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 pn junction
• Space charge region and doping
• Electrical characteristic

 Heterostructures
• Anderson’s rule
• Band alignments

 Lattice mismatch



The energetic position of surface states 
with respect to conduction and valence 
band induces:

• Charge accumulation at the surface
• Conduction and valence band bending
• Modifications to the carrier 

concentration close to the surface

Surface band bending



Exercise (10 minutes):
Sketch the band profile of these material once they are placed in contact. 

What is the difference between the two cases? Which parameters define the band bending?

workfunction φ: energy difference between EF and Evac

electron affinity χ: energy difference between EC and Evac



Ohmic contact

To be discussed in class



Schottky contact

To be discussed in class



Metal-Semiconductor contact with surface states 

Bardeen model
Due to Fermi energy pinning, a band bending is present in the semiconductor even before 
the contact with the metal. Thus, this barrier at the interface does not depend on the 
workfunction.



Band bending at surface and interfaces

Surface states Metal-semiconductor interface



Semiconductor – semiconductor interface
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To be discussed

in class



Semiconductor – semiconductor interface
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pn (homo)junction
Ch. 21.4, Grundmann

EF

EC

EV

p-SC n-SC

x

n, p

No contact

EF,n

EC

EV

p-SC n-SC

x

n, p

Contact – out of equilibrium

EF

EC

EV

p-SC n-SC

x

n, p

Contact – Equilibrium

EF,p

e*ΔV

Quasi-Fermi Energies (describing carrier 
concentration out of equilibrium)

ΔV =   
𝑬𝑭,𝒏−𝑬𝑭,𝒑

𝒆

e*Vbi



np
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Ch. 21.4, Grundmann
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Charge diffusion 
and charge drift 
(under the built-
in field) perfectly
compensate

-e*Vbi Built-in electric field

Space charge region or 
depletion region

Ebi



Space charge region in the abrupt approximation

CHARGE NEUTRALITY: 𝑵𝒂 ∣ 𝒙𝒑 ∣ = 𝑵𝒅 ∣ 𝒙𝒏 ∣

Abrupt approximation:
• pn interface is a pure surface
• Charge concentration at the pn interface equals ni

• Squared ND and NA profiles
• Electric field does not extend beyond the SCR
• 1D model
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Space charge region in the abrupt approximation

CHARGE NEUTRALITY: 𝑵𝒂 ∣ 𝒙𝒑 ∣ = 𝑵𝒅 ∣ 𝒙𝒏 ∣

Abrupt approximation:
• pn interface is a pure surface
• Charge concentration at the pn interface equals ni
• Squared ND and NA profiles
• Electric field does not extend beyond the SCR
• 1D model
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𝑉 𝑥 = න𝐸 𝑥 𝑑𝑥

𝑽𝒃𝒊 =
𝒆

𝟐ε
(𝑵𝑫𝒙𝒏

𝟐 + 𝑵𝑨𝒙𝒑
𝟐)

Built-in field



Space charge region in the abrupt approximation

𝑵𝒂 ∣ 𝒙𝒑 ∣ = 𝑵𝒅 ∣ 𝒙𝒏 ∣

Abrupt approximation:
• pn interface is a pure surface
• Charge concentration at the pn interface equals ni
• Squared ND and NA profiles
• Electric field does not extend beyond the SCR
• 1D model
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Built-in field

Charge neutrality

𝒙𝒏 + 𝒙𝒑 = 𝑾𝑺𝑪𝑹 =
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Space charge region extension

From EF alignment between 
n-SC and p-SC, the built-in field 

is commonly expressed as:



𝒙𝒏 + 𝒙𝒑 = 𝑾𝑺𝑪𝑹 =
𝟐ε 𝑽𝒃𝒊 − 𝑽
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1. How the SCR changes with the dopant concentrations?

The general formulation of depletion region width 
includes the impact of a voltage bias (V) as following:

Exercise

𝑵𝒂 ∣ 𝒙𝒑 ∣ = 𝑵𝒅 ∣ 𝒙𝒏 ∣
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The carrier concentration affects the:
- Extension of the SCR
- The built-in field across the junction
- The maximum electric field in the junction

𝑽𝒃𝒊 =
𝒌𝒃𝑻

𝒆
∗ 𝒍𝒏

𝑵𝑫𝑵𝑨
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𝟐

Questions:

1. How the SCR changes with the dopant concentrations?

2. How the bias impact the SCR? What are the implications of applying a bias?

15 minutes



𝒙𝒏 + 𝒙𝒑 = 𝑾𝑺𝑪𝑹 =
𝟐ε 𝑽𝒃𝒊 − 𝑽
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The general formulation of depletion region width 
includes the impact of a voltage bias (V) as following:

How the bias impact the SCR? What are the implications of applying a bias?
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Reverse bias (V<0) Short-circuit (V=0) Forward bias (V>0)
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Under bias, the junction out of equilibrium
(Steady state = Dynamic equilibrium)

WR > W0 > WF

ER > E0 > EF

To be solved in Class



Current characteristic of a pn junction

V

I

Electronic switch
Current rectifyier

Enhanced barrier for charges to 
flow (negligible current)

Reduced barrier for carrier flow 
(significant current)

𝑱 = 𝑱𝟎 ∗ 𝒆𝒙𝒑
𝒆𝑽

𝒌𝑻
− 𝟏



Heterostructures

Metal-semiconductor interface



e-

h+

Band alignments

Type I – Straddling alignment
e-

h+

InP GaAs

Type II – Staggered alignment

e-

Type III – Broken alignment

InPInN



Eg = 
1.42 
eV

GaAs InAs

Anderson’s rule for heterostructures
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EXAMPLE n-GaAs n-InAs

Eg 1.42 eV 0.354 eV

χ 4.07 eV 4.9 eV

EC-EF 0.3 eV 0.1 eV

Anderson’s rule:
• Align the vacuum energy at the interface
• Align the Fermi energy far from the interface

χ = 
4.07 
eV

Evacuum

Eg = 
0.354 
eV

χ = 
4.9 
eV

Φc

Φv

Φc, Φv = conduction and valence band offset



Eg = 
1.42 
eV

Anderson’s rule for doped semiconductors
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Evacuum

Anderson’s rule:
• Align the vacuum energy at the interface
• Align the Fermi energy far from the interface

χ = 
4.07 
eV

Evacuum

Eg = 
0.354 
eV

χ = 
4.9 
eV

Φc, Φv = conduction and valence band offset

GaAs InAs

EXAMPLE n-GaAs n-InAs

Eg 1.42 eV 0.354 eV

χ 4.07 eV 4.9 eV

EC-EF 0.3 eV 0.1 eV



Functional heterostructures

Accumulation of e- and h+ 

in the quantum well
(LEDs)

Separation of e- and h+ at 
the hetero-interface

(PV)



Lattice mismatch and strain

1D 3D



Defect density

DOI: 10.1088/1361-6641/aad655



Low dimensional materials

Low dimensional materials can 
have a different mechanical 
response due to their 
dimensionality or aspect ratio (i.e. 
Nanowires)


