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PN-JUNCTION 

1 The PN-junction in Equilibrium

2 The I–V  Characteristics of the PN-Junction

3 Deviations from the Ideal Diode
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PN-junction

“Contactless” pn-junction



Introduction to Microelectronics
4

1016

1014

1012

10
10

10
6

10
8

104

10
2

nn = ND

pp = NA

np = ni
2 / NA pn = ni

2
/ ND

N A=10
16

cm
-3

P
N D=10

15
cm

-3

N

ohmic

contact

ohmic

contact

A B

-N A

N D

x
(a) Step junction

(b) “initial” carrier concentrations

ni=1010cm-3

“Before contacting”, the two

regions are electrically neutral

( ρ = 0 ).
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http://www.pveducation.org/pvcdrom/pn-junction/formation-pn-junction
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∗ electrons (holes) diffuse from

the n (p) side to the p (n) side,

leaving behind ND
+ (NA

-) ionized

donor (acceptor) atoms and, 

consequently, a net charge density

ρ ≠ 0, which gives rise to  an 

electric field ≠ 0

∗ pn = ni
2 because VAB = 0

pn-junction in thermal equilibrium
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A review on Poisson’s equation                   
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Gauss’ law: 

In one dimension:

Poisson’s equation relates the potential V

to the charge density ρ
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Depletion-layer width and maximum 

electric field
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Biased pn-junction
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Biased pn-junction

� Voltage drop at the ohmic contacts remain the same;

� Voltage drops across the quasi-neutral regions is zero (not valid for 

high currents);

→ All applied voltage drops across the space charge region

→Electrostatics of the SCR under bias is unchanged from 

thermal equilibrium
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Biased pn-junction

Electrostatics of the SCR under bias is unchanged from thermal equilibrium

Depletion approximation
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PN-Junction in Thermal Equilibrium

Jn diff. + Jn drift = 0

Jp diff. + Jp drift = 0

20

Thermal equilibrium: energy band diagram and carrier flux

qφJ

qφJ
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PN-Junction Under Reverse Bias

Energy band diagram for reverse bias (– · – · –) 

and at thermal equilibrium ( ______ )

Jn = Jn diff. + Jn drift ≈≈≈≈ Jn drift

Jp = Jp diff. + Jp drift ≈≈≈≈ Jp drift

21

qφJ

φJ

φ
J
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Jn = Jn diff. + Jn drift ≈≈≈≈ Jn diff.

Jp = Jp diff. + Jp drift ≈≈≈≈ Jp diff.

J = Jn + Jp

VA > 0

The voltage drop across the

(quasi)-neutral regions

is ≈ zero for low-level 

injection

PN-Junction Under Forward Bias

22

φJ

φJ

Energy band diagram for forward bias (– · – · –) and 

at thermal  equilibrium (            )
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 I 

VA 

IDO – current downhill α p ( N-side )

P N

φJ

-xp xn

Equilibrium  

(VA=0)

M. Born, Atomic Physics, Dover, p. 305

R. Feynman et al., The Feynman  Lectures on Physics, Addison 

Wesley, vol. 3, p. 14.8.

Hole current

A few holes on the P-side approach the 

barrier with enough energy to carry over it 

and reach the N-side, where they 

recombine

IUP – current uphill α NA exp(-φJ / φt )

(same reasoning for electrons)

IUP is balanced by a continual generation of pairs 

by thermal fluctuations near the junction on the 

N-side and some of the holes produced fall 

down the energy gradient into the P-side giving 
a current IDO

Equilibrium:   IUP = IDO = IS α NA exp(-φJ / φt )

Boltzmann

First order model: IDO is independent of VA – the rate of thermal generation of pairs will not 

change for VA ≠≠≠≠0 since it depends only on local properties of the crystal near the junction. 
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 I 

VA 

IDO =IS

Forward bias  

(VA>0)

M. Born, Atomic Physics, Dover, p. 305

R. Feynman et al., The Feynman  Lectures on Physics, Addison 

Wesley, vol. 3, p. 14.8.

Hole current

IUP – current uphill α NA exp(VA-φJ)/ φt )

(same reasoning for electrons)

Boltzmann

First order model is independent of VA – the rate of thermal generation of pairs will not 

change for VA ≠≠≠≠0 since it depends only on local properties of the crystal near the junction. 

P N

φ
Jφ

J -VA

-x
p

VA=0

x
n

IUP = IS exp (VA / φt)

I D= IUP – IDO = IS [exp (VA / φt) -1]
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At the edges of the depletion region, -xp and 

xn, equilibrium conditions do not prevail so 

we must use the "law of the junction". 

Development of analytical dc model (I-V characteristics) 

of the diode  I 
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Law of the junction
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1. Neutrality at -xp and xn (limits of QNR)

→p(-xp)=n(-xp)+NA n(xn) =ND+p(xn) (III);

2.  Low-level injection p(-xp)>>n(-xp) & n(xn) >>p(xn)   (IV)

(I)

(II)
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Calculate the current-voltage characteristic of a “short” P+N junction diode

 I 

VA 

1. Holes are the main carriers;

2. Recombination is negligible in the N region;

3. Diffusion current is dominant
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Diode Voltage (V)
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Diode i -v characteristic on semilog scale

IS : saturation current

n : ideality factor ( 1 to 2 )
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