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Semiconductor, wafer, devices

https://www.extremetech.com/computing/242699-450mm-silicon-

wafers-arent-happening-time-soon-major-consortium-collapses
https://www.shutterstock.com/es/image-

photo/technician-clean-white-suits-showing-

wafer-709404757

https://asia.nikkei.com/
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Compositions of semiconductors

• IV – Si, Ge

• III-V – GaAs, GaN, InP etc.

• Electrical, Optical characteristics
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Unit cell of semiconductors

• Most of the semiconductor material has periodicities

• Unit cell: reproducible to form (and represent) perfect crystal structure

• Can (b) and (d) both be the unit cell for (a)?
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Simple 3-D unit cells

• bcc (body centered cubic unit cell); fcc (face centered cubic unit cell)

• How many atoms per unit cells?
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• Si, Ge, group IV, has the unit cell structure, diamond lattice, in (a).

– How many atoms per cell?

• GaAs (III–V) has the unit cell structure, zincblende, in (b).

• Unit cell side length (a) for Si is 5.43 Å  (1Å  = 0.1 nm = 10-8 cm)

– How is this size like comapred to Modern Devices?

• 5 x 1022 atoms/cm3 for crystalline Si lattice

• Each atom has FOUR nearest neighbor atoms (c)
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Amorphous, polycrystalline, crystalline

• Different electrical characteristics

• Different fabrication process conditions

• Different applications

• Ideal semiconductor: in crystalline structure
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Purity

• Recall: 5 x 1022 atoms/cm3 for crystalline Si lattice

• Unintentional impurity (intrinsic): one out of 109 atoms (10억)

• Intentional impurity (dopants): one out of 103 ~108 atoms
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Miller indices

• # of Si atoms and bonding angles are different. (Why matters?)
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Miller indices
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Obtaining ultrapure Si

• Si – the 2nd most abundant element in the earth crust 

(the 1st?)

– Silica (impure SiO2), silicates (Si + O + another element)

• SiCl4 + 2H2 → 4HCl + Si

• The ultrapure Si is polycrystalline.
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Abundance in the earth crust

https://www.quora.com/What-are-the-ten-most-abundant-

elements-in-the-earths-crust-and-their-properties
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Single-crystal formation

• Czochralski (CZ) method
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Single-crystal formation

• Czochralski (CZ) method
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Summary

• Group IV elements (Si, Ge), which has four valence electrons per atom, 

form diamond lattice.

• Single crystalline structure can perform the best as the ideal semiconductor.

• Single crystals of ultrapurity Si wafer is the start of everything in 

microelectronics.

https://asia.nikkei.com/



Han 16EE302 electricalclassroom.com

Electrons and Holes in Semiconductors

(Carrier Modeling)

EE302

Prof. Sangyoon Han

Fall 2021

References:

• (C. Hu) Chapter 1

• (R. Pierret) Chapter 2



Han 17EE302

Overview

• Main functions of Electronic Devices

• Carriers?

– In electronic devices?

– Batteries?

– Metallic wires?

• Electrons, Holes

• Carrier related concepts, models, properties, terminology

• Why would we be interested in?

• Equilibrium

– “Unperturbed state of a system”

– The most common perturbation in electronic devices would be…?

– Invarient over time – ‘rest’ condition
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Quantization concept (atom model)

• Bohr’s atom model

– Quantization of electrons’ angular momentum

– Quantization of available energy levels

Strong binding

Weak binding

: valence electrons

14Si: 1s2 2s2 2p6 3s2 3p2
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Bonding Model

• Covalent bonding

• Does it say anything about energy level?

• Why would we care about energy level?

Si Si Si

Si Si Si

Si Si Si
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Bonding Model

• Covalent bonding
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Bonding Model

     (a)                                                             (b)

Si Si Si

Si Si Si

Si Si Si

Si Si Si

Si Si Si

Si Si Si

• Covalent bonding
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Energy Band Model

• The Pauli exclusion 

principle
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Energy band model
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Energy band model
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• Ec – Conduction band (edge)

• Ev – Valence band (edge)

• Which is higher energy?

