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If the Fermi energy changes from near the midgap value, the density of electrons in 
the conduction band and the density of holes in the valence band will change. These 
effects are shown in Figures 4.8 and 4.9. Figure 4.8 shows the case for EF ! EFi and 
Figure 4.9 shows the case for EF " EFi. When EF ! EFi, the electron concentration 
is larger than the hole concentration, and when EF " EFi, the hole concentration is 
larger than the electron concentration. When the density of electrons is greater than the 
density of holes, the semiconductor is n type; donor impurity atoms have been added. 
When the density of holes is greater than the density of electrons, the semiconduc-
tor is p type; acceptor impurity atoms have been added. The Fermi energy level in 
a semiconductor changes as the electron and hole concentrations change and, again, 
the Fermi energy changes as donor or acceptor impurities are added. The change in 
the Fermi level as a function of impurity concentrations is considered in Section 4.6.
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Figure 4.8 | Density of states functions, Fermi–Dirac 
probability function, and areas representing electron 
and hole concentrations for the case when EF is above 
the intrinsic Fermi energy.
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Densidad de estados, función de Fermi y áreas
representando la concentración de electrones y
huecos para el caso en el que la Energía de
Fermi está por encima del nivel intrínseco.
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 The expressions previously derived for the thermal-equilibrium concentration of 
electrons and holes, given by Equations (4.11) and (4.19), are general equations for 
n0 and p0 in terms of the Fermi energy. These equations are again given as

 n0 ! Nc exp  !   "(Ec " EF)
 __ 

kT
   " 

and

 p0 ! Nv exp  !   "(EF " Ev) __ 
kT

   " 
As we just discussed, the Fermi energy may vary through the bandgap energy, which 
will then change the values of n0 and p0.
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Figure 4.9 | Density of states functions, Fermi–Dirac 
probability function, and areas representing electron and 
hole concentrations for the case when EF is below the 
intrinsic Fermi energy.
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Densidad de estados, función de Fermi y áreas
representando la concentración de electrones y
huecos para el caso en el que la Energía de
Fermi está por debajo del nivel intrínseco.
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 We may again note from Equation (4.65) that, for an n-type semiconductor, 
n0 ! ni and EF ! EFi. The Fermi level for an n-type semiconductor is above EFi. For 
a p-type semiconductor, p0 ! ni, and from Equation (4.68) we see that EFi ! EF. 
The Fermi level for a p-type semiconductor is below EFi. These results are shown in 
Figure 4.17.

4.6.2   Variation of EF with Doping Concentration 
and Temperature

We may plot the position of the Fermi energy level as a function of the doping 
concentration. Figure 4.18 shows the Fermi energy level as a function of donor con-
centration (n type) and as a function of acceptor concentration (p type) for silicon at 
T " 300 K. As the doping levels increase, the Fermi energy level moves closer to the 
conduction band for the n-type material and closer to the valence band for the p-type 
material. Keep in mind that the equations for the Fermi energy level that we have 
derived assume that the Boltzmann approximation is valid.

Figure 4.17 | Position of Fermi level for an (a) n-type (Nd ! Na) and (b) p-type (Nd ! Na) 
semiconductor.
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Figure 4.18 | Position of Fermi level as a function of donor 
concentration (n type) and acceptor concentration (p type).
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Posición del nivel de Fermi en función
de la concentración de donores (tipo n)
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point is that, in thermal equilibrium, the Fermi energy level is a constant throughout 
a system. We will not prove this statement, but we can intuitively see its validity by 
considering the following example.
 Suppose we have a particular material, A, whose electrons are distributed in the 
energy states of an allowed band as shown in Figure 4.20a. Most of the energy states 
below EFA contain electrons and most of the energy states above EFA are empty of 
electrons. Consider another material, B, whose electrons are distributed in the energy 
states of an allowed band as shown in Figure 4.20b. The energy states below EFB are 
mostly full and the energy states above EFB are mostly empty. If these two materi-
als are brought into intimate contact, the electrons in the entire system will tend to 
seek the lowest possible energy. Electrons from material A will fl ow into the lower 
energy states of material B, as indicated in Figure 4.20c, until thermal equilibrium is 
reached. Thermal equilibrium occurs when the distribution of electrons, as a function 
of energy, is the same in the two materials. This equilibrium state occurs when the 
Fermi energy is the same in the two materials as shown in Figure 4.20d. The Fermi 
energy, important in the physics of the semiconductor, also provides a good pictorial 
representation of the characteristics of the semiconductor materials and devices.

