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Metals, Semiconductors and Insulators

from Wikipedia:

• Metals are characterized by high 
electrical conductivity and consist 
of positive ions in a crystal lattice, 
surrounded by a cloud of surrounded by a cloud of 
delocalized electrons.

• An insulator, also called a 
dielectric, is a material that 
resists the flow of electric 
current.  (Semiconductors at T=0K 
are insulators.)  are insulators.)  

• A semiconductor is a material that 
has an electrical resistivity 
between that of a conductor and 
an insulator. 

Insulators

The Periodic System of the Elements

“Classical” semiconductors:  4 e– in valence state (outer shell)

form a diamond lattice structure (each atom bonds to 4 n)

“New” semiconductors are 3-5 compounds (e.g., GaAs)

Metals are to the left of the green line.



Semiconductors



Electronic States … and Bands

Single atomic system
Example: H atom

Atomic crystal
Wavefunctions Ψ overlap

� Energy levels of individual � Energy levels of individual 
atoms split due to Pauli 
principle (avoiding the same 
quantum states)

� Multiple splitting � “bands”

e– can be in the:

valence band

conduction band  

e– can be in the:

ground state

excited state

Electronic States and Bands (2)

Single atomic system Atomic crystal

There are more than just two bands:



Side Note: The Wavevector k

Consider a crystal lattice with base vectors a, b, c.  There are 14 
Bravais lattices with 7 lattices systems (triclinic, monoclinic, 
orthorhombic, tetragonal, rhombohedral, hexagonal, cubic.)
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It is most convenient to work with the reciprocal lattice, which is the 

set of all wave vectors k such that:

for all lattice point position vectors r. 

For a periodic Bragg crystal:  
n

k
π

±=

1=⋅rik
e

Δk is a momentum difference.  It can be directly measured from 
X-ray scattering � reciprocal vectors of the lattice.

For a periodic Bragg crystal:  
a

k ±=

In Reality: more Complex Band Structure

The band gap Eg depends also on 
the location within the periodic 
crystal lattice!

Germanium

↓↓↓↓ Silicon



The Size of Bandgaps
• Eg is the band gap energy (difference between the lowest level in 

the conduction band and the highest level in the valence band).

• For semiconductors, typically: 0 < Eg < 3.6 eV



Bandgaps and Lattice Struture

Direct and Indirect Band Gaps

Minimum in the conduction band and maximum 
in the valence band are characterized by the 
wavevector k

If the k-vectors for minimum and maximum 
are the same, it is called a "direct gap".  

source: Wikipedia

If the k-vectors for minimum and maximum 
are different it is called an “indirect gap“, and 
a transition must involve the absorption or 
emission of a phonon to conserve momentum.



Direct and Indirect Band Gaps  (2)

Indirect gaps make electronic transitions less likely � light-emitting 
and laser diodes are almost always made of direct band gap materials 
(e.g., GaAs), and not indirect ones (e.g. Si)

Consider a compound material like:

( ) PInGaAl
5.05.01 xx −

Consider a compound material like:

Al and Ga have ~ same atomic size within the lattice � exchangeable 

• If x ≤ 0.7 � bandgap is direct

• If x > 0.7 � bandgap is indirect.• If x > 0.7 � bandgap is indirect.

(Fletcher et al. 1993)



Requirement for Electric Conductivity

Needed:  charge carriers in the conduction band
� to provide conductivity one must provide Eg
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Excitation lifts an e– into the conduction band and leaves 
a hole in the valence band;  both e– and hole contribute to 
electric current. 

[ ]eVE

m

E

hc

gg

c

µ
λ

24.1
==

Possibilities for excitation:

1. external excitation, e.g. via a photon  detector

2. internal excitation due to thermal energy

(3.  impurities)

Conductivity ~ # Electrons in Conduction Band

• Semiconductors at T=0K are insulators

• The left of the two semiconductors is at T>0K with thermally 
excited electron.

• The right of the two semiconductors is electron-deficient because 
of impurities.