• In the perspective of what?
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Carriers
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Band Gap and Material Classification
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Charge, Effective Mass

• Charge

– |q| = 1.6 x 10-9 coulomb

– Electrons: (–), Holes: (+)

• Effective mass

– What is the mass of electron?

– What parameters determines the mass?

– Is it a constant like q?
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Effective Mass

Under vacuum Within Semiconductor Crystal

• Are the electron movements in both conditions identical?

• Disturbances

• What is the most accurate way to describe the motion of carriers?

• Effective mass

– Internal crystalline fields

– Quantum mechanical effects

• “It allows us to conceive of electrons and holes as quasi-classical particles

and to employ classical particle relationships in most device analysis."



Han 29EE302

Effective Mass

• Are mn
*, mp

* material dependent?

– Crystallin structure

– Atomic distance(s)

– Temperature
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Carrier Numbers in Intrinsic Material

• Intrinsic semiconductor

– Pure semiconductor with insignificant amount of impurity atoms

– Silicon: ni = 1010/cm3 out of ~2x1023 bonds/cm3 (thermal excitation)

• Number of carriers

– n = # of electrons / cm3

– p = # of holes / cm3

• In intrinsic semiconductor,

– n = p = ni (under equilibrium)

• Why equal?
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Manipulation of Carrier Numbers – Doping

• Intrinsic semiconductor does not have enough carriers (i.e. low conductivity)

• Intentional addition of impurities

3

1

Si Si Si

Si Si

Si Si Si

As

Si Si Si

Si Si

Si Si Si

B
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Manipulation of Carrier Numbers – Doping

• # of valence electrons

• ”weakly bound” electrons

– How weakly is it bound?

https://en.wikipedia.org/wiki/Periodic_table
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Manipulation of Carrier Numbers – Doping

• Binding energy

– How much energy would you need to generate carriers from dopants?

• Binding energy (Eb) of the fifth doner electron
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Manipulation of Carrier Numbers – Doping

• ~5% of Si EG (bandgap)

– So much easier to generate carriers from dopants than in pure 

silicon!

• Donor energy level (ED)

– 𝐸𝐷 = 𝐸𝐶 − 𝐸𝐵
– Dashed lines? localization

• Acceptor energy level (EA)

– The same in the opposite direction
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Manipulation of Carrier Numbers – Doping

• Small thermal energy (>EB) would be required for carrier generation.

• kBT = 0.0259 eV (T=300K)

Average thermal energy of an electron
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Carrier-Related Terminology

• Dopants

• Intrinsic semiconductor

• Extrinsic semiconductor

• Donor

• Acceptor

• n-type material (or semiconductor)

• p-type semiconductor

• Majority carriers

• Minority carriers
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State and Carrier Distributions

• We’ve covered the followings so far:

– How the semiconductor is formed from atoms to crystal

– Where intrinsic carriers are located

– How the carriers are generated by introducing dopants

• Next is, in order to explain how the carriers respond to different 

electrostatic condition (voltage input), we must understand the 

followings:

– Precisely how much is the carrier concentration that can contribute 

to current flow?

– Distribution of carriers as a function of energy
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Density of States (DOS)

• Only discussed how many allowed states in atoms in the crystal

• Haven’t talked about the distribution of ‘allowed states’ in energy.

• Density of states (DOS) – energy distribution of states

– Quantum-Mechanical analysis…
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Density of States (DOS)

• Increasing # of energy states with square root relationship

• gc(E)dE: # of conduction band energy states for conduction band 

electrons per volume (cm3) within energy level from E and E+dE.

