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ELECTRICAL PROPERTIES OF 
SEMICONDUCTORS

1 Intrinsic Semiconductor
2 Extrinsic Semiconductor
3 Drift and Diffusion
4 Boltzmann’s Law
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Electrons tightly 
bound to the nucleus

a=5.43 Å
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p & n – hole and electron concentrations  [cm-3]
R.T.: room temperature

4 valence electrons 
(-4q) contributed 
by each ion

Silicon ion (+4q)

Thermally generated 
(free) electron and 
hole

q= 1.6 x 10-19 C
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Si : ni ( T = 300K ) = 
1010 cm-3
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k : Boltzmann’s constant

k=8.62 x10-5 eV/K  

= 1.38 x10-23 J/K

EG (Si) = 1.12 eV @ T=300 K
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positive ion

electron



Introduction to Microelectronics 7



Introduction to Microelectronics 8

negative ion

hole
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1014 cm-3 ≤ ND ≤ 1020 cm-3

P → P ⊕ +  e-

ion                     electron
(fixed charge)        (mobile charge)

N-type semiconductor

electrons: majority carriers     –

holes: minority carriers   +

ionized donors: fixed charges ⊕

ND: donor concentration

P-type semiconductor
holes: majority carries                +

electrons: minority carries          –

ionized acceptors: fixed charges  

Acceptors: B, Al   (Group III)

 

NA : acceptor concentration

1014 cm-3 ≤ NA ≤ 1020 cm-3

B → B + h+

Donors : P, As, Sb ( Group V )

Heavily doped (degenerate) silicon
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Thermal generation/recombination

covalent bond               e- + h+

Both (free) electrons and holes are free 
to move around the lattice.

Intrinsic Silicon       n = p = ni (T)

Thermal Equilibrium         G = R

G (generation rate)  ⇒⇒⇒⇒ # covalent bonds 
broken / cm3 / s

R (recombination rate)  ⇒⇒⇒⇒ # electron-
hole pairs eliminated / cm3 / s

GENERATION=break-up of 
covalent bond to form electron 
and hole pairs

RECOMBINATION=formation 
of covalent bond by bringing 
together electron and hole
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Thermal equilibrium – Isolated (no interactions with environment) 
semiconductor. Uniform T, no light shining on the device, no applied 
electric or magnetic field.

Steady-state : R = G

In thermal equilibrium we have

Mass-action law:

Intrinsic semiconductor  nO = pO = ni(T) 
ni(T) ≈ 1010 cm-3 for silicon at 300 K

nO pO = ni
2(T)0

0

( , )C material T
n

p
=

http://www.pveducation.org/pvcdrom/pn-junction/equilibrium-carrier-concentration
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(Volume) Charge Density

( )D A
Nq p n Nρ + −− −= +

ρ

Extrinsic semiconductor

N-type                                                   P-type           

donor concentration : ND                                 acceptor concentration : NA  
all donor atoms are ionized                 all acceptor atoms are ionized
donor → ion+ + e- acceptor → ion- + h+

ρ = q [-n +p + ND ]                               ρ = q [ p -n - NA ]
- +     ⊕ +   - −

mobile charges 
(carriers) 

fixed charges 
(ions) 
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Carrier concentration in doped silicon
N-type                                                P-type

ρ = 0 → nO = pO+ ND                                              ρ = 0 → pO = nO + NA
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pO = ni
2 / nO nO = ni

2 / pO
Approximation

ND >> ni NA >> ni 

nO ≈ ND                                                                                    pO  ≈ NA 

pO ≈ ni
2 / ND                                                                         nO = ni

2 / NA

nO pO = ni
2(T)

P-type Si
NA= 1016 cm-3

N-type Si
ND= 1017 cm-3

Example: Si  T=300 K               ni = 1010 cm-3

What are p and n in each case?
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Carrier transport in semiconductors - Drift

E = 0

Kinetic energy of carriers
½ m* vth

2 = 3/2 kT
vth ≈ 107 cm/s at 300 K                      

 τC ≈ 0.1 ps (mean free time = 

average time between  collisions)

→ E
Collisions with 

vibrating  Si atoms 
(Brownian  motion)

Thermal motion of carriers

λ = =107 cm/s x 0.1 ps 0.01 µm = 100 Å

λ = mean free path = vth  τC

,n pv E= ±µDrift velocity [cm s-1]

µn,p ≡ mobility[cm2V−1s−1]

Mobility - is a measure of ease of carrier drift
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Silicon
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A spatial variation ( gradient ) in concentration causes a net transport of 

particles from regions of higher concentration to regions of lower 

concentration. Diffusion occurs because more carriers are scattered in the 

volume of higher concentration than in the volume of lower concentration.

 

0 L x 

Hole current 

p(x) 

A 

0 L x 

dp/dx < 0 electron  
current

n(x)

0 x

dx
dp

 DqdiffJ pp −=
dx
dn

 DqdiffJ nn =

Dn(Dp): electron (hole) diffusion coefficient

Carrier transport in semiconductors - Diffusion
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Einstein Relationship

tq
kT

µ

D
φ== (for both holes and electrons)

k: Boltzmann’s constant
T: absolute temperature
q: electronic charge 
φt: thermal voltage
φt ≈ 25 mV (@ 290 K)

26 mV (@ 301.5 K)

k = 1.38 x10-23 J/K = 86.2 x10-6 eV/K   
q = 1.6 x10-19 C

T = 290K
µn = 1000 cm2/Vs → Dn = 25 cm2/s
µp =   400 cm2/Vs → Dp = 10 cm2/s
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Total current   =  drift current  +  diffusion current
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p p p

dn
J qn E qD

dx

dp
J qp E qD

dx

µ

µ

= +

= −

               
d D kT

E
dx q

φ

µ

−
= =



Introduction to Microelectronics 19

Continuity 1-D equations for semiconductors 

http://ecee.colorado.edu/~bart/book/book/title.htm
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Charge carriers in semiconductor: PE=-qV for electrons

PE= qV for holes

n = nO exp (-PE/kT ) nO is the electron concentration for V=0

pO is the hole concentration for V=0

n = nO exp (qV/kT) p = pO exp (-qV/kT)

k: Boltzmann’s constant
T: absolute temperature
q: electronic charge 
φt=kT/q: thermal voltage
φt ≈ 25 mV (@ 290 K)

26 mV (@ 301.5 K)

The Boltzmann’s Law
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