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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



p-Si 100 wafer

diode fabrication



p-Si

SiO2   

CVD oxide



p-Si

SiO2   

CVD oxide
photoresist



p-Si

SiO2   

photoresist photoresist



p-Si

SiO2   

photoresist photoresist

SiO2   



p-Si

SiO2   SiO2   



SiO2   SiO2   

Diffuse or Implant

n
SiO2   SiO2   

NA,ND

x

p-Si ~ Linear charge variation



𝜌 = 𝑒 𝑁𝐷(𝑥) − 𝑁𝐴(𝑥) = 𝑒𝑎𝑥

𝐸 = න
𝜌

𝜀
𝑑𝑥 =

−𝑒𝑎

2𝜀

𝑊

2

2

− 𝑥2  𝐸𝑚𝑎𝑥 =
−𝑒𝑎𝑊2

8𝜀

𝑉 = න𝐸 𝑑𝑥 =
𝑒𝑎

2𝜀

𝑊

2

2

𝑥 −
𝑥3

3

𝑉𝑏𝑖 =
𝑒𝑎𝑊3

12𝜀

x

ND - NA

W/2

-W/2

-W/2 W/2

Area = Vbi

Vbi

EF

Ec

Ev

Eg

eVbi

http://lampz.tugraz.at/~hadley/psd/L6/linearly_graded.html

linearly graded junction



Isolation



p

n

hf  > Eg

Light creates an electron-hole pair in the depletion 
region. The electric field sweeps the electrons towards 
the n-region and the holes towards the p-region.

solar cell



p

n

hf = Eg

Electrons and holes are injected into the depletion 
region by forward biasing the junction. The electrons 
fall in the holes. For direct bandgap semiconductors, 
photons are emitted. For indirect bandgap 
semiconductors, phonons are emitted. 

Light emitting diode



( )
n

j bi RC V V
−

 +

abrupt: n = 1/2
linearly graded: n = 1/3

n = 1/(m+2)

( )
m

D A oN N x x−  −

Varactor



𝐶𝑗 =
𝜀

𝑊
 F m−2

𝑊 =
𝜀

𝐶𝑗
=

2𝜀 𝑁𝐷 + 𝑁𝐴 𝑉𝑏𝑖 − 𝑉

𝑒𝑁𝐷𝑁𝐴

abrupt junction:

a one-sided abrupt junction in reverse bias: 

1

𝐶𝑗
2 =

2 𝑉𝑏𝑖 − 𝑉

𝑒𝜀𝑁𝐷

p+ n

specific capacitance

Capacitance-voltage characteristics



a one-sided 
abrupt junction in 
reverse bias: 

1

𝐶𝑗
2 =

2 𝑉𝑏𝑖 − 𝑉

𝑒𝜀𝑁𝐷

slope gives impurity concentration and the intercept gives Vbi 

p+ n 1

𝐶𝑗
2

-V

slope =
2

𝑒𝜀𝑁𝐷

-Vbi

Capacitance-voltage characteristics



𝑛𝑝0𝑝𝑝0 = 𝑛𝑛0𝑝𝑛0 = 𝑛𝑖
2

𝑝𝑝0 = 𝑁𝐴

𝑛𝑝0 =
𝑛𝑖

2

𝑁𝐴

𝑛𝑛0 = 𝑁𝐷

𝑝𝑛0 =
𝑛𝑖

2

𝑁𝐷

equilibrium concentrations, V = 0



𝑛𝑝0𝑝𝑝0 = 𝑛𝑛0𝑝𝑛0 = 𝑛𝑖
2

𝑛𝑛0 = 𝑁𝐷

𝑛𝑝0 =
𝑛𝑖

2

𝑁𝐴

𝑝𝑛0 =
𝑛𝑖

2

𝑁𝐷

𝑝𝑛(𝑥𝑛)
𝑛𝑝(𝑥𝑝)

𝑒𝑉𝑏𝑖  =  𝑘𝐵𝑇 ln
𝑁𝐷𝑁𝐴

𝑛𝑖
2  =  𝑘𝐵𝑇 ln

𝑁𝐷

𝑛𝑝0
 =  𝑘𝐵𝑇 ln

𝑁𝐴

𝑝𝑛0

bias voltage, V = 0

𝑝𝑝0 = 𝑁𝐴

V = 0

𝑛𝑝0 = 𝑁𝐷 exp
−𝑒𝑉𝑏𝑖

𝑘𝐵𝑇

𝑝𝑛0 = 𝑁𝐴 exp
−𝑒𝑉𝑏𝑖

𝑘𝐵𝑇



𝑛𝑝(𝑥𝑝) = 𝑁𝐷 exp
−𝑒 𝑉𝑏𝑖 − 𝑉

𝑘𝐵𝑇

𝑝𝑛(𝑥𝑛) = 𝑁𝐴 exp
−𝑒 𝑉𝑏𝑖 − 𝑉

𝑘𝐵𝑇

bias voltage, V ≠ 0

𝑛𝑛0 = 𝑁𝐷

𝑛𝑝0 =
𝑛𝑖

2

𝑁𝐴

𝑝𝑛0 =
𝑛𝑖

2

𝑁𝐷

𝑝𝑛(𝑥𝑛)
𝑛𝑝(𝑥𝑝)

