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Conductors, Semiconductors, and Insulator

Metals have no bandgap.
Semiconductors and insulators have bandgap.
Wide band gap semiconductors have bandgap from 2 to 4 eV.
Insulators have bandgap greater than 4 eV.

In Chapter 6 we had derived an 
equation for the Fermi energy 

𝜖𝐹 =
ℏ2

2𝑚
3𝜋2𝑁

𝑉

2/3

The 𝑁/𝑉 is the concentration of 
electrons.

The Fermi energy is one of the 
main parameters for determining 
whether a material is metal or 
insulator.



P- and N-Type Semiconductors



Conductors vs. Semiconductors
• In metals the charge is carried by only electrons. The electrical resistance 

increases with an increase in the sample temperature.   

• In semiconductors, both the electrons in the conduction band and the vacant 
orbitals (holes) left behind in the valence band contribute to the electrical 
conductivity.

• In conductors, average relaxation time 
decreases with increase in temperature, 
resulting in an increase in resistivity. 

• In semiconductors, the increase in 
number density (with increase in 
temperature) is more than the decrease 
in relaxation time; the net result is, 
therefore, a decrease in resistivity.



Carrier density of metals and semiconductors





Conductors vs. Semiconductors

Semiconductors include a large number of substances of different chemical 
and physical properties. Main types of semiconductors:

•Group IV semiconductors - Si, Ge.
- Crystallize in the diamond structure (fcc lattice with a basis composed of 

two identical atoms)
- covalent crystals, i.e., the atoms are held together by covalent bonds
- the covalent electrons forming the bonds are hybrid sp3 atomic orbitals

•III-V (GaN, GaAs, InP, etc.), II-VI (ZnSe, ZnS) semiconductors and alloys 
- zinc blende structure (same as diamond but with two different atoms) or 

hexagonal wurtzite structure (GaN)
- also covalent bonds, but polar - the distribution of the electrons along the 

bond is not symmetric.

•Some other compounds (I-VII, various oxides, halogenides, organic 
semiconductors...)



• The band gap is the difference in energy between the lowest point of the 
conduction band and the highest point of the valence band. 

• The lowest point in the conduction band is called the conduction band edge; 
the highest point in the valence band is called the valence band edge.

• At 0 K the conductivity is zero because all states in the valence band are 
filled and all states in the conduction band are vacant. As the temperature is 
increased, electrons are thermally excited from the valence band to the 
conduction band, where they become mobile. Such carriers are called 
'intrinsic."

Band Gap



• A highly purified semiconductor exhibits intrinsic conductivity, as 
distinguished from the impurity conductivity of less pure semiconductors. In 
the intrinsic temperature range the electrical properties of a semiconductor are 
not essentially modified by impurities in the crystal.

• Under intrinsic conditions the hole concentration is equal to the electron 
concentration.

• The intrinsic conductivity and intrinsic carrier concentrations are largely 
controlled by 𝐸𝑔

𝑘𝐵𝑇
, the ratio of the band gap to the sample thermal energy. 

When this ratio is large, the concentration of intrinsic carriers will be low and 
the hence electrical conductivity will be low.

Band Gap





P type and N type Semiconductor





➢Electron Concentration Versus Temperature
➢Direct and Indirect Band Gaps
➢Equations of Motion



Electron concentration versus temperature
• The intrinsic concentration at a given temperature is higher in Ge than in Si because the 

energy gap is narrower in Ge (0.66 eV) than in Si (1.11 eV)



Direct and Indirect Band Gaps

In (a) the lowest point of the conduction band occurs at the same value of 𝑘 as the highest 
point of the valence band. A direct optical transition is drawn vertically with no change in k.

The indirect transition in (b) involves both a photon and a phonon because the band edges of 
the conduction and valence bands are widely separated in k space. The threshold energy for 
the indirect process in (b) is greater than the true band gap. The absorption threshold for 
the indirect transition between the hand edges is at ħ𝜔 = 𝐸𝑔 + ħΩ, where Ω is the frequency 
of an emitted phonon of wavevector K = −𝑘𝑐.



Direct and Indirect Band Gaps

Optical absorption in pure insulators at 
absolute zero temperature. In the, direct 
band gap semiconductor the threshold 
determines the energy gap as 𝐸𝑔 = ħ𝜔𝑔. 



Direct and Indirect Band Gaps

In the indirect band gap semiconductor, 
the optical absorption is weaker near the 
threshold.

A photon of  energy ħ𝜔 is absorbed with 
the creation of three particles: a free 
electron, a free hole, and a phonon of 
energy ħΩ. Thus ħ𝜔 = 𝐸𝑔 + ħΩ.

The energy 𝑬𝒗𝒆𝒓𝒕 marks the threshold for 
the creation of a free electron and a free 
hole, with no phonon involved. Such a 
transition is called vertical; it is similar 
to the direct transition in (a). 



Direct and Indirect Band Gaps
The band gap may also be deduced from 
the temperature dependence of the 
conductivity or of the carrier 
concentration in the intrinsic range. 

The carrier concentration is obtained from 
measurements of the Hall voltage, 
sometimes supplemented by conductivity 
measurements. 

Optical measurements determine whether 
the gap is direct or indirect.

Optical absorption in pure indium 
antimonide, InSb. Notice the sharp 
threshold.



Direct and Indirect Band Gaps
In InSb, the transition is direct because both conduction and valence band edges are 
at the center of the Brillouin zone (Γ), k = 0. 



