
Chapter 8-4



P, As, Sb



Si has +4 valence electrons

As has +5 valence electrons



Considering the Bohr model for electrons in the crystals, 

rather than in the free space



Bohr model for hydrogen atom

Assumptions :

1. Only Coulomb force exerted on 

electrons

F = 
𝒁𝒆𝟐

𝟒𝝅𝜺𝒓𝟐

2.    Classical orbit motion

F = m
𝒗𝟐

𝒓

3. Quantization of angular momentum

L = n
𝒉

𝟐𝝅

Results :

1. E = K + U = 
𝟏

𝟐
mv2 -

𝒁𝒆𝟐

𝟒𝝅𝜺𝒓
= -

𝒁𝒆𝟐

𝟖𝝅𝜺
𝟎
𝜺𝒓

2. r = 
𝒏𝟐𝒉𝟐𝜺

𝟎
𝜺

𝒁𝝅𝒎𝒆𝟐

E = -
𝒎𝒁𝟐𝒆𝟒

𝟖𝒏𝟐𝒉𝟐𝜺
𝟎
𝟐𝜺𝟐





Explanation for impurity conductivity 

in real space
Noting :

The bond length in the pure 

semiconductors is about a few 

angstroms.

rd = 
𝒉𝟐𝜺𝜺

𝟎

𝝅𝒎
𝒆𝒇𝒇
𝒆𝟐

(n=1;Z=1) (Bohr radius)

1. 0.53 angstrom in free space

2. 30 angstrom in Si crystal

3. 80 angstrom in Ge crystal

1. Donor states with relatively large radius can overlap at low 

donor concentration to form the impurity band.

2. Electron can hop from one site to another site, leaving the 

donor atom ionized.



Explanation for impurity conductivity 

in the energy band

Ed =
𝒎

𝒆𝒇𝒇
𝒆𝟒

𝟖𝒉𝟐𝜺
𝟎
𝟐𝜺𝟐

1. Dielectric constant has more important effect on 

the energy of donor states than effective mass.  

2. Ed is often reduced with respect to the hydrogen. 

1.  13.6 eV in free space

2.  20 meV in Si crystal

3. 5 meV in Ge crystal

It is easier for excess electrons in donors to undergo a 

transition from the bound level to the conduction band.



Ge:  me/m
2 = 4 x 10-4,  Ed = 5 meV

Si:   me/m
2  = 1.6 x 10-3, Ed = 20 meV

Table 5 (Exp)

12 mev

45 mev

Anisotropic 

mass tensor

9.05 mev

29.8 mev



+ 5



+3









5

Ge

Thermal ionization



The donors are at Ed

energy level just below Ec. 

See Ashroft  & Mermin , p. 581-584






Peltier coefficient :
characterizing the efficiency of 

heat carried by carriers

1. Peltier effect 2. Seebeck effect

Q

Seebeck coefficient :
characterizing the efficiency of 

the current induced by heat

Thermoelectric effects

Grad T



Peltier effect

Flux of A : jA = n(A)v



eq. 55 divided by eq.54

Peltier effect



 = Ju/Jq = U/e = (Q gradT )  X= QT

Seebeck effect

∆𝑼 = (eE)∙ ∆𝑿



n- and  p- Si



For electron motion in K space



Bloch oscillation was predicted in 1930s, but was not 

observed until 1992.

Electron oscillates!For electron motion in real space

t

x



π

d

−π

d

T =
2πℏ

aeE
→

2πℏ

eEd
for superlattice , d >> a

period of Bloch oscillation become 

relatively small








