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Figure 3.1

Formation of Energy Bands
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Formation of Energy Bands
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Fig. 4.3: Electron energy in the system comprising two hydrogen

atoms. (a) Energy of  and  vs. the interatomic separation, R.

(b)  Schematic diagram showing the changes in the electron energy
as two isolated H atoms, far left and far right, come to form a
hydrogen molecule.  
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Formation of Energy Bands
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Formation of Energy Bands
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Figure 3.4

Formation of Energy Bands for Si
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Formation of Energy Bands for Si
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Figure 3.5

Kronig-Penney model



Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices

Kronig-Penney model 

(Schrödinger’s wave equation analysis for stepwise potential barrier)

𝑘1 𝑘2 𝑘3

𝑑2𝜓 𝑥

𝑑𝑥2
+

2𝑚∗

ℏ2
(𝐸 − 𝑉 𝑥 )𝜓 𝑥 = 0

𝜓 𝑥 = 𝐶𝑒+𝑗𝑘2𝑥 + 𝐷𝑒−𝑗𝑘2𝑥𝜓 𝑥 = 𝐴𝑒+𝑗𝑘1𝑥 + 𝐵𝑒−𝑗𝑘1𝑥

𝑑2𝜓 𝑥

𝑑𝑥2
+

2𝑚∗𝐸

ℏ2
𝜓 𝑥 = 0

𝑘1 =
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ℏ2 𝑘2 =
2𝑚∗(𝑉0 − 𝐸)
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Kronig-Penney model

𝑘1 = 𝛼 𝑘2 = 𝛽

𝜓 𝑥 = 𝐶𝑒+𝑗𝛽𝑥 + 𝐷𝑒−𝑗𝛽𝑥𝜓 𝑥 = 𝐴𝑒+𝑗𝛼𝑥 + 𝐵𝑒−𝑗𝛼𝑥
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Equation(3.24) again gives the relation between the parameter k, total

energy E (through the parameter α), and the potential barrier bV0. We may

note that Equation(3.24) is not a solution of Schrodinger's wave equation but

gives the conditions for which Schrodinger's wave equation will have a

solution.

𝑃′
sin 𝛼𝑎

𝛼𝑎
+ cos 𝛼𝑎 = cos 𝑘𝑎 (3.24)

Kronig-Penney model

𝑃′ =
𝑚∗𝑉0𝑏𝑎

ℏ2
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cos 𝛼𝑎 = cos 𝑘𝑎 (3.25)𝑃′ = 0,  

𝛼 = 𝑘 (3.26)

𝛼 =
2𝑚∗𝐸

ℏ2 =
2𝑚∗(

1
2 𝑚∗𝑣2)

ℏ2 =
𝑝

ℏ
= 𝑘

(3.27)

𝐸 =
𝑝2

2𝑚∗ =
𝑘2ℏ2

2𝑚∗
(3.28)

The k-space Diagram

𝑉0 = 0 → 𝑃′ =
𝑚∗𝑉0𝑏𝑎

ℏ2
= 0

For Free electron case,
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𝐸 =
𝑝2

2𝑚∗ =
𝑘2ℏ2

2𝑚∗

The k-space Diagram
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(3.29)~(3.30)𝑓(𝛼𝑎) = cos 𝑘𝑎

−1 ≤ 𝑓 𝛼𝑎 ≤ +1

𝑓(𝛼𝑎) = 𝑃′
sin 𝛼𝑎

𝛼𝑎
+ cos 𝛼𝑎 = cos 𝑘𝑎

𝛼 =
2𝑚∗𝐸

ℏ2 , 𝐸 =
𝛼2ℏ2

2𝑚∗

Figure 3.8

The k-space Diagram

For confined electron case,
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Figure 3.9

The k-space Diagram
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cos 𝑘𝑎 = cos(𝑘𝑎 + 2𝑛𝜋) = cos(𝑘𝑎 − 2𝑛𝜋) (3.31)

The k-space Diagram
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Energy diagram
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Energy band diagram
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Figure 3.12

T = 0 K

The Energy Band and the Bond Model
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Figure 3.13

Ec : The lowest energy level for the electron

Ev : The lowest energy level for the hole

Ev

Ec

T > 0 K

The Energy Band and the Bond Model



Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices

Electrons and Holes
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Figure 3.17