Figure 4.19 | Position of Fermi level as a function of 
temperature for various doping concentrations. 
(From Sze [14].)
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  TEST YOUR UNDERSTANDING

TYU 4.14  Determine the position of the Fermi level with respect to the valence-band 
energy in p-type GaAs at T ! 300 K. The doping concentrations are 
Na ! 5 " 1016 cm#3 and Nd ! 4 " 1015 cm#3. 

(Ans. EF # Ev ! 0.130 eV)

TYU 4.15  Calculate the position of the Fermi energy level in n-type silicon at T ! 300 K 
with respect to the intrinsic Fermi energy level. The doping concentrations are 
Nd ! 2 " 1017 cm#3 and Na ! 3 " 1016 cm#3. 

(Ans. EF # EFi ! 0.421 eV)
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Figure 4.19 | Position of Fermi level as a function of 
temperature for various doping concentrations. 
(From Sze [14].)
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𝑛 = 	𝑁% exp −
(𝐸%−𝐸,)
𝑘𝑇 = 𝑛0	𝑒𝑥𝑝 −

(𝐸,−𝐸,0)
𝑘𝑇		

			

p	 = 	𝑁4 exp −
(𝐸,−𝐸4)

𝑘𝑇 = 𝑛0	𝑒𝑥𝑝 −
(𝐸,−𝐸,0)

𝑘𝑇 	

	⇒ 𝑛 · 𝑝 = 	𝑛07

En	un	semiconductor	extrínseco	n	≠	p	 pero	en	todo	caso				𝑛 · 𝑝 = 	𝑛07
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 We have argued in our discussion and we may note from the results of Ex-
ample 4.9 that the concentration of electrons in the conduction band increases above 
the intrinsic carrier concentration as we add donor impurity atoms. At the same time, 
the minority carrier hole concentration decreases below the intrinsic carrier concen-
tration as we add donor atoms. We must keep in mind that as we add donor impurity 
atoms and the corresponding donor electrons, there is a redistribution of electrons 
among available energy states. Figure 4.15 shows a schematic of this physical redis-
tribution. A few of the donor electrons will fall into the empty states in the valence 
band and, in doing so, will annihilate some of the intrinsic holes. The minority carrier 
hole concentration will therefore decrease as we have seen in Example 4.9. At the 

■ Comment
In both parts of this example, (Nd ! Na) ≫ ni, so the thermal-equilibrium majority carrier 
electron concentration is essentially equal to the difference between the donor and acceptor 
concentrations. Also, in both cases, the majority carrier electron concentration is orders of 
magnitude larger than the minority carrier hole concentration.

■ EXERCISE PROBLEM
Ex 4.9  Find the thermal-equilibrium electron and hole concentrations in silicon with 

doping concentrations of Na " 7 # 1015 cm!3 and Na " 3 # 1015 cm!3 
for (a) T " 250 K and (b) T " 400 K.

[Ans. (a) n0 " 4 # 1015 cm
!3, p0 " 1.225 cm

!3; (b) n0 " 4 # 1015 cm
!3, p0 " 

1.416 # 109 cm
!3]
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Figure 4.15 | Energy-band diagram showing the 
redistribution of electrons when donors are added.
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Diagrama de bandas de energía
mostrando la redistribución de
electrones cuando se añade un
donor a un semiconductor.
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Using the quadratic formula, the hole concentration is given by

 p0 !   Na " Nd  __ 2   #  !
______________

    "   Na " Nd  __ 2   #  2  #  n i  
2    (4.62)

where the positive sign, again, must be used. Equation (4.62) is used to calculate the 
thermal-equilibrium majority carrier hole concentration in a p-type semiconductor, 
or when Na $ Nd. This equation also applies for Nd ! 0.

