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Currently, the majority of the development in power electronics applied in the area of
mid- to high-power conversion is sustained by the evolving IGET and IPM technologies,




|. Basics of Quantum Mechanics

I-1. What is the world made of ? | -
Special Theory of Relativity

_________________________________________

m n
Uear Har T

Matter + Energy
| Matter y Energy

HEvbmju,z;!, H




|-2. How Is energy transferred ?
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[-3. Position and Momentum
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I-4. Quantum and Quantum Mechanics Begins

Black Body
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Max Pl anckds Hypothesis (1901, Nobel Prize 1 n 1918)

1. The oscillators in the cavity walls could not have a continuous distribution of possible
energies but must have only the specific energies Oscillator energies . = |r0 QQt Q

~ o~

Tiplg B .

2. An oscillator emits radiation of frequency when it drops from one energy state to the next
lower one, and it jumps to the next higher state when it absorbs radiation of frequency .

3. Each discrete bundle of energy hAis called a quantum (plural quanta) from the Latin for
0 h omuch .6
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|-5. Momentum of Wave (conducted by Einstein 1905, Nobel Prize in 1921)
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Figure 2.9 Experimental observation of the photoelectric effect.
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(4) 2
max

Qw O & w where W is work function

4

This experimental result provides decisive evidence that light,
a massless wave, possesses momentum .

(h) q.Vo
(eV).
Fig. Determination of P 1 a n acdnétant :

a) Measuring the kinetic energy of the electrons as a function of the
incident radiation frequency, gives P | a n cckn8tant as the slope of

the resulting linear function .

b) Results are shown for different materials displaying the work
functions as the respective vertical intercepts
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Table 2.2 Values of Work Function (W ) for a Few Metals

Metal

Li

Na

K

Mg

Cu

Ag

W, /eV

2.42

2.3

2.25

3.7

4.8

4.3




|-5-1. Photon

Einstein proposed hv e
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|-6. Matter Wave (proposed by de Broglie 1924, Nobel Prize in 1929)

In view of particle properties for light waves d photons 8 Louis de Broglie ventured
to consider the reverse phenomenon , he proposed to assign wave properties to
matter, which we will formulate here in the following way :

Louis de Broglieds hypothesi s
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Davisson and Germer in 1927 measured electron
scattering from nickel wusing the apparatus shown

below . Nobel Prize in 1939
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Electron Diffraction X-ray Diffraction Electron Diffraction

(c) Electron diffraction (d) Composite photoqraph showing diffr.action
attern obtained by G. P patterns produced with an aluminum foil by
¥h0m . Yld f '.I X-rays and electrons of similar wavelength.
N VSING N gee TR Left: X-rays of A = 0.071 nm. Right: Electrons

target. of energy 600 eV.
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I-7. Schrodinger Equation
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1926] Max Born
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[-8. An electron in an infinite potential energy well

Boundary Condition
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I-9. Heisenberg Uncertainty Principle
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[-10. Quantum Numbers & Degeneracy

OAngul ar moment @aMo angul ar moment umo
Origin of magnetic property
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Special Topics: Angular Momentum and Torque
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[-11. Tunneling: Quantum Leak

Metal Vacuum

Metal

Vacuum

Second Metal




I

tunnel

Probe Scan

Material
surface

Image of surface (schematic sketch)



Scanning Tunneling Microscopy (STM) image of a graphite surface
STM’s inventors Gerd Binning (right) and Heinrich Rohrer [leﬁ], at where contours represent electron _concentrations within  the
IBM Zurich Research I.oborotory with one of their eorly devices. surface, and carbon rings are clearly visible . Two Angstrom scan.
They won the 1986 Nobael prize for the STM.

STM image of.Ni ( 100) surface STMimage of Pt (| 111) surface
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Principal quantum number

n=1,2,3¢é

Orbital angular momentum quantum number

1=0,1,2, é,(n-1)

Magnetic quantum number

m=-1,-(-1),¢ ,0,é ,(I-1), |

Table 3.1 Labeling of various n¢ possibilities

¢
n 0 1 2 3 4
1 Is

2 2s 2p

3 3s 3p 3d

4 4s 4p 4d 4f

5 Ss Sp 5d Sf Sg




1-12-2
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1-13. C} M A} & AL} Pauli Exclusion Principle
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Paulics Exclusion Principle:
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Il. Basic Theory of Solids

II-1. Hydrogen Molecule: Molecular Orbital Theory of Bonding

R=no B
Two hydrogen atoms approaching each other.

Antibonding Molecular Orbital

r [ [ Wavefunction around A

I rooi Wavefunction around B



(a) Electron probability distributions for bonding and antibonding orbitals, || |
and [ -] . (b) Lines represent contour of constant probability .
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He-atom He-He He-atom
System

Two He atoms have 4 electrons. When He atoms come together 2 of the
electrons enter the E; and 2 the Ei levels so that the overall energy is
greater than two isolated He atoms.