Direct and Indirect Band Gaps





Equations of Motion
We derive the equation of motion of an electron in an energy band. We look at 
the notion of a wave packet in an applied electric field. Suppose that the wave 
packet is made up of wavefunctions assembled near a particular wavevector k. 
The group velocity by definition

𝑣𝑔 =
𝑑𝜔
𝑑𝑘

= ħ−1 𝑑𝜖
𝑑𝑘

or 𝑣𝑔 = ħ−1𝛻𝑘𝜖 𝑘 .

The work (𝛿𝜖) done on the electron by the electric field 𝐸 in the time interval 
(𝛿𝑡).

𝛿𝜖 = −𝑒𝐸𝑣𝑔𝛿𝑡
and

𝛿𝜖 = ħ𝛿𝜔 = ħ𝑣𝑔 𝛿𝑘

𝛿𝑘 = −
𝑒𝐸
ħ

𝛿𝑡

When electron is in an electric field E, the force on the electron is 

𝐹 = 𝑒𝐸 = ħ
𝑑𝑘
𝑑𝑡

.



Equations of Motion
The Lorentz force on an electron in a magnetic field, under ordinary conditions 
where the magnetic field is not so strong to break down the band structure. 

For 𝐸 = 0, the equation of motion of an electron of group velocity 𝑣𝑔 in a 
constant magnetic field B is

𝐹 = ħ
𝑑𝑘
𝑑𝑡

= −𝑒 (𝑣𝑔 × 𝐵).

ħ
𝑑𝑘
𝑑𝑡

= −
𝑒
ħ

(𝛻𝑘𝜖 𝑘 × 𝐵)

In the presence of both electric and magnetic fields, the equation will become 

ħ
𝒅𝒌
𝒅𝒕

= − 𝒆𝑬 +
𝒆
ħ

𝜵𝒌𝝐 𝒌 × 𝑩 .



Physical Derivation of ħ𝑑𝑘
𝑑𝑡

= 𝐹
The Bloch eigenfunction 𝜓𝑘 belonging to the energy eigenvalue 𝜖𝑘 and 
wavevector 𝑘:

𝜓𝑘 = ෍
𝐺

𝐶𝑘+𝐺 exp 𝑖 𝑘 + 𝐺 . 𝑟 .

The expectation value of the momentum of an electron in the Bloch state k is

< 𝑃𝑒𝑙 > = < 𝜓𝑘 −iħ𝛻 𝜓𝑘 >

< 𝑃𝑒𝑙 > = ෍
𝐺

ħ 𝑘 + 𝐺 |𝐶𝑘+𝐺|2

Using σ𝐺 |𝐶𝑘+𝐺|2 = 1, in the first term, we write.

< 𝑃𝑒𝑙 > = ħ𝑘 + ħ ෍
𝐺

𝐺|𝐶𝑘+𝐺|2



Physical Derivation of ħ𝑑𝑘
𝑑𝑡

= 𝐹
We suppose that a weak external force is applied for a time interval such that the 
total impulse given to the entire crystal system is  𝐽 = ׬ 𝐹 𝑑𝑡.

If the conduction electron is free, the total momentum imparted to the crystal 
system by the impulse would appear in the change of momentum of the 
conduction electron.

𝐽 = Δ𝑃𝑡𝑜𝑡 = Δ𝑃𝑒𝑙 = ħΔ𝑘

If the conduction electron interacts with the periodic potential of the crystal
lattice, we must have.

𝐽 = Δ𝑃𝑡𝑜𝑡 = Δ𝑃𝑒𝑙 + Δ𝑃𝑙𝑎𝑡 = ħΔ𝑘

On the previous slide, we note that

Δ𝑃𝑒𝑙 = ħΔ𝑘 + ෍
𝐺

ħ 𝐺 [𝛻𝑘 𝐶𝑘+𝐺
2 . Δ𝑘]

So

Δ𝑃𝑙𝑎𝑡 = − ෍
𝐺

ħ 𝐺 𝛻𝑘 𝐶𝑘+𝐺
2 . Δ𝑘



Physical Derivation of ħ𝑑𝑘
𝑑𝑡

= 𝐹
Thus external force on applied on electron can be determined by the rate of 
change of impulse:

𝐹 =
𝑑𝐽
𝑑𝑡

=
ħ𝑑𝑘
𝑑𝑡

.



➢Holes
➢Effective Mass
➢Silicon and Germanium



Holes
The properties of vacant orbitals in an otherwise filled band are important in 
semiconductor physics and in solid state electronics. Vacant orbitals in a band are 
commonly called holes, and without holes there would be no transistors. 

The empty states in the valence band are called “holes”. It acts under external 
forces s if it has a positive charge +e.

In a completely filled band, no current can flow because no states are available 
for electrons to move to. The electrons can “move” in the valence band if there is 
an empty state i.e a hole available.

Further elaboration of the hole is given in the following five steps.

1. The total wavevector of the electrons in a filled band is zero: σ 𝑘 = 0, where 
the sum is over all states in a Brillouin zone. Due to the inversion symmetry of 
the Brillouin zone, if the band is filled all pairs of orbitals k and -k are filled, and 
the total wavevector is zero.



Holes
If we choose that the total wavevector of the system after the absorption of the 
photon is 𝑘ℎ + 𝑘𝑒 = 0. Then when an electron of wavevector 𝑘𝑒 is excited to the 
conduction band a hole of wavevector 𝑘ℎ = −𝑘𝑒 is created in the valance band, 
thus

𝑘ℎ = −𝑘𝑒

The wavevector −𝑘𝑒, enters into selection rules for photon absorption.