EXAMPLE 4.11 Objective: Calculate the thermal-equilibrium electron and hole concentrations in a 
compensated p-type semiconductor.
 Consider a silicon semiconductor at T ! 300 K in which Na ! 1016 cm"3 and Nd ! 3 % 
1015 cm"3. Assume ni ! 1.5 % 1010 cm"3.

■ Solution
Since Na $ Nd, the compensated semiconductor is p-type and the thermal-equilibrium majority 
carrier hole concentration is given by Equation (4.62) as

 p0 !   1016 " 3 % 1015
  ___ 2   #  !

_____________________________

     "   1016 " 3 % 1015
  ___ 2   #  2  # (1.5 % 1010)2  

so that

 p0 $ 7 % 1015 cm"3

The minority carrier electron concentration is

 n0 !   
 n i  

2 
 _ p0
   !   

(1.5 % 1010)2 
  ___ 

7 % 1015   ! 3.21 % 104 cm"3

■ Comment
If we assume complete ionization and if (Na " Nd) ≫ ni, then the majority carrier hole concen-
tration is, to a very good approximation, just the difference between the acceptor and donor 
concentrations.

Figure 4.16 | Electron concentration versus temperature showing 
the three regions: partial ionization, extrinsic, and intrinsic.
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are mostly fi lled with electrons and the energy states above EF are mostly empty. In 
the degenerate n-type semiconductor, the states between EF and Ec are mostly fi lled 
with electrons; thus, the electron concentration in the conduction band is very large. 
Similarly, in the degenerate p-type semiconductor, the energy states between Ev and 
EF are mostly empty; thus, the hole concentration in the valence band is very large.

4.4 | STATISTICS OF DONORS AND ACCEPTORS
In the previous chapter, we discussed the Fermi–Dirac distribution function, which 
gives the probability that a particular energy state will be occupied by an electron. 
We need to reconsider this function and apply the probability statistics to the donor 
and acceptor energy states.

4.4.1   Probability Function

One postulate used in the derivation of the Fermi–Dirac probability function was 
the Pauli exclusion principle, which states that only one particle is permitted in each 
quantum state. The Pauli exclusion principle also applies to the donor and acceptor 
states.
 Suppose we have Ni electrons and gi quantum states, where the subscript i in-
dicates the ith energy level. There are gi ways of choosing where to put the fi rst 
particle. Each donor level has two possible spin orientations for the donor electron; 
thus, each donor level has two quantum states. The insertion of an electron into one 
quantum state, however, precludes putting an electron into the second quantum state. 
By adding one electron, the vacancy requirement of the atom is satisfi ed, and the 
addition of a second electron in the donor level is not possible. The distribution func-
tion of donor electrons in the donor energy states is then slightly different than the 
Fermi–Dirac function.
 The probability function of electrons occupying the donor state is

 nd !   
 N d  ____  

1 "   1 _ 2   exp  !   Ed #  E F 
 __ 

kT
   " 

    (4.50)
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Figure 4.11 | Simplifi ed energy-band diagrams for degenerately doped (a) n-type and 
(b) p-type semiconductors.
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Diagramas	de	bandas	simplificados	para	(a)	semiconductor	tipo	n	degenerado	y	(b)	
semiconductor	tipo	p	degenerado	

Si la concentración de impurezas es muy alta, la distancia entre ellas decrece hasta tal punto que
interaccionan entre ellas. Cuando esto ocurre los niveles discretos de las impurezas comienzan a
solaparse y formar una banda de energía. El desdoblamiento de estos niveles formando una banda
puede llegar a alcanzar la banda de conducción (tipo n) o de valencia (tipo p). Cuando la
concentración de portadores excede la densidad de estados (NC o NV ) el nivel de Fermi se sitúa
dentro de la banda de conducción ( o valencia) y hablamos de un semiconductor degenerado.
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4.5.2  Equilibrium Electron and Hole Concentrations