• Valence band states

– Similar for holes in valence band; Effective mass difference

Ec

Ev

DE

# of energy states

per unit volume(cm3)–unit energy (eV)
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Density of States (DOS)

Schrödinger equation 

• Derivation over 

3D

https://sites.psu.edu/physics/2017/02/10/how-to-

sound-smart-101-quantum-mechanics-but-mostly-

quantum-tunneling/
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Density of States (DOS)
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The Fermi Function

• With thermal agitation, there is a certain probability 

for the particles to occupy different heights

• The particles = Carriers

• Height = Energy levels
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The Fermi Function

• Fermi function, f(E)

– How many of the existing states at energy level E can be filled 

(occupied) with an electron

– Probability distribution function

EF: Fermi level

k: Boltzmann constant

T: Absolute temperature  
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The Fermi Function

• If T=0 K?

• f(EF) = f(E=EF) =       ?

• If 𝑬 ≥ 𝑬𝑭 + 𝟑𝒌𝑻? 𝒆𝟑 ≈ 𝟐𝟎. 𝒇 𝑬 ≈
𝟏

𝟐𝟏

• At RT, 3kT = 77.7 meV (=0.0777 eV) for Si (cf. Si bandgap = 1.12eV)

EF: Fermi level

k: Boltzmann constant

T: Absolute temperature  
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The Fermi Function
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Equilibrium Distribution of Carriers

• Knowing (1) the distribution of available energy states (DOS) in 

conduction band and valence band, and (2) probability to find the 

electrons (Fermi function) at a given energy level, we can now calculate 

the distribution of electrons.

• DOS x Fermi function

– gc(E) × f (E)

– gv(E) × (1 – f (E))

From “Modern Semiconductor Devices for Integrated Circuits (C. Hu)”
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Equilibrium Distribution of Carriers

• Knowing (1) the distribution of available energy states (DOS) in 

conduction band and valence band, and (2) probability to find the 

electrons (Fermi function) at a given energy level, we can now calculate 

the distribution of electrons.

• DOS x Fermi function

– gc(E) × f (E)

– gv(E) × (1 – f (E))

DOS Fermi function Carrier distribution
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• What if the Fermi level is NOT at the mid gap?
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Equilibrium Distribution of Carriers

• Simplified representation of the distribution of carriers

– Spatial information
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Furmulas for n and p

• Carrier concentration (n, p)

– gc(E)×f(E)×dE: # of conduction band electrons 

per volume (cm3) within energy level from E and E+dE

– Integration over the entire conduction band

– 𝑛 = 𝐸𝑐
𝐸𝑡𝑜𝑝 𝑔𝑐 𝐸 𝑓 𝐸 𝑑𝐸

– 𝑝 = 𝐸𝑏𝑜𝑡𝑡𝑜𝑚
𝐸𝑣 𝑔𝑣 𝐸 [1 − 𝑓 𝐸 ]𝑑𝐸

𝑓 𝐸 =
1

1 + e
E−EF
kT

≈
1

21
𝑖𝑓 𝐸𝐶 − 𝐸𝐹 ≥ 3𝑘𝑇 (= 0.0259 𝑒𝑉)
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Furmulas for n and p

• Degenerate semiconductor

• Nondegenerate semiconductor
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Furmulas for n and p

• 𝑛 = 𝐸𝑐
𝐸𝑡𝑜𝑝 𝑔𝑐 𝐸 𝑓 𝐸 𝑑𝐸

• 𝑛 = 𝑁𝐶𝑒
−
𝐸𝑐−𝐸𝐹
𝑘𝑇 , where 𝑁𝐶 = 2

𝑚𝑛
∗ 𝑘𝑇

2𝜋ħ2

3

2

• 𝑝 = 𝑁𝑉𝑒
−
𝐸𝐹−𝐸𝑣
𝑘𝑇 , where 𝑁𝑉 = 2

𝑚𝑝
∗ 𝑘𝑇

2𝜋ħ2

3

2

𝑓 𝐸 ≈ 𝑒−
𝐸−𝐸𝐹
𝑘𝑇

Effective density states

(𝐸𝐶−𝐸𝐹 ≥ 3𝑘𝑇)
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