
Nanostructures – density of 
states

Faculty of Physics UW

Jacek.Szczytko@fuw.edu.pl



Semiconductor heterostructures
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Investigation of high antimony-content gallium arsenic nitride-gallium arsenic antimonide heterostructures for long wavelength application
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The construction of energy band diagrams
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metal-metal junction

Electrical properties of materials Solymar, Walsh (6.11)
Pg. 143

Suppose, that 𝜙2 − 𝜙1 ≈ 1 𝑒𝑉
Estimate the number of electrons that 
pass from one metal to another to 
create equilibrium potential difference. 
Assume that the distance between the 
metals is 5 × 10−10𝑚.

Electric field: 𝐸 =
Δ𝜙

𝑑
= 2 × 109

𝑉

𝑚

The surface charge: 𝜎 = 𝜀0𝐸

The concentration: 𝑛2𝐷 =
𝜎

𝑒
= 1.12 × 1013𝑐𝑚−2

The concnetration in metal
𝑛3𝐷 = 5 × 1022𝑐𝑚−3

𝑛2𝐷 = 1.5 × 1015𝑐𝑚−2

Within the width of 1 lattice parameter ~1% of charge

Anderson's rule



The doping of semiconductors
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𝑥𝑝

𝑥𝑛

+

−

Thus the electric field in the range 𝑥𝑝, 0 :

𝐸𝐴 = −
𝑑𝑈

𝑑𝑥
=
1

𝜖
𝑒𝑁𝐴 𝑥 + 𝐶 =

1

𝜖
𝑒𝑁𝐴 𝑥 − 𝑥𝑝

Similarly for 0, 𝑥𝑛 :

𝐸𝐷 = −
𝑑𝑈

𝑑𝑥
=
1

𝜖
𝑒𝑁𝐷 𝑥 + 𝐶 =

1

𝜖
𝑒𝑁𝐷 𝑥 − 𝑥𝑛 𝑁𝐷𝑁𝐴

𝐸

𝑥𝑛𝑥𝑝

𝐸𝑚𝑎𝑥 = −
1

𝜖
𝑄

𝑈 = −න
𝑥𝑝

0

𝐸𝐴𝑑𝑥 𝑥 < 0

𝑈0 = 𝑈 𝑥𝑛 − 𝑈 𝑥𝑝 =
𝑒

2𝜀
𝑁𝐴𝑥𝑃

2 + 𝑁𝐷𝑥𝑛
2

𝑥𝑝 𝑥𝑛

𝑒

2𝜀
𝑁𝐴𝑥𝑃

2

𝑈

The built-in volatage in the 𝑝𝑛-junction

𝑈 = −න
0𝑝

𝑥𝑛

𝐸𝐷𝑑𝑥 𝑥 > 0

𝑝 𝑛

𝑈0 =
𝑒

2𝜀
𝑁𝐴𝑥𝑃

2 + 𝑁𝐷𝑥𝑛
2

Net charge densities
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𝑥𝑝

𝑥𝑛

+

−

𝑁𝐷𝑁𝐴

𝐸

𝑥𝑛𝑥𝑝

𝐸𝑚𝑎𝑥 = −
1

𝜖
𝑄

𝑥𝑝 𝑥𝑛

𝑒

2𝜀
𝑁𝐴𝑥𝑃

2

𝑈𝑈0 =
𝑒

2𝜀
𝑁𝐴𝑥𝑃

2 + 𝑁𝐷𝑥𝑛
2

The total width of the depletion region 𝑤

𝑤 = 𝑥𝑛 − 𝑥𝑝 =
2𝜀𝑈0

𝑒 𝑁𝐴 +𝑁𝐷

𝑁𝐴
𝑁𝐷

+
𝑁𝐷
𝑁𝐴

Charge conservation
𝑒𝑁𝐴𝑥𝑝 = 𝑒𝑁𝐷𝑥𝑛 = 𝑄

If, say, 𝑁𝐴 ≫ 𝑁𝐷 (𝑝-type doping) 
then:

𝑤 =
2𝜀𝑈0

𝑒𝑁𝐷
i     𝑥𝑛 > 𝑥𝑝

if the 𝑝-region is more highly doped, practically all of the
potential drop is in the 𝑛-region. The less donors are the 
wider this region is. 
(for 𝑁𝐴 ≪ 𝑁𝐷 is vice-versa!)

𝑝 𝑛

E.g. 𝑁𝐷 = 1015cm-3 for typical 𝑈0 = 0.3 V 
We have 𝑤 ≈ 180 nm. If the change from acceptor 
impurities to donor impurities is gradual, then 𝑤 ≈ 1 𝜇m

Net charge densitiesDepletion regions



The doping of semiconductors

2017-06-05 7

𝑥𝑝

𝑥𝑛

+

−

𝑁𝐷𝑁𝐴

𝐸

𝑥𝑛𝑥𝑝

𝐸𝑚𝑎𝑥 = −
1

𝜖
𝑄

𝑥𝑝 𝑥𝑛

𝑒

2𝜀
𝑁𝐴𝑥𝑃

2

𝑈𝑈0 =
𝑒

2𝜀
𝑁𝐴𝑥𝑃

2 + 𝑁𝐷𝑥𝑛
2

The total width of the depletion region 𝑤

𝑤 = 𝑥𝑛 − 𝑥𝑝 =
2𝜀𝑈0

𝑒 𝑁𝐴 +𝑁𝐷

𝑁𝐴
𝑁𝐷

+
𝑁𝐷
𝑁𝐴

Charge conservation
𝑒𝑁𝐴𝑥𝑝 = 𝑒𝑁𝐷𝑥𝑛 = 𝑄

If, say, 𝑁𝐴 ≫ 𝑁𝐷 (𝑝-type doping) 
then:

𝑤 =
2𝜀𝑈0

𝑒𝑁𝐷
i     𝑥𝑛 > 𝑥𝑝

if the 𝑝-region is more highly doped, practically all of the
potential drop is in the 𝑛-region. The less donors are the 
wider this region is. 
(for 𝑁𝐴 ≪ 𝑁𝐷 is vice-versa!)