𝑘 + 𝑘𝑒 = 𝑘ℎ + 𝑘𝑒



2. The wavevector and energy of the hole are equal, but opposite in sign, to the 
wavevector and energy of the empty electron orbital in the valence band. It takes 
more work to remove an electron from a low orbital than from a high orbital. 

𝜖𝑒 𝑘𝑒 = 𝜖𝑒 −𝑘𝑒 = −𝜖ℎ −𝑘𝑒 = −𝜖ℎ 𝑘ℎ

The upper half of the figure shows the hole band that simulates the dynamics of a 
hole, constructed by inversion of the valence band in the origin. We do not show 
the disposition of the electron removed from the valence band at 𝑘𝑒. 



3. The velocity of the hole is equal to the velocity of the missing electron.

𝑣ℎ = 𝑣𝑒

From the figure on the last slide, we see that 

∇𝑘ℎ𝜖ℎ(𝑘ℎ) = ∇𝑘𝑒𝜖𝑒(𝑘𝑒)

4. We show below that the effective mass is inversely proportional to the 
curvature 𝑑2𝜖/𝑑𝑘2, and for the hole band this has the opposite sign to that for an 
electron in the valence band. Near the top of the valence band 𝑚𝑒 is negative, so 
that 𝑚ℎ is positive.

𝑚ℎ = −𝑚𝑒



5. Equation of motion for hole is:

ℏ
𝑑𝑘ℎ

𝑑𝑡
= 𝑒 𝐸 +

1
𝑐

𝑣ℎ × 𝐵 .

This comes from equation of motion of electron for 𝑘ℎ = −𝑘𝑒 and 𝑣ℎ = 𝑣𝑒.

ℏ
𝑑𝑘𝑒

𝑑𝑡
= −𝑒 𝐸 +

1
𝑐

𝑣𝑒 × 𝐵 .

The equation of motion for a hole is that of a particle of positive charge +e.



Hole
Motion of electrons in the conduction band and holes in the valence band in the 
electric field E. The hole and electron drift velocities are in opposite directions, 
but their electric currents are in the same direction, the direction of the electric 
field.

𝑗𝑒 = −𝑒𝑣𝑒 and 𝑗ℎ = +𝑒𝑣ℎ

𝑗𝑡𝑜𝑡 = 𝑗𝑒 + 𝑗ℎ



Effective Mass
When we look at the energy-wavevector relation 𝜖 = ħ2𝑘2

2𝑚
for free electrons, we 

see that the coefficient of 𝑘2 determines the curvature of 𝜖 versus 𝑘. Turned 
about, we can say that 1/𝑚, the reciprocal mass, determines the curvature. For 
free electron 𝑚∗ = 𝑚 = 9.1 × 10−31𝑘𝑔.

For electrons in a band there can be regions of unusually high curvature near 
the band gap at the zone boundary, as we see from the solutions in Chapter 7 of 
the wave equation near the zone boundary. 

If the energy gap is small in comparison with the free electron energy 𝜆 at the 
boundary, the curvature is enhanced by the factor 𝜆/𝐸𝑔.

In semiconductors the band width, which is like the free electron energy, is of 
the order of 20 eV, while the band gap is of the order of 0.2 to 2 eV. Thus the 
reciprocal mass (1/𝑚) is enhanced by a factor 10 to 100, and the effective mass 
is reduced to 0.1-0.01 of the free electron mass. 

These values apply near the band gap; as we go away from the gap the 
curvatures and the masses are likely to approach those of free electrons.



Effective Mass

For electrons in a band, their masses 
depend on the band curvature. 

𝜖 ෩𝐾 ± = 𝜖 ± +
ħ2 ෩𝐾2

2𝑚
1 ±

2λ
𝑈

.

The electron energy at the zone boundary 
at G/2.



For 𝑼 positive, the solution 𝜖 + correspond to the upper of the two bands, 
and 𝜖 − to the lower of the two bands.

𝜖 ෩𝐾 ± = (𝜆 ± 𝑈) +
ħ2 ෨𝐾2

2𝑚
1 ±

2λ
𝑈

.

෨𝐾 = 𝑘 − 𝐺/2

Effective Mass

The 𝜖 ෩𝐾 + is

𝜖 ෩𝐾 + ≈ λ + 𝑈 +
ħ2 ෩𝐾2

2𝑚 1 +
2λ
𝑈 .

With the effective mass of the electron

1
𝑚𝑒

= 1
𝑚

1 + 2λ
𝑈

, , 𝜖𝑐 = λ + 𝑈

𝜖 ෩𝐾 + ≈ 𝜖𝑐 +
ħ2 ෩𝐾2

2𝑚𝑒
.

λ + 𝑈

λ − 𝑈

λ



Effective Mass

The 𝜖 ෩𝐾 − is

𝜖 ෩𝐾 − ≈ λ − 𝑈 +
ħ2 ෩𝐾2

2𝑚 1 −
2λ
𝑈

With the effective mass of the electron

1
𝑚ℎ

= 1
𝑚

2λ
𝑈

− 1 , 𝜖𝑣 = λ − 𝑈

𝜖 ෩𝐾 − ≈ 𝜖𝑣 −
ħ2 ෩𝐾2

2𝑚ℎ
.

λ + 𝑈

λ − 𝑈

λ



Effective Mass
The important point is that an electron in a periodic potential is accelerated 
relative to the lattice in an applied electric or magnetic field as if the mass of 
the electron were equal to an effective mass which we now define.