Figure 4.14 shows the energy-band diagram of a semiconductor when both donor 
and acceptor impurity atoms are added to the same region to form a compensated 
semiconductor. The fi gure shows how the electrons and holes can be distributed 
among the various states.
 The charge neutrality condition is expressed by equating the density of negative 
charges to the density of positive charges. We then have

 n0 !  N  a  
"  # p0 !  N  d  

!  (4.56)

or

 n0 ! (Na " pa) # p0 ! (Nd " nd) (4.57)

where n0 and p0 are the thermal-equilibrium concentrations of electrons and holes in 
the conduction band and valence band, respectively. The parameter nd is the concen-
tration of electrons in the donor energy states, so  N  d  

!  # Nd " nd is the concentration 
of positively charged donor states. Similarly, pa is the concentration of holes in the 
acceptor states, so  N   a  

"  # Na " pa is the concentration of negatively charged acceptor 
states. We have expressions for n0, p0, nd, and pa in terms of the Fermi energy and 
temperature.
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Figure 4.14 | Energy-band diagram of a compensated 
semiconductor showing ionized and un-ionized donors 
and acceptors.
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Diagrama de bandas de energía de un
semiconductor compensado mostrando
donores y aceptores ionizados y no
ionizados.
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Densidad	de	corriente
Un campo eléctrico aplicado a un semiconductor produce una fuerza sobre los
portadores de carga causándoles una aceleración. Este movimiento de carga debido a
un campo eléctrico se llama densidad de corriente de deriva (”drift current density”)

𝐽:;0<= = 	𝜌𝑣: 				@
𝜌 = 𝐷𝑒𝑛𝑠𝑖𝑑𝑎𝑑	𝑑𝑒	𝑐𝑜𝑟𝑟𝑖𝑒𝑛𝑡𝑒
𝑣: = 𝑣𝑒𝑙𝑜𝑐𝑖𝑑𝑎𝑑	𝑑𝑒𝑟𝑖𝑣𝑎

Si la velocidad de deriva es causada por un campo eléctrico:

𝑣: = 	𝜇LM;=N:M;OP	𝐸

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑒𝑠	 → 𝐽:;0<= = −𝑒𝑛𝑣: = −𝑒𝑛 −𝜇R𝐸 = 𝑒𝑛𝜇R𝐸
ℎ𝑢𝑒𝑐𝑜𝑠	 → 𝐽:;0<= = 𝑒𝑝𝑣: = 𝑒𝑝 𝜇L𝐸 = 𝑒𝑝𝜇L𝐸

		U ⇒ 𝐽:;0<= = 𝑒(𝑛𝜇R + 𝑝𝜇L)𝐸
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the drift velocity versus electric fi eld curve is the mobility. The behavior of the drift 
velocity of carriers at high electric fi elds deviates substantially from the linear rela-
tionship observed at low fi elds. The drift velocity of electrons in silicon, for example, 
saturates at approximately 107 cm /s at an electric fi eld of approximately 30 kV/cm. 
If the drift velocity of a charge carrier saturates, then the drift current density also 
saturates and becomes independent of the applied electric fi eld.
 The experimental carrier drift velocity versus electric fi eld in silicon can be 
 approximated for electrons by [2]

 vn !   vs  ___  
  ! 1 "   "   Eon  _ E   #  2  $  1%2

 
   (5.27a)

and for holes by

 vp !   vs  __ 

 ! 1 "  "   Eop  _ E   #  $ 
   (5.27b)

The variables are vs ! 107 cm/s at T ! 300 K, Eo n ! 7 # 103 V/cm, and Eo p ! 
2 # 104 V/cm.
 We may note that for small electric fi elds, the drift velocities reduce to

 vn &  "   E _ Eo n

   #  $ vs (5.28a)

and

 vp &  "   E _ Eo p
    #  $ vs (5.28b)
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Figure 5.7 | Carrier drift velocity versus electric fi eld for 
high-purity silicon, germanium, and gallium arsenide. 
(From Sze [14].)

nea29583_ch05_156-191.indd   170nea29583_ch05_156-191.indd   170 12/11/10   10:15 AM12/11/10   10:15 AM

