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Today’s Discussion

* Crystal States

* Types of Bonding

* |nsulators, Metals, and Semiconductors
* Band structure

e Direct and Indirect Band Gap

* Electrons and Holes



Crystal Bonding

 Each atom shares bonds with 4 other
atoms.

 Silicon bonds are covalent, but
compound semiconductors have a mix
of ionic and covalent bonds.

1s 2s 2p,  2py,  2p, 3s 3py, 3p;

NN

When silicon atoms COMBINE to form a crystal the s- and p- orbitals HYBRIDIZE to
form so-called sp® ORBITALS that are mixtures of the s- and p-orbitals.

oD D

s-ORBITAL p-ORBITAL sp3-ORBITAL



Crystal Bonding

Bring atoms together, the wavefunctions begin to overlap.
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Energy Band Formation

IN A SINGLE ATOM ELECTRONS
ARE TRAPPED IN A POTENTIAL
WELL

POTENTIAL

WHEN MANY ATOMS COMBINE AND FORM A
CRYSTAL THE ATOMIC POTENTIALS OVERLAP
GIVING RISE TO A PERIODIC VARIATION



Energy Band Formation
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Energy Band Formation

Relative spacing of atoms >

4N States S
0 Electrons 6N States
2N Electrons

|
6N States I
2N Electrons I ‘

> | Outer shell

Band
eap

2N States
2N Electrons J

2N States
2N Electrons

Relative energy of electrons ——»
&

8N States
4N Electrons 1 )

: 27 >
J ‘ f Middle shell

Actual

|

z |
=¥
T |
7 |
|

Inner shell

From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.



Gedanken Experiment

Imagine you start with a > and then shrink down to exact size
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Energy Bands Formation

Relative spacing of atoms

Silicon — 1522s5%2p°3s523p*?
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ATOMS ARE FAR AWAY FROM EACH OTHER AND DO NOT INTERACT
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ATOMS START INTERACTING — BONDING & ANTIBONDING STATES

START FORMING
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STRONGER INTERACTION - sp3 ORBITAL HYBRIDIZATION STARTS

— Rcl;ili\l; spacing of atoms ﬁ

Silicon — 1522s5%2p°3s523p*?

2 states each level | !

m|[] |n

Atomic #
Z=14

N = atoms in crystal

4N

Relative energy of electrons

V]
-
——
Q
e8

4N States

0 Electrons

Band

4N E

6N States
2N Electrons

6N States

2N Electrons

e _
2N States

States

lectrons

/
2N States

2N Electrons

8N States
EN Electrons

From Solid State Electronic Devices, Sixth Edition,
ISBN 0-13-149726-X. © 2006 Pearson Education,

spacing
f_/%

Middle shel

Inner shell

Only 2
electrons

—_—_—

S —

by Ben G. Streetman and Sanjay Kumar Banerjee.
Inc., Upper Saddle River, NJ. All rights reserved.



STABLE CRYSTAL CONFIGURATION REACHED — COVALENT BONDING

VALENCE AND CONDUCTION BANDS WITH BAND GAP ARE FORMED
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Energy Bands Formation

Relative spacing of atoms
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Energy Band Formation
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Periodic Table of the Elements

1 2 3 4 5 6 7 8 9 10 11 12 1l AV

1 ' Atomic #
| 2
e A e C | Soli | Metals || Nonmetals |
L. 5 i

@]