𝑑𝑣
𝑑𝑡 =

1
𝑚∗ 𝐹



Effective Mass



Effective Mass



➢Effective Mass
➢Silicon and Germanium
➢Intrinsic Carrier Concentration
➢Intrinsic Mobility



Effective Mass in Semiconductors
In many semiconductors it has been possible to determine by cyclotron 
resonance the effective masses 𝑚∗ of carriers in the conduction and valence 
bands near the band edges by using cyclotron resonance. The current 
carriers are accelerated in helical orbits about the axis of a static magnetic 
field. The angular rotation frequency 𝜔𝑐 , is

𝑚𝑣2

𝑟
= 𝑒𝑣𝐵 ⇒ 𝜔𝑐 =

𝑒𝐵
𝑚∗

Resonant absorption of energy from an radio frequency (rf) electric field 𝐸𝑟𝑓
perpendicular to the static magnetic field occurs when the rf frequency is equal 
to the cyclotron frequency. Holes and electrons rotate in opposite senses in a 
magnetic field.



Effective Mass in Semiconductors
In direct-gap semiconductors with band edges at the center of the Brillouin
zone, the bands have the structure shown in Figure. The conduction band 
edge is spherical with the effective mass 𝑚𝑜:

𝜖𝑐 = 𝐸𝑔 +
ℏ2𝑘2

2𝑚𝑒
,

The valence bands are characteristically 
threefold near the edge, with the heavy 
hole hh and light hole lh bands degenerate 
at the center, and a band soh split off holes 
by the spin-orbit splitting ∆:

𝜖𝑣 ℎℎ ≌ −
ℏ2𝑘2

2𝑚ℎℎ
, 𝜖𝑣 𝑙ℎ ≌ −

ℏ2𝑘2

2𝑚𝑙ℎ
,

𝜖𝑣 𝑠𝑜ℎ ≌ −Δ −
ℏ2𝑘2

2𝑚𝑠𝑜ℎ
.



The so called “Split off holes” band appears when we consider spin orbit 
interaction. 

The spin orbit interaction (J = L+S) is the superposition of the hole spin 
momentum (S) and its orbital angular momentum (L). The energy 
difference Δ is a measure of the spin-orbit interaction.

Effective Mass in Semiconductors



Silicon and Germanium
The conduction and valence band of 
germanium are shown in the figure. The 
valence band edge in both Si and Ge is at 
k = 0 and is derived from p1/2 and p3/2
states of the free atoms (Read Chapter 9).

The p3/2 level is fourfold degenerate as in 
the atom; the four states correspond to J 
(=L±S), values ±3/2 and ±1/2. The p1/2 
level is doubly degenerate, with mJ = ±1/2. 
The p3/2 states are higher in energy than the 
p1/2 states.

The energy surfaces are not spherical, but 
warped and can be determine using the 
following equation.

𝜖 𝑘 = 𝐴𝑘2 ± [𝐵2𝑘4 + 𝐶2൫
൧

𝑘𝑥
2𝑘𝑦

2 +
𝑘𝑦

2𝑘𝑧
2 + 𝑘𝑧

2𝑘𝑥
2 1/2



Silicon and Germanium

The conduction band edges in Ge are at the equivalent points L of the 
Brillouin zone. Each band edge has a spheroidal energy surface oriented 
along a <111> crystal axis, with a longitudinal mass ml = 1.59 m and a 
transverse mass mt = 0.082 m.

In silicon the conduction band edges are spheroids oriented along the 
equivalent <100> directions in the Brillouin zone, with mass parameters ml
= 0.92 m and mt = 0.19 m, as shown in the figure. 



Silicon and Germanium
For a static magnetic field at an angle θ
with the longitudinal axis of a spheroid, 
the effective cyclotron mass mc, is

1
𝑚𝑐

2 =
cos2 𝜃

𝑚𝑡
2 +

sin2 𝜃
𝑚𝑡𝑚𝑙

Effective cyclotron mass of electrons in 
germanium at 4 K for magnetic field 
directions in a (110) plane. There are 
four independent mas spheroids in Ge, 
one along each [I l l] axis, but viewed in 
the (110) plane two spheroids always 
appear equivalent.



Silicon and Germanium
Derivation of 

1
𝑚𝑐

2 =
cos2 𝜃

𝑚𝑡
2 +

sin2 𝜃
𝑚𝑡𝑚𝑙

.

Suppose a variable magnetic field applied along x and z axes; By = 0. The particle 
moves in a helical orbit.

Ԧ𝐹 = 𝑞 Ԧ𝑣 × 𝐵 = 𝑚 𝑑𝑣
𝑑𝑡

----(1)
Ԧ𝐹𝑥 = 𝑞𝑣𝑦𝐵𝑧 = 𝑚𝑡

∗ 𝑑𝑣𝑥
𝑑𝑡

----(2)

Ԧ𝐹𝑦 = 𝑞 𝑣𝑧𝐵𝑥 − 𝑣𝑥𝐵𝑧 = 𝑚𝑡
∗ 𝑑𝑣𝑦

𝑑𝑡
----(3)

Ԧ𝐹𝑧 = −𝑞𝑣𝑦𝐵𝑥 = 𝑚𝑙
∗ 𝑑𝑣𝑧

𝑑𝑡
----(4)



Silicon and Germanium
Take derivative of Eq. 3 with respect to t.