Densidad	de	corriente

Velocidad de deriva de portadores en función del campo eléctrico para silicio
alta pureza, germanio y arseniuro de galio.
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Densidad	de	corriente
También puede existir una corriente eléctrica por la existencia de un gradiente de
concentración de portadores.
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distance an electron travels between collisions (l ! vth !cn), then on the average, electrons 
moving to the right at x " #l and electrons moving to the left at x " $l will cross the 
x " 0 plane. One half of the electrons at x " #l will be traveling to the right at any instant 
of time and one half of the electrons at x " $l will be traveling to the left at any given 
time. The net rate of electron fl ow, Fn, in the $x  direction at x " 0 is given by

 Fn "   1 _ 2   n(#l)vth #   1 _ 2   n($l )vth "   1 _ 2   vth[n(#l ) # n($l )] (5.29)

 If we expand the electron concentration in a Taylor series about x " 0 keeping 
only the fi rst two terms, then we can write Equation (5.29) as

 Fn "   1 _ 2   vth  !  " n(0) # l   dn _ 
dx

   #  #  " n(0) $ l   dn _ 
dx

   #  $  (5.30)

which becomes

 Fn " #vth l   dn _ 
dx

   (5.31)

Each electron has a charge (#e), so the current is

 J " #eFn " $evth l   dn _ 
dx

   (5.32)

The current described by Equation (5.32) is the electron diffusion current and is pro-
portional to the spatial derivative, or density gradient, of the electron concentration.
 The diffusion of electrons from a region of high concentration to a region of low 
concentration produces a fl ux of electrons fl owing in the negative x direction for this 
example. Since electrons have a negative charge, the conventional current direction 
is in the positive x direction. Figure 5.11a shows these one-dimensional fl ux and 

n(#l)

n($l)

n(0)

x " #l x " $lx " 0 x

n(
x)

Figure 5.10 | Electron concentration versus distance.
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Concentración de portadores vs.
Distancia.Hemos de suponer que l
es menor que el recorrido libre
medio

El	flujo	neto	de	portadores	a	través	de	x=0	será:

𝐹R = −𝑣=X	𝑙	
𝑑𝑛
𝑑𝑥 	⇒ 	 𝐽Y0<< = −𝑒𝐹R = 𝑒𝐷R

𝑑𝑛
𝑑𝑥	

Donde	Dn se	denomina	Coeficiente	de	Difusión

𝐷R = 𝑙𝑣=X

𝐽Y0<< = 𝑒𝐷R
𝑑𝑛
𝑑𝑥 					𝑝𝑎𝑟𝑎	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑒𝑠

𝐽Y0<< = −𝑒𝐷L
𝑑𝑝
𝑑𝑥 					𝑝𝑎𝑟𝑎	ℎ𝑢𝑒𝑐𝑜𝑠
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Densidad	de	corriente
La corriente total será la suma total de cada una de las corrientes atendiendo al signo
correspondiente.174 CHAPTER 5   Carrier Transport Phenomena
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Figure 5.11 | (a) Diffusion of electrons due to a density 
gradient. (b) Diffusion of holes due to a density gradient.

current directions. We may write the electron diffusion current density for this one- 
dimensional case, in the form

 Jnx!dif ! eDn   dn _ dx   (5.33)

where Dn is called the electron diffusion coeffi cient, has units of cm2/s, and is a posi-
tive quantity. If the electron density gradient becomes negative, the electron diffu-
sion current density will be in the negative x direction.
 Figure 5.11b shows an example of a hole concentration as a function of distance 
in a semiconductor. The diffusion of holes, from a region of high concentration to 
a region of low concentration, produces a fl ux of holes in the negative x direction. 
Since holes are positively charged particles, the conventional diffusion current den-
sity is also in the negative x direction. The hole diffusion current density is propor-
tional to the hole density gradient and to the electronic charge, so we may write

 Jpx ! dif ! "eDp   dp _ dx   (5.34)

for the one-dimensional case. The parameter Dp is called the hole diffusion coef-
fi cient, has units of cm2/s, and is a positive quantity. If the hole density gradient be-
comes negative, the hole diffusion current density will be in the positive x direction.

