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Holes

❑The properties of vacant orbitals in an otherwise filled band are 
important in semiconductor physics and in solid state electronics. 
Vacant orbitals in a band are commonly called holes, and without 
holes there would be no transistors.

❑ A hole acts in applied electric and magnetic fields as if it has a 
positive charge +e. The reason is given in five steps:

1-    kh = -ke                                                                                         (8.17)
❑ The total wavevector of the electrons in a filled band is zero:       

k = 0, where the sum is over all states in a Brillouin zone.
❑ If the band is filled all pairs of orbitals k and -k are filled, and the 

total wavevector is zero
❑ If an electron is missing from an orbital of wavevector ke, the 

total wavevector of the system is -k, and is attributed to the hole
❑  The hole is an alternate of a band with one missing electron.
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2-  h(kh )= -e (ke )                                                                       (8.18)

❑ Here the zero of energy of the valence band is at the top of the 
band. 

❑  The lower in the band the missing electron lies; the higher the 
energy of the system. 

❑  The energy of the hole is opposite in sign to the energy of the 
missing electron, because it takes more work to remove an 
electron from a low orbital than from a high orbital

❑  Thus if the band is symmetric: e(ke) = e(-ke) = - h(-ke)= - h(kh).

3- Vh= Ve                                                                                       (8.19)
❑The velocity of the hole is equal to the velocity of the missing 

electron
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4- mh= -me                                                                                       (8.20)

❑ We show below that the effective mass is inversely proportional 
to the curvature d2/dk2 and for the hole band this has the 
opposite sign to that for an electron in the valence band. Near 
the top of the valence band me is negative, so that mh is positive

5- ℏ
𝑑𝒌ℎ

𝑑𝑡
= 𝑒 𝑬 +

1

𝑐
𝒗ℎ × 𝑩                             (8.21)

❑ The equation of motion for a hole is that of a 
particle of positive charge e.

❑  Current:  
         j =(-e)v(G) =(-e)[- v(E)] = ev(E) (8.23)
❑  The hole and electron drift velocities are in 

opposite directions
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Holes and Electrons (Comparison)

❑ In the next table: We quickly compare between Holes & 
Electrons. Momentum, Energy, Velocity , mass and Eq. of motion

QuantityElectronHole

MomentumkeKh = -ke

Energye(ke)h(kh)= -e(ke)

VelocityVeVh =Ve

Massmemh = -me

Equation of Motion
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❑ When we look at the energy-wavevector relation =(ħ2/2m)k2 
for free electrons, we see that the coefficient of k2 determines 
the curvature of  versus k. Turned about, we can say that 1/m, 
the reciprocal mass, determines the curvature.

❑  For electrons in a band there can be regions of unusually high 
curvature near the band gap at the zone boundary. 

❑  In semiconductors the band width is of the order of 20 eV, while 
the band gap is of the order of 0.2 to 2 eV.

❑  Thus, the reciprocal mass is enhanced by a factor 10 to 100, and 
the effective mass is reduced to 0.1-0.01 of the free electron 
mass.

❑  These values apply near the band gap; as we go away from the 
gap the curvatures and the masses are likely to approach those 
of free electrons.
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.

First differentiate group velocity with time:

Wave function of a free elecron is expressed as: e :

1
(8.26)

Change of energy of electron by the work don by E is:

ik x

g

d d
v

dk dk

d eE
d dk eEdx eEvdt

dk

 




= =

−
= = − = − =

2

2

2

2

* 2

(8.27)

1 1

                                                                             (8.28)
1 1
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Effective Masses in Semiconductors

❑ In many semiconductors it has been possible to determine by 
cyclotron resonance the effective masses of carriers in the 
conduction and valence bands near the band edges. 

❑ The determination of the energy surface is equivalent to a 
determination of the effective mass. 

❑ Cyclotron resonance in a semiconductor is carried out so that 
the current carriers are accelerated in helical orbits about the 
axis of a static magnetic field. 

