)

(6)
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- In this section, we demonstrate the use of the continuity equations for studying the

time dependence and space dependence of excess carriers. 

- Excess carriers can be created by optical excitation or injection from a nearby junction. 

-In these examples we use optical excitation for simplicity.

In this example the sample thickness is much 

smaller than 1/α, and the space dependence is 

absent here. 

- The boundary conditions are E = ∂E / ∂x = 0 

and ∂pn/ ∂x = 0. We have

Decay of Excess Carriers with Time

- Consider an n-type sample, as shown in the right figure, that is illuminated with light in 

which the electron-hole pairs are generated uniformly throughout the sample with a uniform 

generation rate G. 

- At steady state, ∂pn/ ∂t = 0 and

(7)

(8)

Examples
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If at an arbitrary time, say t = 0, the light is suddenly turned off, the differential equation is

With the boundary conditions pn(t = 0) = pno + 

τp Gp , and pn(∞) = pno , 

the solution is

Left figure shows the variation of pn with time.

The example above presents the main idea of 

the Stevenson-Keyes method for measuring

minority-carrier lifetime.

(c) shows a schematic setup. The excess carriers generated uniformly throughout the sample 

by the light pulses cause a momentary increase in the conductivity and current. 

During the periods when the light pulses are off, the decay of this photoconductivity can be 

observed on an oscilloscope which monitors the voltage drop across a resistor load RL, and is a 

measure of the lifetime.

Decay of Excess Carriers with Time

(9)

(10)
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- Bottom figure shows another simple example where excess carriers are injected from one 

side (e.g., by high-energy photons that create electron-hole pairs at the surface only). Assume 

that hv = 3.5 eV, the absorption coefficient is about 106 cm-1, in other words, the light intensity 

decreases by a factor of e in a distance of 10 nm.

- At steady state there is a concentration gradient near the surface. The differential equation 

for an n-type sample without bias is,

Decay of Excess Carriers with Distance

- The boundary conditions are pn(x = 0) = constant, depending on the injection level, and 

pn(∞) = pno . The solution of  pn(x) is

where the diffusion length is Lp = (Dpτp)
1/2

(11)

(12)
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- The maximum values of Lp and Ln are of the order of 1 cm in silicon, but only of the order of 

10-2 cm in gallium arsenide.

- Of special interest is the case where the second boundary condition is changed so that all 

excess carriers at the back surface (x = W) are extracted or pn(W) = pn0 , then

we obtain a new solution,

Decay of Excess Carriers with Distance

This result is shown in (b).

The current density 

at  x = W is given by

(13)

(14)
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- When localized light pulses generate excess carriers in a semiconductor (Fig. (a)), the 

transport equation after the pulse without bias is given by Eq. (6) by setting 

Gp=E  = ∂E / ∂x = 0:

Decay of Excess Carriers with Time & Distance

(15)

The solution is given by
(16)

where N' is the number of electrons or holes generated initially per unit area. 
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- Figure (b) shows this solution as the carriers diffuse away from the point of injection, and 

they also recombine (area under curve is decreased).

-If an electric field is applied along the sample, the solution is in the same form but with x 

replaced by (x – μpE t) (Fig. (c)); thus the whole package of excess carrier moves toward the 

negative end of the sample with a drift velocity μpE . 

- At the same time, the carriers diffuse outward and recombine as in the field-free case.

Decay of Excess Carriers with Time & Distance

- With known sample

length, applied field, and 

the time delay between the 

applied signals (bias on 

and light off) and the 

detected signal at the 

sample end (both 

displayed on the 

oscilloscope), the drift 

mobility, μ = x/E  t  can be 

calculated.
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- When surface recombination is introduced at one end of a semiconductor sample, the 

boundary condition at x = 0 is governed by

Surface Recombination

Surface recombination at x = 0. The minority-carrier distribution 

near the surface is affected by the surface recombination velocity.

which states that the minority carriers that reach the surface recombine there. The constant Sp

with units cm/s is defined as the surface recombination velocity for holes.

The boundary condition at x = ∞ is 

given by Eq. (8). The differential 

equation, without bias and at steady 

state, is

(17)

(18)
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- The solution of the equation subject to the boundary conditions above is

Surface Recombination

Surface recombination at x = 0. The minority-carrier distribution 

near the surface is affected by the surface recombination velocity.

which is plotted in the figure for a finite Sp. When Sp  0 then pn(x)  pn0 + τpGp , which was 

obtained previously (Eq. (8)). When Sp ∞, then pn(x)  pn0 + τpGp [1 - exp(- x/Lp)], and the 

minority carrier density at the surface approaches its thermal equilibrium value pn0 .

(19)

Analogous to the low-injection bulk-

recombination process, in which the 

reciprocal of the minority-carrier 

lifetime (1/τ) is equal to σpvthN΄st, the 

surface recombination velocity is given 

by
(20)

where N΄st is the number of surface 

trapping centers per unit area at the 

boundary region.