II-2. Energy Band Formation in Solids

System
In isolation
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Electron Energy in the System
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Work Function F :

The energy required to excite an electron from the Fermi level to the vacuum level, that is, to

liberate the electron from the metal, is called the work function F of the metal .

Electron Gas in a Metal :

The electrons in the energy band of a metal are loosely bound valence electrons, which
become free in the crystal and thereby form a kind of electron gas within the crystal . It is this
electron gas that holds the metal ions together in the crystal structure and constitutes the

metallic bond.

Table 4.1 Fermi energy and work function of selected metals
Metal
Ag Al Au Cs Cu Li Mg Na
D (eV) 4.5 4.28 5.0 2.14 4.65 2.3 3.7 2.75
Ero (eV) 5.5 11.7 5.5 1.58 7.0 4.7 7.1 32




II-*. Special Topics: Reciprocal Space & 15t Brillouin Zone
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Il -*-1 What are Real and Reciprocal Space?
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Note that vectors in reciprocal space are perpendicular to planes in real space.
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Il -*-2 Ewald Sphere in a Reciprocal Space
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Il -*-3 X-ray Diffraction in Reciprocal Space
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(b)

Figure (a) One of Friedrich and Knipping & original x-ray photographs of ZnS. (b) Facsimile of W H Bragg & sketch of

Laue & Gurious Ox-ray effect (1912).
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Single Crystal to Powder
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Il -*-4 Transmission Electron Diffraction in Reciprocal Space

specimen

objective lens
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Figure 3.25. Ray diagram for a thin converging lens.
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Figure Ewald sphere construction in transmission electron microscopy (TEM). Here the c-axis of the crystal is
perpendicular to the crystal plate. ZOLZ = zero-order Laue zone; FOLZ = first -order Laue zone; SOLZ = second -

order Laue zone.



Il -*-5 Momentum Space in Reciprocal Space
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Brillouin zone : a primitive cell in reciprocal space [skip]

S 2z 1. choose a lattice point ;
b
[ A B 2. draw vectors from this lattice point to all
l """"" other lattice points ;
D’ [ D
. 3. bisect each of these vectors by planes
B R =X perpendicular to the vectors ;
i [#4
4. the Wigner dSeitz cell is the smallest
® . . enclosed volume around the initial lattice

point .

Figure 5.4. Two-dimensional reciprocal lattice with two unit cells.

AT A




[skip]

Figure 5.8. Brillouin zones using Wigner—Seitz constructions for cubic lattices.
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Germanium !

Gallium arsenide

Eg = }1.43eV
at 300 K

E g = 0.66eV
at 300K

o

ENERGY (eV)
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ENERGY (eV)

S

[111]  [100] L [111] T" [100] X
<« [ —> <>




Energy E (eV)

r

A X UK X

wavevector k

r

Direct band gap

Energy

k

An electron can be excited
simply by absorption of a
photon.

[skip]

Indirect band gap

Energy

k

Electron excitation also
requires a momentum,
provided by lattice
vibrations.



II-3. Properties of Electrons in a Band
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I1-4. Semiconductors
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[1-5. Effective Mass of Electron

E—X E—X
CRYSTAL
VACUUM
e F 9\Fint/'e F a
O—» —a- m—*‘ P> a= =
F e IR\ e
O ¢ ©
> X > X
€ (b)
"0 0 0 O L
@ —_— 4 : _ LA a -
a a a ; @)
Table 4.2 Effective mass m* of electrons in some metals
Metal Ag Au Bi Cu K Li Na Ni Pt Zn
m*
—£ (.99 1.10 0.047 1.01 1.12 1.28 1.2 28 13 0.85

Me




II-6. Density of States in an Energy Band
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[1-7. Fermi -Dirac Distribution Function

[I- 7- 1 Boltzmann Distribution Function [I-7-2 Fermi - Dirac Distribution Function
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I1-8. Quantum Theory of Metals
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I1-9. Physical Meaning of Fermi Energy

[1-9-1. Contact Potential

Pt Mo %
Vacuum Vacuum Q
> <
© I
{,'3- Fermi level ©
(a) I (@ =
- | @
g ) / L
ra) Fermi level "4
Electrons
Electrons
F @) - F(Mo) =1.16 eV = eDV
Vacuum
> f—o-
(«b]
g_ Vacuum
(b) ©

4.20 eV

Fermi level ¢ For a given metal the Fermi energy represents the

free energy per electron called the electrochemical

NN
++++

potential. The Fermi energy is a measure of the

potential of an electron to do electrical work (e 3 1)

or nonmechanical work, through chemical or physical

processes.