❑ The angular rotation frequency c is:

*
                                                                          (8.30)

where m* is the appropriate cyclotron effective mass

c

eB

m
 =
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❑ Resonant absorption of energy from 
an rf electric field perpendicular to 
the static magnetic field occurs 
when the rf frequency is equal to 
the cyclotron frequency.

❑  Holes and electrons rotate in 
opposite directions.
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Figure 14 Calculated band 
structure of germanium. 
The general features are in 
good agreement with 
experiment. The four 
valence bands are shown 
in gray. The fine structure 
of the valence band edge 
is caused by spin-orbit 
splitting. The energy gap is 
indirect; the conduction 
band edge is at the point 
(2π/a)(½½½). 
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INTRINSIC CARRIER CONCENTRATION

❑  We want the concentration of intrinsic carriers as a function of 
temperature, in terms of the band gap.

❑ we assume that  ->> kBT, so that the Fermi-Dirac distribution 
function reduces to:

                                                                   (8.35)Bk T

ef e

  −
 
 

❑  This is the probability that a conduction electron orbital is 
occupied, in an approximation valid when fe << 1.

❑  The energy of an electron in the conduction band is:
2 2

*
                                                             (8.36)

2
k c

e

k
E

m
 = +

❑  where Ec is the energy at the conduction band edge.
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❑  Thus from (6.20) the density of states at  is:

( )

( )

1/2

2 2

1/2/ /

2 2

21
( )                                                (8.37)

2

The concentration of electrons in the conduction band is :

( ) ( )

21
  

2
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e e
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= − 
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=

 
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



( )
3/2

/

2

                            (8.38)

which integrates to give :

2                                                      (8.39)
2

c BE k Te Bm k T
n e





− 
=  

 
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INTRINSIC CARRIER CONCENTRATION



❑  Chat GPT show us how to derive n in (8.39) by taking a snapshot 
of (8.38), pasting it and asking for full derivative:
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Please note: I am using Chat GPT to show you how powerful it is in 
solving hard equations and simplyfiy them.
The final solution requires just few adjustment to fit for our form.
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❑ Home Work: (not to be submitted)
❑ Please construct an equation similar to (8.39) but for p this time, 

then use Chat GPT to solve it for p (eq. 8.42) 
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❑  For the holes: −  >> KBT

( ) ( )

 

( )

( )

3/2

1/2

2 2

3/2
*

/

2

1 1
1            (8.40)

exp / 1 exp / 1

exp /

we have:

21
( )                                            (8.41)

2

2                     
2

c B

h

B B

B

h
h v

E k Th B

f
k T k T

k T

m
D E

m k T
p e



   

 

 




−

= − =
− + − +

 −

 
= − 

 

 
 =  

 

( )
3

3/2 /* *

2

                          (8.42)

From (8.39) and (8.42) we obtain the equilibrium relation:

4                                        (8.43)
2

g BE k TB
e h

k T
np m m e



− 
=  

 
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❑ This useful result does not involve the Fermi level µ. 
❑ At 300 K the value of np is 2.10 X 1019 /cm6, 2.89 X 1026 /cm6, 

and 6.55 X 1012/cm6, for the actual band structures of Si, Ge, and 
GaAs, respectively.

❑ We have nowhere assumed in the derivation that the material is 
intrinsic: the result holds for impurity ionization as well. 

❑ The only assumption made is that the distance of the Fermi level 
from the edge of both bands is large in comparison with kBT 
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❑  We should notice that (np) as a whole is constant at any given 
temperature:

❑  To prove this:
❑  Suppose that the equilibrium population of electrons and holes 

is maintained by black-body photon radiation at temperature T.
❑  Let A(T) be the electron-hole pairs generation.
❑  Let B(T)np is the rate of the recombination reaction e + h = 

photon.
❑  Then:

( ) ( )                                             (8.44)

( )
In equilibrium : 0

( )

dn dp
A T B T np

dt dt

dn dp A T
and np

dt dt B T

= − =

= = =
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❑ Because the product of the electron and hole concentrations is a 
constant independent of impurity concentration at a given 
temperature, the introduction of a small proportion of a suitable 
impurity to increase n, say, must decrease p.