2 z
\1' e
Helium
4.002602
8
o
aygen

9 ) o I- 3 - s} g = g 2 2 g 2 qp 2
. = = c D o 5_.. o 1 5 3 7 H
2 Li 8 %_% Lanthanoids 'ﬁ% o g 3 o B c F Ne
Lithiwrm 3 3 g w = 3 (1] - @ I I Boron Carbon Flucrine Neon
6.941 o o . . o E_D.. E tg 10.811 12.0107 14.0087 15.9694 18.9584032 201797
iy BN B -8 e 4 13 t4 35 i a7 i1
Na @ Al "si P 'S cl "Ar
3 Sodium Magnesium Abumidnium Silicon Phosphorus. Sulfur ‘Chierine Argon
22 9B9TES2E 24,3050 269815388 28.0855 30.973762 32.065 35.453 39.948
19 22 423 24 i125 : 2 a7 : 28 29 : 30 Al i 32 I Be i34 2135 i 36 :
9 c 10 1 13 13 14 15 - 16 18 18 18 18 18 18 13 18
4 K : Ti : Vv :Cr "Mn :=Fe :Co : Ni :Cu '"Zn :Ga :‘Ge ‘As :Se °‘Br "Kr -
Potassium Titanium Vanadium ‘Chromism Manganess Iron Cobalt Mickel Coopper Zinc: Gallium ‘Germanium Arsenic Selenium Bromine Krypton
35.0883 A7 BET 50.9415 51.9861 54918045 55,845 58931185 58.6934 63.546 85.38 69.723 T284 T4.52160 T8.96 T9.904 83798
37 : 38 39 : 40 I M i 42 i 43 : 44 2 M5 : 46 i 47 Z 48 : 49 % |50 Al i 52 2 153 i 54 :
18 1 18 13 18 18 18 18 13 18 18 18 18 18 18 18 138 18
5Rb st Y iz iNb Mo iTe fRu iR iPd iAg fcd il isn ish iTe I ixe |
ubidium trontium "ttrium Conism iobium T hneti i Rheedi alladium ilver i in o i NN
85.4678 g7.62 £8.90585 91.224 92.90638 95.95 {57.9072) 101.07 102.90550 106.42 1078582 112,411 114.818 118.710 121.780 127.60 125.50447 131.283
35 : 56 : 72 & i3 T4 3 IS 76 3T ;78 : 79 : 80 Z 81 ;82 Z 83 : 84 ;85 | 86 :
18 18 18 18 18 18 18 18 18 18 18 18 18 g 18 18 18 18
6Cs tBa “ifs77qjHf s Ta W =Re :0s iIr =Pt :Au tHg Tl ZPb Bi :Po At % Rn 2
Caesium 1 Barium 2 Hafrnium 2 Tantalum 2 Tungsten ¢ Rhenivm 2 Osmism 2 Iridium 2 Platinum 1 God 1 Mercury 2 Thalium 3 Lead 4 Bizmuth 3 Polonium  °  Astatine 7 Radon 8
1325054515 137327 178.45 180.54788 183.84 185.207 190.23 152217 195.084 155.966569 200.59 204.3833 7.2 208.58040 (208 5824) {20:9.5871) (222.0176)
87 : 88 : 104 : 105 : 106 : 107 2 108 Z 109 2 110 2 1 I 2 2 i3 I 114 : 115 i 16 : 117 118 :
18 18 18 18 18 18 18 18 18 18 18 18 18 13 18 18
7Fr 3 Ra zJ8o-103JRf 2Db £Sg 2Bh g2Hs gMt 2Ds 2Rg gUub gUut 2/Uug 2 Uup g Uuh g Uus Uuo 3
Francium f Radium g Rutherfordum ‘g Dubnium ‘; Sesborgium ‘% Bohrium 3 Hassium ‘; Meitnerium ‘g [ ‘1 i ‘? L i ‘g L L ‘g L ‘f L 1g L . ‘g Ununsepium Ununoctivm ‘g
(223) (223) {231} (2%2) 222y f234) 277) (238) 2r1) 272} 283) (224} (283 (283) (252} (Z=4)

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.

57 i 58 i 59 i 60 : 61 i 62 3 63 i 64 i 65 ; 66 i 67 : 68 i 69 i 70 i 7 3
18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
La 2Ce =“Pr 2Nd zPm z8Sm zEu =zGd zTbh zZDy zZzHo =ZEr 2Z2Tm 3%Yb =Lu =
Lanthanum 2 Cerium E Praseodymium E Meodymium 2 Promethivm 2  Samarium = Europiunn 2  Gadolinium 2  Terbium = Drysprosium 2 Holmium 2 Erbium 2 Thulium 2 “Yiterbium 2 Lutetium E
- I 138.9054T 140.116 140.90765 144 242 {145) 150.38 151.964 157.25 158.92535 162.500 16493032 167.259 168.92421 173.054 1745668
a(Q e 89 : 90 : 91 ;92 : 93 : 94 : 95 : 96 a7 : 98 : 99 : 100 : 101 : 102 : 103 F
m 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
- Ac zTh =zPa z U ENp Z2Pu :Am :Cm 2Bk :Cf zEs zFm =Md No :=Lr =
Actinium g Theorism ‘g Protac‘tiniumg Uranium g Neptunium g Plutomium g Americium g Curium g Berkelium g Califommium g Einsteinium g Fermium g Mendekvim g Nobelium g Lawrnencium g
(22m) 23202808 231.03588 23802851 (231 (244) (242) (241) 241 (251 (259) (237} (238) 239 (282) -