𝑚𝑡
∗ 𝑑2 Ԧ𝑣𝑦

𝑑𝑡2 = 𝑞
𝑑𝑣𝑧

𝑑𝑡
𝐵𝑥 −

𝑑𝑣𝑥

𝑑𝑡
𝐵𝑧

Eliminate 𝑑𝑣𝑧
𝑑𝑡

and 𝑑𝑣𝑥
𝑑𝑡

, by putting its values from Eqs. 2 and 5.

𝑚𝑡
∗ 𝑑2 Ԧ𝑣𝑦

𝑑𝑡2 = 𝑞
−𝑞𝑣𝑦𝐵𝑥

𝑚𝑙
∗ 𝐵𝑥 −

𝑞𝑣𝑦𝐵𝑧

𝑚𝑡
∗ 𝐵𝑧

𝑑2 Ԧ𝑣𝑦

𝑑𝑡2 = −𝑣𝑦
𝑞2𝐵𝑥

2

𝑚𝑙
∗𝑚𝑡

∗ +
𝑞2𝐵𝑧

2

𝑚𝑡
∗ 2

𝐵𝑥 = 𝐵𝑜 sin 𝜃 , 𝐵𝑧 = 𝐵𝑜 cos 𝜃 , 𝐵𝑦 = 0
And

𝜔𝑙 =
𝑞𝐵0

𝑚𝑙
∗ , 𝜔𝑡 =

𝑞𝐵0

𝑚𝑡
∗



Silicon and Germanium

𝑑2 Ԧ𝑣𝑦

𝑑𝑡2 = −𝑣𝑦 𝜔𝑙𝜔𝑡 sin2 𝜃 + 𝜔𝑡
2 cos2 𝜃

𝑑2 Ԧ𝑣𝑦

𝑑𝑡2 + 𝜔2𝑣𝑦 = 0

𝜔2 =
𝑞𝐵0

𝑚𝑐
∗

2

≡ 𝜔𝑙𝜔𝑡 sin2 𝜃 + 𝜔𝑡
2 cos2 𝜃

𝑞𝐵0

𝑚𝑐
∗

2

≡
𝑞𝐵0

𝑚𝑙
∗

𝑞𝐵0

𝑚𝑡
∗ sin2 𝜃 +

𝑞𝐵0

𝑚𝑡
∗

2

cos2 𝜃

1
𝑚𝑐

∗2 =
sin2 𝜃
𝑚𝑙

∗𝑚𝑡
∗ +

cos2 𝜃
𝑚𝑡

∗2



Intrinsic Carrier Concentration
Semiconductor are called “intrinsic”, when concentration of free electrons in 
the conduction band and holes in the valence bands are equal. 

Both n and p type charge concentration are temperature dependent

𝑛 = 1
𝑉 𝐸𝑐׬

∞ 𝐷𝑒 𝜖 𝑓𝑒 𝜖 𝑑𝜖,     Electron concentration in the conduction band

𝑝 = 1
𝑉 ∞−׬

𝐸𝑣 𝐷ℎ 𝜖 𝑓ℎ 𝜖 𝑑𝜖 ,     Hole concentration in the conduction band

At the temperatures of interest we may suppose for the conduction band of a 
semiconductor that 𝜖 − 𝜇 ≫ 𝑘𝐵𝑇.

Fermi Dirac Distribution 𝑓𝑒 𝜖 = 1

exp 𝜖−𝜇
𝑘𝐵𝑇 +1

≈ exp − 𝜖−𝜇
𝑘𝐵𝑇

Fermi Dirac Distribution 𝑓ℎ 𝜖 = 1 − 𝑓𝑒 𝜖 = 1

exp −𝜖−𝜇
𝑘𝐵𝑇 +1

≈ exp + 𝜖−𝜇
𝑘𝐵𝑇



Intrinsic Carrier Concentration
We want the concentration of intrinsic carriers as a function of temperature, 
in terms of the band gap.  For semiconductors, μ is replaced by Fermi level 𝜖𝐹.

For simplicity, we do the calculation for parabolic band edges 𝜖 ∝ 𝑘2.

Energy of electron in conduction band

𝜖𝑘 = 𝐸𝑐 +
ℏ2𝑘2

2𝑚𝑒

Density of states, 𝐷𝑒 𝜖 = 𝑉
2𝜋2

2𝑚𝑒
ℏ2

3/2
𝜖 − 𝐸𝑐

Energy of hole in valence band, 

𝜖𝑘 = 𝐸𝑣 −
ℏ2𝑘2

2𝑚ℎ

Density of states, 𝐷ℎ 𝜖 = 𝑉
2𝜋2

2𝑚ℎ
ℏ2

3/2
𝐸𝑣 − 𝜖



Intrinsic Carrier Concentration
The concentration of electrons in the conduction band at 𝑘𝐵𝑇 is:

𝑛 =
1
𝑉 න

𝐸𝑐

∞
𝐷𝑒 𝜖 𝑓𝑒 𝜖 𝑑𝜖

𝑛 =
1
𝑉 න

𝐸𝑐

∞ 𝑉
2𝜋2

2𝑚𝑒
ℏ2

3/2

𝜖 − 𝐸𝑐
1/2𝑒− 𝜖−𝜇

𝑘𝐵𝑇 𝑑𝜖

𝑛 =
1

2𝜋2
2𝑚𝑒
ℏ2

3/2

𝑒
𝜇

𝑘𝐵𝑇 න
𝐸𝑐

∞
𝜖 − 𝐸𝑐

1/2𝑒− 𝜖
𝑘𝐵𝑇 𝑑𝜖

Let 𝑥 = 𝜖−𝐸𝑐
𝑘𝐵𝑇

⇒ 𝜖
𝑘𝐵𝑇

= 𝑥 + 𝐸𝑐
𝑘𝐵𝑇

, 𝑑𝜖 = 𝑘𝐵𝑇𝑑𝑥

𝑛 =
1

2𝜋2
2𝑚𝑒𝑘𝐵𝑇

ℏ2

3/2

𝑒
𝜇−𝐸𝑐
𝑘𝐵𝑇 න

0

∞
𝑥1/2𝑒− 𝑥 𝑑𝑥



Intrinsic Carrier Concentration
The integral is a gamma function.