Concept of the Hole
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T = 0 K T > 0 K

Figure 3.14

Concept of the Hole
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Empty spots for electrons Spots of holes

Concept of the Hole
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Extention to three dimensions

2D lattice 3D reciprocal lattice 
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IndirectDirect

Energy band structures of GaAs and Si
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Si Ge GaAs

Bandgap type Indirect Indirect Direct

Bandgap (Eg) 

@ 300K
1.12 eV 0.66 eV 1.42 eV

Energy band structures of Si, Ge, and GaAs

http://ecee.colorado.edu/~bart/ecen3320/newbook/chapter2/gif/fig2_3_3.gif

http://ecee.colorado.edu/~bart/ecen3320/newbook/chapter2/ch2_3.htm#fig2_3_4
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Energy band structures of Direct and Indirect band gap
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Stress engineering of Ge
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From Principles of Electronic Materials and Devices, Second Edition, S.O. Kasap (©  McGraw-Hill, 2002)

http://Materials.Usask.Ca
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Fig. 4.19: (a) An external force Fext applied to an electron in

vacuum results in an acceleration avac = Fext  / me . (b) An external

force Fext applied to an electron in a crystal results in an

acceleration acryst = Fext  / me*. (Ex is the electric field.) 

Ex

Electron effective mass (𝒎𝒏
∗ )

𝐹𝑒𝑥𝑡 = 𝑚𝑒𝑎

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑒𝑥𝑡 − 𝐹𝑖𝑛𝑡 = 𝑚𝑒
∗𝑎
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Fig. 4.19: (a) An external force Fext applied to an electron in

vacuum results in an acceleration avac = Fext  / me . (b) An external

force Fext applied to an electron in a crystal results in an

acceleration acryst = Fext  / me*. (Ex is the electric field.) 
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1st derivatives = 기울기

2nd derivatives = 곡률

곡률의 역수
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𝑚∗ =
1

ℏ2

𝑑2𝐸

𝑑𝑘2

−1

𝑚GaAs
∗ < 𝑚Si

∗

Electron effective mass (𝒎𝒏
∗ )
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Metals, Insulators, and Semiconductors
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Metals, Insulators, and Semiconductors
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𝑔𝑐(𝐸) =
4𝜋(2𝑚𝑛

∗)3/2

ℎ3 𝐸 − 𝐸𝑐 (3.72)

𝑔𝑣(𝐸) =
4𝜋(2𝑚𝑝

∗)3/2

ℎ3 𝐸𝑣 − 𝐸 (3.75)

Density of state (DOS) function  
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Density of state (DOS) function  

QLEDCNT
Graphene

TMDs
Si, Ge
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𝑁(𝐸)

𝑔(𝐸)
= 𝑓𝐹(𝐸) =

1

1 + 𝑒
𝐸−𝐸𝐹

𝑘𝑇

(3.79)

when 𝑇 = 0 K, 𝐸 < 𝐸𝐹

𝑓𝐹(𝐸) =
1

1
= 1

when 𝑇 = 0 K, 𝐸 > 𝐸𝐹

𝑓𝐹(𝐸) =
1

∞
= 0

Fermi-Dirac distribution function
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Fermi-Dirac distribution function
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𝑓𝐹(𝐸) =
1

1 + exp
𝐸 − 𝐸𝐹

𝑘𝑇

(3.79)

when 𝑇 > 0 K

𝑓𝐹(𝐸) ≠ 1, 𝑓𝐹(𝐸) ≠ 0

when 𝐸 = 𝐸𝐹

𝑓𝐹(𝐸) =
1

1 + exp( 0)
=

1

2

Fermi-Dirac distribution function
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Fermi-Dirac distribution function
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𝑓𝐹(𝐸) =
1

1 + exp
𝐸 − 𝐸𝐹

𝑘𝑇

when 𝐸 − 𝐸𝐹 >> 𝑘𝑇 exp((𝐸 − 𝐸𝐹)/𝑘𝑇) >> 1

𝑓𝐹(𝐸) ≈
1

exp
𝐸 − 𝐸𝐹

𝑘𝑇

≈ exp
−(𝐸 − 𝐸𝐹)

𝑘𝑇
(3.80)

(3.79)

Boltzmann approximation
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Boltzmann approximation
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