lonic Bonding

1 2 3 4 5 6 7 8 9 10 11 12 Il IV V V| 17 18

1 ! Atomic # 2 :
1H Symbd He
FIEE R C i | Metals || Nonmetals | e
3 7 4 2 ) o I- 3 - e g Q = 5 : g 2 2
. Z = = . ‘D - o — o 3 4 8
2 Li Be 8 %_ 5 Lanthanoids ) % o g 2 o B c
Lithium Beryliium 3 3 = n = 3 D - @ I I Boron Garbon
6.941 9.012182 @ o @ o ol 'i‘ % 10.811 12.0107
T ; g & Actinoids - g |o o 13 i 3 ;
Mg - . . Al “sif :
Magnesium Abumidnium Silicon
24.3050 28.3815385 280855
19 220 2 : 2 2 23 : 24 Z25 22 27 28 : 29 : 30 2 2 a2 < :
4K ‘Ca “sc ‘Ti *V :*Cr "Mn *Fe “Co *Ni “Cu "Zn “Ga °Ge ° E
Potassium Calcium ‘Scandium Titanium Vanadium ‘Chromism Manganess Iron Cobalt Mickel Coopper Zinc: Gallium ‘Germanium
39,0883 40.078 44.855812 47887 50,5415 519861 54538045 £5.845 58832155 £8.6534 63.548 85.38 £3.722 T2E4
37 : 38 39 : 40 EES i 42 243 2 44 2l |45 46 i a7 : 48 : 49 B0 : g g :
5Rb Sr Y f2Zr ENb “Mo “Tc “Ru f{Rh ¥Pd fAg “Cd %In £sn §Sb iTe i1 f&Xe ¢
Rubidiunn Strontium Yttrium Zirconism Nicbitm Meohybdenwum Techneti i Rheedi Palladium Silver ‘Cadmium I Tin Antimeny Telhurium lodine: Kenon
B5.4678 87.62 88.50585 91.224 92.50638 95.96 (97.9072) 101.07 102.90550 105.42 107.8882 12411 114.818 18.710 121.760 127.80 128.90447 131.253
35 : 56 ¢ 72 a3 ;74 3 15 : 76 3T ;78 : 79 : 8o EHE: R i 82 : 83 : 84 : 85 Z 86 :
15 18 18 18 18 18 18 18 13 18 18 18 18 . 13 18 13 18
6Cs =Ba ig7_71JHf Ta =W :Re 20Os iIr Pt ZAu zHg 2Tl Pb zZBi Po zAt 2 Rn =
Caesivm | Barium E Hafnium 2 Tantalm 2 Tungsten 2 Rhenium 2  Osmium 2 | ridium 2 Platinum T Gold T Mercury 2 | Thallium 5| |Lead 4 | Bismuth 5 |Polnium  © |Astatine ¥ | Radon g
132.9054518 | 137.327 178.49 lw%?ss 133'?;:2 188.207 150.23 182.217 135.084 156.888885 200.55 2042833 207.2 20858040 (208.5824) (205.2871) (222.0178)
87 : 88 g 104 : 105 : 106 107 : 108 : 109 I 110 2| Ml i 112 2 i3 I 114 I 115 116 : 17 118 :
18 18 18 18 18 18 18 13 18 18 18 18 18 13 18 18
7Fr 3 Ra zJ8o-103JRf 2Db £Sg 2Bh g2Hs gMt 2Ds 2Rg gUub gUut 2/Uug 2 Uup g Uuh g Uus Uuo 3
Francium f Radium g Rutherfordum ‘g Dubnium ‘; Sesborgium ‘% Bohrium 3 Hassium ‘; Meitnerium ‘g [ ‘1 i ‘? L i ‘g L L ‘g L ‘f L 1g L . ‘g Ununsepium Ununoctivm ‘g
(223) (223) {231} (2%2) 222y f234) 277) (238) 2r1) 272} 283) (224} (283 (283) (252} (Z=4)

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.

57 i 58 i 59 i 60 : 61 i 62 3 63 i 64 i 65 ; 66 i 67 : 68 i 69 i 70 i 7 3
18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
La 2Ce =“Pr 2Nd zPm z8Sm zEu =zGd zTbh zZDy zZzHo =ZEr 2Z2Tm 3%Yb =Lu =
Lanthanum 2 Cerium E Praseodymium E Meodymium 2 Promethivm 2  Samarium = Europiunn 2  Gadolinium 2  Terbium = Drysprosium 2 Holmium 2 Erbium 2 Thulium 2 “Yiterbium 2 Lutetium E
- I 138.9054T 140.116 140.90765 144 242 {145) 150.38 151.964 157.25 158.92535 162.500 16493032 167.259 168.92421 173.054 1745668
a(Q e 89 : 90 : 91 ;92 : 93 : 94 : 95 : 96 a7 : 98 : 99 : 100 : 101 : 102 : 103 F
m 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
- Ac zTh =zPa z U ENp Z2Pu :Am :Cm 2Bk :Cf zEs zFm =Md No :=Lr =
Actinium g Theorism ‘g Protac‘tiniumg Uranium g Neptunium g Plutomium g Americium g Curium g Berkelium g Califommium g Einsteinium g Fermium g Mendekvim g Nobelium g Lawrnencium g
(22m) 23202808 231.03588 23802851 (231 (244) (242) (241) 241 (251 (259) (237} (238) 239 (282) -



lonic Bonding
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electron transferred from Na to Cl