න
0

∞
𝑥1/2𝑒− 𝑥 𝑑𝑥 =

𝜋
2

𝑛 =
1

2𝜋2
2𝑚𝑒𝑘𝐵𝑇

ℏ2

3/2

𝑒
𝜇−𝐸𝑐
𝑘𝐵𝑇

𝜋
2

The concentration of electrons in the conduction band is

𝑛 = 2
𝑚𝑒𝑘𝐵𝑇
2𝜋ℏ2

3/2

𝑒
𝜇−𝐸𝑐
𝑘𝐵𝑇

The concentration of electrons is temperature dependent. The problem is solved for 𝑛
when 𝜇 is known.



➢Intrinsic Carrier Concentration
➢Intrinsic Mobility
➢Impurity conductivity
➢Thermal Ionization of Donors 

and Acceptors



Intrinsic Carrier Concentration
It is useful to calculate the equilibrium concentration of holes 𝑝. The 
distribution function 𝑓ℎ for holes is related to the electron distribution 
function by 𝑓ℎ = 1 − 𝑓𝑒, because a hole is the absence of an electron.

𝑝 =
1
𝑉 න

−∞

𝐸𝑣
𝐷ℎ 𝜖 𝑓ℎ 𝜖 𝑑𝜖

𝑝 =
1
𝑉 න

−∞

𝐸𝑣 𝑉
2𝜋2

2𝑚ℎ
ℏ2

3/2

𝐸𝑣 − 𝜖 1/2𝑒
𝜖−𝜇
𝑘𝐵𝑇 𝑑𝜖

𝑝 =
1

2𝜋2
2𝑚ℎ
ℏ2

3/2

𝑒 − 𝜇
𝑘𝐵𝑇 න

−∞

𝐸𝑣
𝐸𝑣 − 𝜖 1/2𝑒

𝜖
𝑘𝐵𝑇 𝑑𝜖

Let 𝑥 = 𝐸𝑣−𝜖
𝑘𝐵𝑇

⇒ 𝜖
𝑘𝐵𝑇

= −𝑥 + 𝐸𝑣
𝑘𝐵𝑇

, 𝑑𝜖 = −𝑘𝐵𝑇𝑑𝑥

𝑝 = −
1

2𝜋2
2𝑚ℎ𝑘𝐵𝑇

ℏ2

3/2

𝑒
𝐸𝑣−𝜇
𝑘𝐵𝑇 න

∞

0
𝑥1/2𝑒− 𝑥 𝑑𝑥



Intrinsic Carrier Concentration
This integral is also a gamma function.

න
∞

0
𝑥1/2𝑒− 𝑥 𝑑𝑥 = − න

0

∞
𝑥

3
2 − 1𝑒− 𝑥 𝑑𝑥 = Γ 3/2 = −

𝜋
2

𝑝 = +
1

2𝜋2
2𝑚ℎ𝑘𝐵𝑇

ℏ2

3
2

𝑒
𝐸𝑣−𝜇
𝑘𝐵𝑇

𝜋
2

The concentration of holes in the valence band is

𝑝 = 2
𝑚ℎ𝑘𝐵𝑇
2𝜋ℏ2

3/2

𝑒
𝐸𝑣−𝜇
𝑘𝐵𝑇 .

Similar to the concentration of electrons, the concentration of holes is also temperature 
dependent. 



Intrinsic Carrier Concentration
We multiply together the expressions for 𝑛 and 𝑝 to obtain the equilibrium relation, with 
the energy gap 𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣 and eliminate the Fermi energy 𝜇.

𝑛𝑝 = 4
𝑘𝐵𝑇

2𝜋ℏ2

3

𝑚𝑒𝑚ℎ
3/2𝑒−

𝐸𝑔
𝑘𝐵𝑇

This product of the electron and hole concentrations is a constant and is independent of 
impurity concentration at a given temperature. 

If one carrier concentration was desired more than the other then introduction of a small 
proportion of a suitable impurity can increase 𝑛 (or 𝑝) and decrease 𝑝 (or 𝑛). Such 
semiconductors are called extrinsic semiconductors.

This result is important in practice-we can reduce the total carrier concentration 𝑛 + 𝑝 in 
an impure crystal, sometimes enormously, by the controlled introduction of suitable 
impurities. Such a reduction is called compensation.



Intrinsic Carrier Concentration
For an intrinsic semiconductor 𝑛 = 𝑝

𝑛𝑖 = 𝑝𝑖 = 2
𝑘𝐵𝑇

2𝜋ℏ2

3/2

𝑚𝑒𝑚ℎ
3/4𝑒−

𝐸𝑔
2𝑘𝐵𝑇

The dependence of Fermi level on temperature and its location inside the band gap is 
obtained by setting 𝑛 = 𝑝.