❑  This result is important in practice-we can reduce the total 
carrier concentration n + p in an impure crystal, sometimes 
enormously, by the controlled introduction of suitable 
impurities. Such a reduction is called compensation.

( )
3/2

3/4 /2* *

2
2 (8.45)

2

g BE k TB
i i e h

k T
n n p m m e



− 
= = =  

 

❑  In an intrinsic semiconductor the number of electrons is equal 
to the number of holes, because the thermal excitation of an 
electron leaves behind a hole in the valence band. (8.43)➔
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❑ Intrinsic carrier concentration depends exponentially on Eg/2kBT,. 
We set (8.39) = (8.42) to obtain, for the Fermi level as measured 
from the top of the valence band: (please derive at home):

3/22

e

                                         (8.45)

1 3
ln                                         (8.47)

2 4

1
If m  = m  then  and the Fermi level is in the middle 

2

of 

g

B B

E

K T K Th

e

h
g B

e

h g

m
e e

m

m
E K T

m

E







 
=  

 

= +

=

the forbidden gap.
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❑ Intrinsic carrier concentration depends exponentially on Eg/2kBT,. 
We let (8.39) = (8.42) to obtain, for the Fermi level as measured 
from the top of the valence band: (please derive at home):

( )
3/2

/

2
2                                                      (8.39)

2

c BE k Te Bm k T
n e





− 
=  

 

( )

3/2
*

/

2
2                                               (8.42)

2

c BE k Th Bm k T
p e





− 
 =  

 

❑ Make them = and derive the eq. (8.47) 
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❑ The mobility is the magnitude of the drift velocity of a charge 
carrier per unit electric field:

/                                                            (8.48)v E =

❑ The mobility is defined to be positive for both electrons and 
holes, although their drift velocities are opposite in a given field.

❑  For distinction : use e for electrons and h  for holes.
❑ Electrical conductivity is the sum of both:

( )                                                    (8.49)

    (from Chapter 6)

                                                             (8.50)

where  is the c

e h

e h
e h

e h

ne pe

q E
v

m

e e
and

m m

  



 
 



= +

=

 = =

ollision time
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❑ In Ge; let Eg = 0.670 eV , m* = 0.55 mo , chemical potential , is 
given by  = -7.69x10-3 eV . Find:

a) F relative to the TOP of valence band.
b) Probability of occupancy at the bottom of conduction band f(Ec) 

for T = 300 K
c) Density of electrons at same temperature    

(a) 

From Fig. 18:

1
( )

2

0

1
(0 0.67) 0.335

2

F v c

v

F

E E

Let E be at eV

eV





= −

 = + =



King Saud University, College of Science, Physics & Astronomy Dept. PHYS 674 (Band Theory of Solids)  © 2025

Semiconductor Crystals 

INTRINSIC CARRIER CONCENTRATION

3

5

( )/

7.69 10 0.67 0.335

( )/ 8.62 10 300

6

3/2
*

2

31 23

24 2

(b) for the case when ( ) ( 300 )

( )

( )

1.7 10

(c)

( ) 2
2

0.55 9.11 10 1.38 10 300
2

2 (1.05 10 )

B

C B

C

B

B

k

E k

C

E
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f e

f E e e
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m k T
n e e
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



 







−

−

−

−  − +

−  

−

−
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−

− 


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= 

 
=  

 

     
=

 

3/2

6

18 3

1.74 10

6.55 10 /e m

−
  



= 
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❑ In Si; if we have: me
* = 0.259 mo , e = 0.135 m2/v.s , h = 0.048 , 

and m*h = 0.537 me . Calculate relaxation time for (e) and (holes).

* 31
13

19

* 31
13

19

Solution:

From Eq. (5):

0.259 9.11 10 0.135
1.99 10

1.6 10

0.537 9.11 10 0.048
1.47 10

1.6 10

e e
e

h h
h

m
Sec

e

m
Sec

e







−
−

−

−
−

−

  
= = = 



  
= = = 





Thanks
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