nea29583_ch05_156-191.indd   174nea29583_ch05_156-191.indd   174 12/11/10   10:15 AM12/11/10   10:15 AM

 5.2   Carrier Diffusion 175

5.2.2  Total Current Density

We now have four possible independent current mechanisms in a semiconductor. 
These components are electron drift and diffusion currents and hole drift and diffu-
sion currents. The total current density is the sum of these four components, or, for 
the one-dimensional case,

 J ! en!n Ex " ep!p Ex " eDn   dn  _ 
dx

   # eDp   
dp

 _ 
dx

    (5.35)

This equation may be generalized to three dimensions as

 J ! en!n E " ep!p E " eDn$n # eDp$p (5.36)

 The electron mobility gives an indication of how well an electron moves in a 
semiconductor as a result of the force of an electric fi eld. The electron diffusion 
coeffi cient gives an indication of how well an electron moves in a semiconductor as 
a result of a density gradient. The electron mobility and diffusion coeffi cient are not 
independent parameters. Similarly, the hole mobility and diffusion coeffi cient are 
not independent parameters. The relationship between mobility and the diffusion 
coeffi cient is developed in the next section.
 The expression for the total current in a semiconductor contains four terms. For-
tunately in most situations, we will only need to consider one term at any one time at 
a particular point in a semiconductor.

   EXAMPLE 5.5Objective: Calculate the diffusion current density given a density gradient.
 Assume that, in an n-type gallium arsenide semiconductor at T ! 300 K, the electron con-
centration varies linearly from 1 % 1018 to 7 % 1017 cm#3 over a distance of 0.10 cm. Calculate 
the diffusion current density if the electron diffusion coeffi cient is Dn ! 225 cm2/s.

■ Solution
The diffusion current density is given by

 Jn&dif ! eDn   dn _ 
dx

   ! eDn   'n _ 
'x

  

  ! (1.6 % 10#19)(225)  "   1 % 1018 # 7 % 1017
  ____ 0. 10   #  ! 108 A /cm2

■ Comment
A signifi cant diffusion current density can be generated in a semiconductor material with only 
a modest density gradient.

■ EXERCISE PROBLEM
Ex 5.5  The hole density in silicon is given by p(x) ! 1016  e #(x$Lp)  (x ( 0) where Lp ! 2 % 10#4 cm. 

Assume the hole diffusion coeffi cient is Dp ! 8 cm2/s.  Determine the hole dif-
fusion current density at (a) x ! 0, (b) x ! 2 % 10#4 cm, and (c) x ! 10#3 cm. 

[Ans. (a) Jp ! 64 A/cm 2; (b) Jp ! 23.54 A/cm 2; (c) Jp ! 0.431 A/cm2]
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RELACIÓN	DE	EINSTEIN

𝐷R
𝜇R

=
𝐷L
𝜇L

= 	
𝑘𝑇
𝑒
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Conductividad	Iónica
ü Conduction in Ionic Materials -

Conduction in ionic materials often
occurs by movement of entire ions,
since the energy gap is too large for
electrons to enter the conduction
band. Therefore, most ionic materials
behave as insulators.

ü Conduction in Polymers - Because
their valence electrons are involved in
covalent bonding, polymers have a
band structure with a large energy gap,
leading to low-electrical conductivity.
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Coeficiente de difusión D como función
del recíproco de la temperatura para
alguno metales y cerámicas.

En el gráfico de Arrhenius, D representa
la velocidad del proceso de difusión. Una
pendiente pronunciada denota una
energía de activación alta.

Conductividad	Iónica

En	un	conductor	iónico,	la	movilidad	
viene	dada	por:

𝜇 = 	
𝑞𝐷
𝑘𝑇 			@

𝑞 = 𝐶𝑎𝑟𝑔𝑎	𝑑𝑒𝑙	𝑖ó𝑛
𝐷 = 𝑐𝑜𝑒𝑓. 𝑑𝑖𝑓𝑢𝑠𝑖ó𝑛
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