𝑒𝑉𝑏𝑖  =  𝑘𝐵𝑇 ln
𝑁𝐷𝑁𝐴

𝑛𝑖
2  =  𝑘𝐵𝑇 ln

𝑁𝐷

𝑛𝑝0
 =  𝑘𝐵𝑇 ln

𝑁𝐴

𝑝𝑛0

𝑝𝑝0 = 𝑁𝐴 𝑛𝑝0𝑝𝑝0 = 𝑛𝑛0𝑝𝑛0 = 𝑛𝑖
2

𝑛𝑝0 = 𝑁𝐷 exp
−𝑒𝑉𝑏𝑖

𝑘𝐵𝑇

𝑝𝑛0 = 𝑁𝐴 exp
−𝑒𝑉𝑏𝑖

𝑘𝐵𝑇

V  0

V = 0



bias voltage, V ≠ 0

𝑛𝑛0 = 𝑁𝐷

𝑛𝑝0 =
𝑛𝑖

2

𝑁𝐴

𝑝𝑛0 =
𝑛𝑖

2

𝑁𝐷

𝑝𝑛(𝑥𝑛)
𝑛𝑝(𝑥𝑝)

𝑝𝑝0 = 𝑁𝐴



Electrons and holes are driven 
towards the junction.
The depletion region becomes 
narrower

Minority electrons are injected into the p-region
Minority holes are injected into the n-region

np(xp) pn(xn) 

+

𝑛𝑝(𝑥𝑝) = 𝑛𝑝0 exp
𝑒𝑉

𝑘𝐵𝑇

𝑝𝑛(𝑥𝑛) = 𝑝𝑛0 exp
𝑒𝑉

𝑘𝐵𝑇

forward bias, V > 0



Electrons and holes are driven away from 
the junction.
The depletion region becomes wider

Minority electrons are extracted from the p-region by the electric field
Minority holes are extracted from the n-region by the electric field

+

np(xp) pn(xn) 

𝑛𝑝(𝑥𝑝) = 𝑛𝑝0 exp
𝑒𝑉

𝑘𝐵𝑇

𝑝𝑛(𝑥𝑛) = 𝑝𝑛0 exp
𝑒𝑉

𝑘𝐵𝑇

reverse bias, V < 0



𝑛 = 𝑁𝑐 exp
𝐸𝐹𝑛 − 𝐸𝑐

𝑘𝐵𝑇

𝑝 = 𝑁𝑣 exp
𝐸𝑣 − 𝐸𝐹𝑝

𝑘𝐵𝑇

When the charge carriers are not in 
equilibrium the Fermi energy can be 
different for electrons and holes.

Quasi Fermi level



𝐷𝑝

𝜕2𝑝𝑛

𝜕𝑥2 =
𝑝𝑛 − 𝑝𝑛0

𝜏𝑝

n-type

Injection only occurs at the surface. 
There the minority carrier density is pn(0).

𝑝𝑛(𝑥) = 𝑝𝑛0 + 𝑝𝑛(0) − 𝑝𝑛0 exp
−𝑥

𝐿𝑝

𝐿𝑝 = 𝐷𝑝𝜏𝑝

diffusion length

recombination time

Review of diffusion



n-type

𝑝𝑛(𝑥) = 𝑝𝑛0 + 𝑝𝑛(𝑥𝑛) − 𝑝𝑛0 exp
−𝑥

𝐿𝑝

𝐽𝑑𝑖𝑓𝑓,𝑝 = −𝑒𝐷𝑝

𝑑𝑝

𝑑𝑥

𝐽𝑑𝑖𝑓𝑓,𝑝 = −𝑒𝐷𝑝

𝑑𝑝

𝑑𝑥
= 𝑝𝑛(𝑥𝑛) − 𝑝𝑛0

𝑒𝐷𝑝

𝐿𝑝
exp

−𝑥

𝐿𝑝

𝐽𝑑𝑖𝑓𝑓,𝑝 = −𝑒𝐷𝑝

𝑑𝑝

𝑑𝑥
= 𝑝𝑛(𝑥𝑛) − 𝑝𝑛0

𝑒𝐷𝑝

𝐿𝑝
At the edge of the depletion region:

( )n np x

Diffusion current



𝐽𝑑𝑖𝑓𝑓,𝑝 = 𝑝𝑛(𝑥𝑛) − 𝑝𝑛0

𝑒𝐷𝑝

𝐿𝑝

𝐽𝑑𝑖𝑓𝑓,𝑝 = 𝑝𝑛0

𝑒𝐷𝑝

𝐿𝑝
exp

𝑒𝑉

𝑘𝐵𝑇
− 1

𝑝𝑛(𝑥𝑛) = 𝑝𝑛0 exp
𝑒𝑉

𝑘𝐵𝑇

Diffusion current



𝐽𝑑𝑖𝑓𝑓,𝑝 =
𝑝𝑛0𝑒𝐷𝑝

𝐿𝑝
exp

𝑒𝑉

𝑘𝐵𝑇
− 1

𝐽𝑑𝑖𝑓𝑓,𝑛 =
𝑛𝑝0𝑒𝐷𝑛

𝐿𝑛
exp

𝑒𝑉

𝑘𝐵𝑇
− 1

Diffusion current



𝐼 = 𝑒𝐴
𝑝𝑛0𝐷𝑝

𝐿𝑝
+

𝑛𝑝0𝐷𝑛

𝐿𝑛
exp

𝑒𝑉

𝑘𝐵𝑇
− 1 = 𝐼𝑠 exp

𝑒𝑉

𝑘𝐵𝑇
− 1

Area Saturation current

Diode current



http://lampz.tugraz.at/~hadley/psd/L6/pnIV.php

Diode I-V characteristics



Thermometer
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