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diodes
solar cells
LEDs

insulation JFET
MOSFET
bipolar transitors



isolated semiconductors

𝑝 = 𝑁𝑣 exp
𝐸𝑣 − 𝐸𝐹

𝑘𝐵𝑇
𝑛 = 𝑁𝑐 exp

𝐸𝐹 − 𝐸𝑐

𝑘𝐵𝑇

valid for both n and p doping

𝐸𝐹 = 𝐸𝑐 − 𝑘𝐵𝑇 ln
𝑁𝑐

𝑁𝐷
𝐸𝐹 = 𝐸𝑣 + 𝑘𝐵𝑇 ln

𝑁𝑣

𝑁𝐴

pn junction

p-type n-type
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Ec

Ev

Ec

Ev
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semiconductors in contact

p-type

n-type

EF

Ec

Ev

𝑝 = 𝑁𝑣 exp
𝐸𝑣 − 𝐸𝐹

𝑘𝐵𝑇
≈ 𝑁𝐴 𝑛 = 𝑁𝑐 exp

𝐸𝐹 − 𝐸𝑐

𝑘𝐵𝑇
≈ 𝑁𝐷

pn junction

Ec

Ev

electrons flow from n to p



Abrupt junction: the doping changes abruptly from p to n 

FE

bieV

cE

vE

p n

Built-in voltage

pn junction

semiconductors in contact



𝑒𝑉𝑏𝑖

𝑒𝑉𝑏𝑖 = 𝐸𝑔 − 𝑘𝐵𝑇 ln
𝑁𝑐

𝑁𝐷,𝑛 − 𝑁𝐴,𝑛
− 𝑘𝐵𝑇 ln

𝑁𝑣

𝑁𝐴,𝑝 − 𝑁𝐷,𝑝

𝑒𝑉𝑏𝑖 = 𝐸𝑔 − 𝑘𝐵𝑇 ln
𝑁𝑐𝑁𝑣

𝑁𝐷,𝑛 − 𝑁𝐴,𝑛 𝑁𝐴,𝑝 − 𝑁𝐷,𝑝

𝐸𝐹 − 𝐸𝑣𝑝 = 𝑘𝐵𝑇 ln
𝑁𝑣

𝑁𝐴
𝐸𝑐𝑛 − 𝐸𝐹 = 𝑘𝐵𝑇 ln

𝑁𝑐

𝑁𝐷
gE

Built-in voltage Vbi

p

n

Ec

Ev

Ec

Ev

EF

Ev in p-region
Ec in n-region



𝑒𝑉𝑏𝑖 = 𝐸𝑔 − 𝑘𝐵𝑇 ln
𝑁𝑐𝑁𝑣

𝑁𝐷,𝑛 − 𝑁𝐴,𝑛 𝑁𝐴,𝑝 − 𝑁𝐷,𝑝

𝑒𝑉𝑏𝑖 = 𝑘𝐵𝑇 ln
𝑁𝐷,𝑛 − 𝑁𝐴,𝑛 𝑁𝐴,𝑝 − 𝑁𝐷,𝑝

𝑛𝑖
2

𝑒𝑉𝑏𝑖 = 𝑘𝐵𝑇 ln
𝑁𝐷𝑁𝐴

𝑛𝑖
2

for ND,n - NA,n = ND  and NA,p - ND,p = NA 

𝑛𝑖
2 = 𝑁𝑣𝑁𝑐 exp

−𝐸𝑔

𝑘𝐵𝑇
 𝐸𝑔 = −𝑘𝐵𝑇 ln

𝑛𝑖
2

𝑁𝑣𝑁𝑐

Vbi

https://lampz.tugraz.at/~hadley/psd/L6/Vbi.html



𝑒𝑉𝑏𝑖

p

n

EF

𝑛 = 𝑁𝑐 exp
𝐸𝐹 − 𝐸𝑐

𝑘𝐵𝑇

𝑝 = 𝑁𝑣 exp
𝐸𝑣 − 𝐸𝐹

𝑘𝐵𝑇
p

x

n

x

-xp

xn
depletion region

depletion approximation