Thermal Excitation and the Fermi Energy

Number of thermally Number of thermally 
excited charge carriers = 
statistical process 

�Fermi statistics f(є),
depends on Fermi energy EF

The Energy Distribution of Electrons  (1)
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In the classical picture the energetic distribution of electrons would 
be given by the Maxwell-Boltzmann statistics:
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In the QM picture the concentration of electrons in the conduction 
band is given by:
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where N(E)dE is the density of states and f(E) the Fermi distribution 
(Fermi-Dirac statistics):



The Energy Distribution of Electrons  (2)

At T = 0  f (E < E ) = 1At T = 0  � f (E < EF) = 1

f (E > EF) = 0

For intrinsic semiconductors:  Ec – EF =  EF – EV =  Eg /2

The Energy Distribution of Electrons  (3)
Note:  Even at T~Troom the conduction electrons occupy only the 
lowest states in the conduction band 

If f(E)N(E) is close to zero at E > Ec, it can be described by an 
average “effective density** of states Nc” near E ~ Ec:
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Hence the Fermi-Dirac statistics becomes:
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** see, e.g., Streetman & Banerjee, Appendix IV for a derivation



Limitations of Intrinsic Semiconductors
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�Germanium: λc~1.8µm

�Silicon:        λc~1.1µm

�GaAs: λc~0.87µm

• Wavelength coverage:

�GaAs: λc~0.87µm

• Low impedances � high Johnson (reset) noise 

• Poor stability of material � non-uniformity

• Problems to make good electrical contacts



Doping

Pure semiconductors are termed “intrinsic”.

Semiconductors with added impurities (doped) are termed Semiconductors with added impurities (doped) are termed 

“extrinsic”. 

The deliberate** addition of impurities to a semiconductor 

is called doping.

Example:  addition of boron to silicon in the ratio 1:100,000 

increases its conductivity by a factor 1000! 

** most materials are impure; however, Ge can be produced with 1 impurity in 1011 Ge atoms

Donors and Acceptors
Imagine silicon or germanium  diamond structure, each atom has 

covalent  bonds to each of its four neighbors.

Replacing one Si or Ge against one 

atom with 5 valence electrons  leaves atom with 5 valence electrons  leaves 

one electron “left over” � Donors, n-

type semiconductors

Replacing one Si or Ge against one Replacing one Si or Ge against one 

atom with 3 valence electrons  leaves 

one electron “missing” � Acceptors, p-

type semiconductors



The Fermi Energy in Extrinsic Materials

(a) intrinsic material

(b) n-type material

(c) p-type material

Thermal Excitation in Extrinsic Materials

Intrinsic 
The doping with impurities shifts the 
level of EF toward (n-type) or away from 
(p-type)  the conduction band.(p-type)  the conduction band.

Concentration of neutral + ionized donors:

ND = ND
n + ND

i

Ideally:  ND
n = 0,   ND

i = ND and the Ideally:  ND = 0,   ND = ND and the 
number of electrons is  n = ND – NA

However, in reality n << ND since NA > 0



Donor and Acceptor Energies

Donor Si [meV]   Ge [meV]

P           45            12

Observed donor Ed and acceptor Ea ionization energies:

P           45            12

As         49            13

Sb 39            10

B           45            10

Ga 65            11

In       157             11

Note:

• at room temperature: kT ≈ 26 meV � thermal excitation

• � intrinsic band gaps of ~1100 meV (Si), ~700 meV (Ge)

Another Way to look at it …

Consider Bohr’s hydrogen atom:
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Now replace  e2 � e2/ε and   m � meff

to get the “Bohr radius” of the donor:
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In a semiconductor the electron moves in the Coulomb potential 
e/εr, where ε is the static dielectric constant.  (1/ε accounts for the 
reduction of the Coulomb force between charges).

to get the “Bohr radius” of the donor:

which is typically ~100 times larger than for the hydrogen atom. 
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Reference Properties of Semiconductor Materials
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