[1-9-1. Seebeck Effect and the Thermocouple

Hot i T--e & Cold

—NE)
Voltage, AV

d o .o .o DD
R S Y R

a ‘s ot s oD L]

Hot

+ + ++ +




Ice bath

(b)

Screw
terminal

Cﬂpper

Table 4.4 Thermoelectric emf for metals at 100 and 200 °C with

respect fo Pt and the reference junction at 0 °C

emf (mV)

Material At 100 °C At 200 °C
Copper, Cu 0.76 1.83
Aluminum, Al 0.42 1.06
Nickel. Ni —1.48 —3.10
Palladium, Pd —0.57 —1.23
Platinum, Pt 0 0
Silver, Ag 0.74 1.77
Alumel —1.29 =2.17
Chromel 2.81 5.96
Constantan —3.51 —7.45
Iron, Fe 1.89 3.54
90% Pi—-10% Rh 0.643 1.44

(platinum-rhodium)

4
Seebeck
voltage

—Cold junction

Type S Thermocouple

90 %Pt -10 Rh: 0.643 mV
Metal X T,

T X (100°C)

AW Ty’ 0+

Ice-water mixture
(Ice bath)



Type Materials Usable temperature
range in degrees

Positive side Negative side Celsius
B Pt + 30% Rh Pt + 6% Rh O0to 1820 |
E Ni+10% Cr Cu+43%Ni . -270 to 1000
Chromel* Constantan
J Fe Cu + 43% Ni -210 to 1200
Iron Constantan
K Ni + 10% Cr Ni + 2% Al + -270 to 1372
2% Mn + 1% Si
Chromel* Alumel*
N Ni + 14% Cr + Ni + 4.5% Si + -270 to 1300
1.5% Si 0.1% Mg
o Nicrosil ] Nisil
R Pt+13%Rh Pt 5010 1768
S Pt + 10% Rh Pt -50 to 1768
T Cu Cu + 43% Ni -270 to 400
Copper Constantan

*Chromel and Alumel are trademarks of Hoskins Manufacturing Company




Thermocouples are widely used to measure the
temperature .

LEFT. A thermocouple pair embedded in a stainless
steel sheath-probe. The thermocouple junction inside
the probe is in thermal contact with the probe tip,
and, electrically insulated from the probe metal.



EMF (mV)
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0 200 400 600 800 1000

Temperature (°0)

Output emf vs temperature ( ) for various thermocouples between O to 10000 .



[1-10. Thermionic Emission of Electrons and Vacuum Tube

[1-10-1. Thermionic Emission of Electrons

——

B | Plate or Anode

— Vacuum A _
Saturation current

B | Cathode
7~ N1 Filament >V
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E E
Probability Electron concentration
per unit energy
T3
B} __'_|'_2__
T1
)
\
|/
0 . —> f(E) >
0 1.0 o N(E)=g(EX(E)
O & YA @(D Q){ B,=4" emk?h3=1208& 106 A m2K-2
Q° Richardson-Dushman constant

Richardson-Dushmanthermionic emission equation

0 & YA @(E) %){ where B, = (1-R) B, effective emission constant

R= reflection coefficient



[1-10-2. Field Emission of Electrons

Applied PE Net PE
A A
E.+F
B+ Fa
—— > X X

(@) (b) (©)

o B 1 %’ Q )’

When a positive voltage is applied to the anode with respect to the cathode, the electric field at
the cathode helps the thermionic emission process by lowering the PE barrier F by an amount
2
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e
Cathode
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Field assisted emission is field assisted tunneling from the cathode
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Conducting glass

Phosphor X/‘ Gate
+

sy Vi

Substrate

Dielectric Emission tip
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[skip]

Anode current, | A
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Wrapped graphite sheet

+ Gate (poly-

Insulator (SiO3)

Emitter (CNT)

mitter electrode
base (metal) (TIW/Mo/TiW)

(b) ~ o08um SiO2




[1-11. Phonons

[I-11-1. Lattice Waves: Quantum Harmonic Oscillator
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[I-11-2. Debye Heat Capacity

A 1 g E_.2.§-->Cm=3R
0.9 E Cu L
— ] L
\g/) /l 0.8 g T ’ Si (T, =625K) — 20
3 I 0.7 3 -
] 3 ' N
n | 0.6 — : 15C
4 3 i i m
; | C./(3R) 05 — : L IJKImolel
'z | 0.4 - 10
L ] B
a | 0.3 3 i
I 0.2 —E ! __5
1 . . :
T 5 » 0.1 3 ‘ L
')} (1013 ['adial’lS/S) mmax 0 _||||||||||||||||||||||||'||||||||||||||||||||||||| (0]

0 0102 03040506 070809 1

T/ T,

Debye constant -volume molar heat capacity curve . The dependence of the molar heat capacity C,, on temperature with
respect to the Debye temperature : C,, vs. 7/T,. For Si, T,=625 K so that at room temperature (300 K), 7/7,=0.48 and
C,,is only 0.81(3R).