𝑝 𝑛

E.g. 𝑁𝐷 = 1015cm-3 for typical 𝑈0 = 0.3 V 
We have 𝑤 ≈ 180 nm. If the change from acceptor 
impurities to donor impurities is gradual, then 𝑤 ≈ 1 𝜇m

Net charge densitiesDepletion regions

!
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The metal-semiconductor junction ( 𝜙𝑀 > 𝜙𝑆)

n-type

Shottky barrier

Electrical properties of materials Solymar, Walsh (9.16)
Pg. 257

Work function 𝜙𝑆, electron affinity 𝜙𝐵

Anderson's rule
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typ n

The metal-semiconductor junction ( 𝜙𝑀 > 𝜙𝑆) Shottky barrier
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n-type

Electrical properties of materials Solymar, Walsh

Theoretically there
should be no Shotky
barrier

The metal-semiconductor junction ( 𝜙𝑀 > 𝜙𝑆)
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n-type

Electrical properties of materials Solymar, Walsh

forward bias
napięcie przewodzenia

reverse bias
napięcie zaporowe

+ -

+-

isolator

The metal-semiconductor junction ( 𝜙𝑀 > 𝜙𝑆)
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The surface of the semiconductor is usually charged

Electrical properties of materials Solymar, Walsh

n-type

For the p-type the opposite is true - the 
bands bend downwardly the diagram!
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n-type

The metal-semiconductor junction ( 𝜙𝑀 > 𝜙𝑆)

https://en.wikipedia.org/wiki/Metal%E2%80%93semiconductor_junction



WKB approximation
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𝑘𝑛 𝑥 =
1

ℏ
2𝑚𝑉 𝑥 =

1

ℏ
2𝑚𝑉𝑏 1 −

𝑥

𝑑

2

𝑉 𝑥 = 𝑉𝑏 1 −
𝑥

𝑑

2



Heterojunction
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𝑥𝑝 𝑥𝑛

𝑒

2𝜀
𝑁𝐴𝑥𝑃

2

𝑈𝑈0 =
𝑒

2𝜀
𝑁𝐴𝑥𝑃

2 + 𝑁𝐷𝑥𝑛
2

𝑥𝑝 𝑥𝑛

𝑒𝑈0 (𝑒 < 0)

𝐸𝑔

Charge conservation
𝑒𝑁𝐴𝑥𝑝 = 𝑒𝑁𝐷𝑥𝑛 = 𝑄

TUTAJ 20151126



Heterojunction

2017-06-05 16

Heterozłącze (heterojunction)
forward bias
napięcie przewodzenia

reverse bias
napięcie zaporowe
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Heterozłącze (heterojunction)
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We add ത𝐸𝑐
𝐴 i ത𝐸𝑣

𝐴
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Assume that there is a positive voltage
𝐸𝐹
𝐴 − 𝐸𝐹

𝐵 = 𝑒𝑣

Align the Fermi levels (or the difference between them is set to applied volatge 𝑒𝑣)
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Join ത𝐸𝑐
𝐴 with 𝐸𝑐

𝐵 and ത𝐸𝑣
𝐴 with 𝐸𝑣

𝐵 with parallel curves (usually the point of inflexion is at the 
junction)
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Restore ത𝐸𝑐
𝐴 on side 𝐸𝑐

𝐴 and ത𝐸𝑣
𝐴 on side 𝐸𝑣

𝐴, including discontinuities at the junction.



Triangular well
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𝐸𝑛 =
3

2
𝜋 𝑛 −

1

4

2/3
𝑒𝐹ℏ 2

2𝑚

1/3

http://www.phys.unsw.edu.au/QED/research/2D_scattering.htm

WKB approximation (Wentzel – Krammers – Brillouin) – for slowly changing potential
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n-type

Electrical properties of materials Solymar, Walsh

Theoretically there
should be no Shotky
barrier

The metal-semiconductor junction ( 𝜙𝑀 > 𝜙𝑆)
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n-type

Electrical properties of materials Solymar, Walsh

forward bias
napięcie przewodzenia

reverse bias
napięcie zaporowe

+ -

+-

isolator

The metal-semiconductor junction ( 𝜙𝑀 > 𝜙𝑆)
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The surface of the semiconductor is usually charged

Electrical properties of materials Solymar, Walsh

n-type

For the p-type the opposite is true - the 
bands bend downwardly the diagram!



WKB approximation
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𝑘𝑛 𝑥 =
1

ℏ
2𝑚𝑉 𝑥 =

1

ℏ
2𝑚𝑉𝑏 1 −

𝑥

𝑑

2

𝑉 𝑥 = 𝑉𝑏 1 −
𝑥

𝑑

2
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