p and n profiles



NAxp = NDxn

space charge

𝑒𝑉𝑏𝑖

p

n

EF

x



-xp

xn

+

-

eND

eNA

exposed ionized dopants



E pushes the holes towards p and the electrons towards n

𝑑𝐸

𝑑𝑥
=

𝜌

𝜀

𝐸 = −
𝑒𝑁𝐴

𝜀
𝑥 + 𝑥𝑝 𝐸 =

𝑒𝑁𝐷

𝜀
𝑥 − 𝑥𝑛

x


-xp

xn

+

-

eND

eNA

𝐸max =
𝑒𝑁𝐷𝑥𝑛

𝜀
=

𝑒𝑁𝐴𝑥𝑝

𝜀

∇ ⋅ 𝐸 =
𝜌

𝜀

Gauss's law

in 1-D is

electric field

x

E

-xp xn



x

E

-xp xn

𝑑𝑉

𝑑𝑥
= −𝐸

𝑉 =
𝑒𝑁𝐴

𝜀

𝑥2

2
+ 𝑥𝑥𝑝  

𝑉(−𝑥𝑝) =
−𝑒𝑁𝐴

2𝜀
𝑥𝑝

2 𝑉(0) = 0 𝑉(𝑥𝑛) =
𝑒𝑁𝐷

2𝜀
𝑥𝑛

2

electrostatic potential

𝐸 = −
𝑒𝑁𝐴

𝜀
𝑥 + 𝑥𝑝

𝐸 =
𝑒𝑁𝐷

𝜀
𝑥 − 𝑥𝑛

𝑉 =
−𝑒𝑁𝐷

𝜀

𝑥2

2
− 𝑥𝑥𝑛

0 > 𝑥 > 𝑥𝑛−𝑥𝑝 > 𝑥 > 0



𝑉𝑏𝑖 =
𝑘𝐵𝑇

𝑒
ln

𝑁𝐷𝑁𝐴

𝑛𝑖
2

=
𝑒𝑁𝐴𝑥𝑝

2

2𝜀
+

𝑒𝑁𝐷𝑥𝑛
2

2𝜀

abrupt pn junction

https://lampz.tugraz.at/~hadley/psd/L6/abrupt.html



𝑉𝑏𝑖 =
𝑘𝐵𝑇

𝑒
ln

𝑁𝐷𝑁𝐴

𝑛𝑖
2 =

𝑒𝑁𝐴𝑥𝑝
2

2𝜀
+

𝑒𝑁𝐷𝑥𝑛
2

2𝜀

𝑁𝐴𝑥𝑝 = 𝑁𝐷𝑥𝑛 = 𝑁𝐷 𝑊 − 𝑥𝑝 = 𝑁𝐴 𝑊 − 𝑥𝑛

W
𝑥𝑝 =

𝑁𝐷𝑊

𝑁𝐴 + 𝑁𝐷
 𝑥𝑛 =

𝑁𝐴𝑊

𝑁𝐴 + 𝑁𝐷

𝑉𝑏𝑖 =
𝑒

2𝜀

𝑁𝐷𝑁𝐴

𝑁𝐷 + 𝑁𝐴
𝑊2

𝑊 =
2𝜀 𝑁𝐷 + 𝑁𝐴 𝑉𝑏𝑖

𝑒𝑁𝐷𝑁𝐴

light doping:                 wide depletion width

Depletion width



Depletion width

W

Vbi ~ 1V

W ~ 10 nm - 10 m

Emax ~ 104 V/cm

The electric field pushes the electrons towards the n-region and the holes towards the p-region.

Diffusion sends electrons towards the p-region and holes towards the n-region.





𝑛 = 𝑁𝑐 exp
𝐸𝐹 − 𝐸𝑐

𝑘𝐵𝑇

FE

bieV

cE

vE

p n

j

If the EF is constant, j = 0.

Einstein relation

Drift and diffusion
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