Debye frequency: T e U(g* 0 Tw) 7
maximum vibration (angular) frequency in the crystal Mean velocity of lattice waves

Debye temperature:

all vibrations are fully excited upto . .

’ ey e Q

_________________




1
22> C, =3R

_ " A wQ 0.9 Cu
Heat capacity per mole 0 wY ~ o o5 Qw
P L ? Si(I,=625K) 20
0.7 |
0.6 15 C

“m

0 oY High temperatures

C,/(3R) 0.5 J K Imole™!
0.4 10
o ° <—;§ Low temperatures 0.3
0.2 5
0.1
0 |||||||||||||||||||||||:||||||||||||||||||||||||| 0

0 0102 03040506 070809 1
T/T,

Table 4.5 Debye temperatures Tp, heat capacities, and thermal conductivities of selected elements

Crystal
Ag Be Cu Diamond Ge Hg Si W
Tp (K)* 215 111000 {315 fI860 1 [ 360 1§ 100 (i 6251 310 |
CoUK-"mol-) | 256 {11646 || 245 | | 648 523.38 | 2768 19.74 | | 2445 |
GUK-'gh' 0237 1825 0385 0540 0322 0438 003 0133

K (Wm=tK=hHT 429 183 385 1000 60 8.65 148 173




[I-11-3. Thermal Conductivity of Non -metals

Unharmonic
interaction

’ 100,000 N

-

10,000 — %%

Hot [ "WV 3 €A ) Cold

Direction of heat flow ‘

Thermal Conductivity measures the rate at which heat
can be transported through a medium per unit area

per unit temperature gradient . 1
7 T I T TTTTT] I T TTTTT] I [T TTTIT
. I @ I 10 100 1000
v L = e\ _—
0 Temperature (K)
P. .
I =0 vp fp E . - i
(0] Thermal conductivity of sapphire and MgO as a function of temperature .
Heat capacity per unit volume Diamond, BeO, MgO, Al,O; etc.
Phonon velocity Very high boning energy (i) = high thermal conductivity

Phonon mean free path



I1-11-4. Electrical Conductivity of Metals [skip]
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l1l. Semiconductors

[11-1. Intrinsic Semiconductors

Si crystal in 2-D

orbitals
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[11-2. Electrical Conduction in Semiconductors
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[11-3. Concentrations of Electron and Hole
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00 p Electron Concentration in CB Effective Density of States at CB Edge
p A @(é)—o) N
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Hole Concentration in VB Effective Density of States at VB Edge
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E. ® ©® © O F 00000000 E, e O

@ 9) ©
Table 5.1 Selected typical properties of Ge, Si, and GaAs at 300 K
Eg X Nc NL' n; He Hh
(eV) (eV)  (em™) (em™) (em™)  (em®* VisY  (em® VisYy  omi/m, my/m, e,
Ge 066 413 104x107 60x10® 23x 10" 3900 1900 0.12a 023 16
0.56b 0.40b
Si 1.10 401 28x 10" 12 10" {1.0x 10" 1350 450 0.26a 038 119
1.08b 0.60b
GaAs 142 407 47x107  7x10% 2.1 x10° 8500 400 0.067a,b 0.40a 13.1

0.50b




[11-4. Extrinsic Semiconductors

lI1-4-1. n-Type Doping
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[11-4-2. p-Type Doping
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Electron energy

A B atom sites every 10° Si atoms

T

Ec > into crystal

Table 5.2 Examples of donor and acceptor ionization energies (eV) in Si

Donors Acceptors

P As Sh B Al Ga

0.045 0.054 0.039 0.045 0.057 0.072




l11-4-3. Compensation Doping



lI1-5. Temperature Dependence of Conductivity

[I1-5-1. Carrier Concentration Temperature Dependence
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[11-5-2. Drift Mobility: Temperature and Impurity Dependence

7 e 7 \orooe ‘ k l‘) r']T n b lQ-

n 0Qo av noQon ®© O & > o
0 — L 2 5 ¢a)yvo I Ed O o O (“&)ut
: Q)

a vt = p —a’v -=-QY V) o—"

0 (") C C a
P r U
t . X Y | ‘ —  fx "y Lattice Vibration
—T a Scattering - limited Mobility




KE = 1/2meV2 KE > |PE|
s

/.; KE® |PE|
T

KE < |PE]|

Q@i Y

5 e !Q LI} O-’?’ 14 LA
0O — Lo —QY Wl
T - -1 C
a ot 4 p
O (")
o J
t P
v Q. v
0 (“i )(067\5
"Y7 ) .
R lonized Impurity
v Scattering - limited Mobility




Effective or Overall Mobility

Electron Drift Mobility(cm2 vV-1s1)
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l11-5-3. Electrical Conductivity: Temperature Dependence
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