2
𝑚𝑒𝑘𝐵𝑇
2𝜋ℏ2

3/2

𝑒
𝜇−𝐸𝑐
𝑘𝐵𝑇 = 2

𝑚ℎ𝑘𝐵𝑇
2𝜋ℏ2

3/2

𝑒
𝐸𝑣−𝜇
𝑘𝐵𝑇

𝑒
2𝜇

𝑘𝐵𝑇 =
𝑚ℎ
𝑚𝑒

3/2

𝑒
𝐸𝑐+𝐸𝑣

𝑘𝐵𝑇

2𝜇
𝑘𝐵𝑇 =

3
2 ln

𝑚ℎ
𝑚𝑒

+
𝐸𝑐 + 𝐸𝑣

𝑘𝐵𝑇

𝜇 =
𝐸𝑐 + 𝐸𝑣

2 +
3
4 𝑘𝐵𝑇 ln

𝑚ℎ
𝑚𝑒



Intrinsic Carrier Concentration



Intrinsic Carrier Concentration

Energy scale for statistical calculations. The Fermi distribution function is 
shown on the same scale, for a temperature kBT < Eg. The Fermi level μ is 
taken to lie well within the band gap, as for an intrinsic semiconductor. If
𝜖 = μ, then 𝑓 = 1/2.



Intrinsic Mobility
For semiconductors, Ohm law for current density 𝑗 = 𝑒 𝑝𝑣ℎ − 𝑛𝑣𝑒 and 
electric field 𝐸 is written as

𝑗 = 𝜎𝐸.

𝜎 = 𝑒
𝑝𝑣ℎ

𝐸
−

𝑛𝑣𝑒

𝐸

The electron and hole velocities are

𝑣ℎ =
𝑒𝐸𝜏
𝑚ℎ

, 𝑣𝑒 = −
𝑒𝐸𝜏
𝑚𝑒

The conductivity becomes 

𝜎 =
𝑝𝑒2𝜏
𝑚ℎ

+
𝑛𝑒2𝜏
𝑚𝑒

The electron mobility is 𝜇𝑒 = 𝑒τ
𝑚𝑒

and hole mobility is 𝜇ℎ = 𝑒τ
𝑚ℎ

.



Intrinsic Mobility

The electrical conductivity is therefore,

𝜎 = 𝑛𝑒𝜇𝑒 + 𝑝𝑒𝜇ℎ.

Since 𝑛, 𝑝, and 𝜏 all depends on temperature, but the temperature dependence of 

the carrier concentration is dominated by the exponential dependence 𝑒 −
𝐸𝑔

2𝑘𝐵𝑇. 
Therefore, with an increase in temperature of semiconducting sample its 
conductivity will increase.



Intrinsic Mobility



Impurity Conductivity
Si and Ge are group IV elements. Doping it with proper impurities can 
increase electrons or holes concentration. 



Impurity Conductivity

2 2



Impurity Conductivity

2

In n-doped silicon, the 5th valence electron of P does not make bonds with neighbor atoms 
and thus only weakly bound with P atoms. 

Its radius and binding energy can be estimated by treating the system as a hydrogen atoms 
embedded in a dielectric of dielectric constant 𝜅 = 𝜖/𝜖𝑜 and effective mass of electron 𝑚𝑒. 

𝑎𝑑 =
4𝜋𝜅𝜖𝑜ℏ2

𝑚𝑒𝑒2 𝑛2

For the ground state 𝑛 = 1.

𝑎𝑑 =
4𝜋𝜖𝑜ℏ2

𝑚𝑒2
𝜅 𝑚
me

= 𝑎o 𝜅
𝑚

me
,

where 𝑎o is the Bohr radius. Binding energy of the donor state electron is

𝐸𝑑 = −
𝑒4𝑚𝑒

32𝜋2𝜅2𝜖𝑜
2ℏ2

1
𝑛2 =

−13.6 𝑒𝑉
𝜅2

𝑚𝑒
𝑚

For semiconductor with 𝜅 = 10 and 𝑚
𝑚𝑒

= 10, ⇒ 𝑎𝑑 = 52.9 Å and 𝐸𝑑 = −13.6 𝑚𝑒𝑉



Impurity Conductivity

2



Impurity Conductivity
In p-doped silicon, the dopant has less number of valence electrons than Si. For example, B 
has 3 electrons, therefore, each B atom creates one hole, which orbits around it in the 
valence band.

The Bohr model applies qualitatively for the holes just as for the electrons, but due to 
degeneracies at the top of valence band complicates the effective mass problem.



Impurity Conductivity



Thermal Ionization of Donors and Acceptors
The calculation of the equilibrium concentration of conduction electrons
from ionized donors is identical with the standard calculation in statistical 
mechanics of the thermal ionization of hydrogen atoms. 

For n-type semiconductor, the Fermi level lies between donor level and 
conduction band.

𝜖𝐹𝑛 =
𝐸𝑑 + 𝐸𝑐

2
+

1
2

𝑘𝐵𝑇 ln
𝑁𝑑

𝑁𝑐
−− −(1)

For p-type semiconductor, the Fermi level lies between accepter level and valence 
band.

𝜖𝐹𝑝 =
𝐸𝑎 + 𝐸𝑣

2
+

1
2

𝑘𝐵𝑇 ln
𝑁𝑎

𝑁𝑣
−− −(2)

In the above energies, 𝑁𝑑 and 𝑁𝑎 are the densities of donors and acceptors. 



Thermal Ionization of Donors and Acceptors
The electron concentration in n-type semiconductor is 

𝑛 = 2𝑁𝑑
1/2 𝑚𝑒𝑘𝐵𝑇

2𝜋ℏ2

3/2

𝑒 − 𝐸𝑑
2 𝑘𝐵𝑇.

The hole concentration in p-type semiconductor is 

𝑝 = 2𝑁𝑎
1/2 𝑚ℎ𝑘𝐵𝑇

2𝜋ℏ2

3/2

𝑒 − 𝐸𝑎
2 𝑘𝐵𝑇.

The electron and hole concentrations are temperature dependent. With an increase in 
the sample temperature, the concentration of electrons in the conduction and holes in 
the valence bands will increase. 

Acceptor level

Donor level



Thermal Ionization of Donors and Acceptors



Derivation of the electron and hole concentrations 
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Thermoelectric Effects
Consider a semiconductor maintained at a constant temperature while an
electric field drives through it an electric current density 𝑗𝑑 . If the current is
carried only by electrons, the charge flux is

𝑗𝑑 = 𝑛(−𝑒)(−μ𝑒)𝐸 −− −(1)

If the average energy transported by an electron is referred to the Fermi level 
μ is,

< 𝜖𝑒 > = 𝐸𝑐 − μ +
3
2

𝑘𝐵𝑇 −− −(2)

then the energy flux that accompanied the charge flux is

𝑗𝑈 = 𝑛 𝐸𝑐 − μ +
3
2

𝑘𝐵𝑇 (−μ𝑒)𝐸 −− −(3)

The Peltier coefficient П is defined by 𝑗𝑈= П 𝑗𝑒; or the energy carried
per unit charge. 



Thermoelectric Effects
The Peltier coefficient П for electrons is 

П𝑒 = −
𝐸𝑐 − μ + 3

2 𝑘𝐵𝑇

e
and is negative because the energy flux is opposite to the conventional charge 
flux.

Similarly, the Peltier coefficient П for holes is 

Пℎ = +
μ − 𝐸𝑣 + 3

2 𝑘𝐵𝑇

e
.

The absolute thermoelectric power Q (seebeck coefficient) is defined from 
the open circuit electric field created by a temperature gradient

𝐸 = 𝑄𝛻𝑇
The Peltier coefficient П is related to the thermoelectric power Q by

П = 𝑄𝑇,

which is the famous Kelvin relation of irreversible thermodynamics.



Thermoelectric Effects



Semimetals
• In semimetals the conduction band edge is very slightly lower in energy than the 

valence band edge. A small overlap in energy of the conduction and valence bands 
leads to small concentration of holes in the valence band and of electrons in the 
conduction band. Three of the semimetals, arsenic, antimony, and bismuth, are in 
group V of the periodic table.

• Their atoms associate in pairs in the crystal lattice, with two ions and ten valence 
electrons per primitive cell. The even number of valence electrons could allow 
these elements to be insulators. 

• Like semiconductors, the semimetals may be doped with suitable impurities to 
vary the relative numbers of holes and electrons. Their concentrations may also 
be varied with pressure, for the band edge overlap varies with pressure.



Superlattices
Coherent layers on a nanometer thickness scale may be deposited by 
molecular-beam epitaxy, metal-organic vapor deposition, or RF/DC 
sputtering thus building up a superperiodic structure on a large scale.



Bloch Oscillator
Consider a collisionless electron in a periodic lattice in one dimension,
with motion normal to the planes of the superlattice.

We consider the motion in a model system in real space. We suppose that
the electron lies in a simple energy band of width 𝜖0 and layer thickness of 𝐴.

𝜖 = 𝜖0 1 − 𝑐𝑜𝑠𝑘𝐴 .

The velocity in k-space (momentum space) is

𝑣 =
1
ħ

𝑑𝜖
𝑑𝑘

=
𝐴𝜖0

ħ
𝑠𝑖𝑛𝑘𝐴

and the position or the electron in real space, with the initial condition z = 0
at t = 0, is given by

𝑧 = න
0

𝑡
𝑣 𝑑𝑡 = න

0

𝑘 𝐴𝜖0

ħ
𝑠𝑖𝑛𝑘𝐴

𝑑𝑡
𝑑𝑘

𝑑𝑘 = න
0

𝑘 𝐴𝜖0

ħ
𝑠𝑖𝑛𝑘𝐴 −

ħ
𝑒𝐸

𝑑𝑘

Using relation 𝑑𝑘
𝑑𝑡

= − 𝑒𝐸
ħ



Bloch Oscillator

𝑧 =
𝐴𝜖0

ħ
−

ħ
𝑒𝐸

1
𝐴

cos 𝑘𝐴 − 1 = −
𝜖0

𝑒𝐸
cos 𝑘𝐴 − 1

For 𝑘 = − eEt
ħ

𝑧 = −
𝜖0

𝑒𝐸
cos −

eEt
ħ

𝐴 − 1

With the Bloch oscillation frequency in real space 𝜔𝐵 = eEt
ħ

𝐴.



Zener Tunneling
Under a high reverse-bias voltage, the depletion of pn-junction region widens 
which leads to a high-strength electric field across the junction. At sufficiently 
strong electric fields the tunneling of electrons across the depletion region of 
a semiconductor increase free charge carriers. This sudden generation of 
carriers rapidly increases the reverse current and gives rise to the high slope 
conductance of the Zener diode.