Metallic Bonding

1 2 3 4 5 6 7 8 9 10 11 12 Il IV V V| 17 18

1 ' Atomic # 2 2
1 H NSyTtd He
:".g?lgg“en .-'-.tﬂ-:-::"az Metals || Nonmetals | :‘?)I(I);goz
3 14 E 2= _ 3 IN3Q = 5 16 1 IE i o H10 3
oLi  Be 5 25 Llethancids 3 § \3F & B € N ©O F Ne |
Lithium Beryliium 5 3 5 w 2. 3 D - @ I I Boron Carbon MNitrogen Oxygen Fluorine Neon
5.941 9.012182 @ o (] 6' ol 'i‘ % 10.811 12.0107 14 0067 15,5554 12.3384002 201757
@ _ SN
Th RPN B I Actinoids g o % 13 114 35 36 il 318
1 2 [7}] 3 . 4 5 7T 3
3 Na Mg Al Si P S Cl Ar
Sodi Magnesi Abumidnium Silicon Phosphorus. Sulfur ‘Chierine
22.5‘;;175928 24.3553“‘” 28 3815386 280855 30 .8T3TE2 32.085 35,453 219959:8
19 z 20 2 : 22 : 23 : 24 225 2 26 : 27 z 28 z 29 230 z 34 2 32 z |33 134 235 z2 36 z
4K ‘Ca “sc Ti *V *Cr "Mn *Fe “Co *Ni “Cu "Zn *Ga “Ge ‘As “Se “Br "Kr °
Potassium Calcium ‘Scandium Titanium Vanadium ‘Chromism Manganess Iron Cobalt Mickel Coopper Zinc: Gallium ‘Germanium Arsenic Selenium Bromine Krypton
39.0983 40.078 44 358912 47 887 50.9415 51.9561 54.938045 55.845 58.933185 58 65934 63.546 85.38 83.723 TZB4 T4.52180 78.96 79.904 83.758
a7 2 38 39 2 40 T 2 42 243 2 44 245 z 46 47 48 2 49 2 50 2 59 1 B2 2 53 2 54 2
18 1 18 18 18 138 18 138 13 18 18 18 13 13 18 15 18 18
5Rb : Sr Y :Zr 3 Nb Mo %Tc *“Ru sRh tPd 7Ag Cd =2In :Sn %Sb = Te I B Xe
Rubidi 5 i Yttri Zi i Michbi Mohybde Techneti i Reheoudi Palladi Sil ‘Cadmium I el T Antimeny Tedurium lodine: Y
BEI;‘.-VSITHBm 5':[.?2““” 8:;(‘;;‘85 9;2:“ 92‘.’9(‘:“6“;8 95.% - {97.9072) 101.07 102.90550 I(;.4£“m I(I);j;ﬁ& 112.411 114.818 |T8.710 121.760 127.80 126.20447 13;‘.’2"93
2 2 2 2 2 2 2 2 2 2 4 2 ¥4 2 2 2 2
» g% 1< ¢ ¢ 1 Y ¢ o rr 1T °rorororo oy
6Cs :tBa 57 7qJHf :Ta =W :Re :O0s sIr Pt :Au 3Hg 5Tl £Pb £Bi 3Po At % Rn =
Caezium Barium = Hafnium Tantalum Tua n Rhenium Osmium |ricliuarn Platinum Gold Mercury Theallium: Lead Bismuth Polonium Astatine Radon
132.505451% 137.327 178.45 won?;ﬂss IBS’?;:E 185207 15023 152217 155.084 155568555 200.55 2043833 2072 20858040 {208.5824) {205.58T 1) {222.0178)
87 e 3 104 1105 3106 107 3108 3109 3 110 3 111 jM2 313 M4 215 G416 17 118
7Fr 3 Ra zJ8o-103JRf 2Db £Sg 2Bh g2Hs gMt 2Ds 2Rg gUub gUut 2/Uug 2 Uup g Uuh g Uus Uuo 3
Francium f Radium g Rutherfordum ‘g Dubnium ‘; Sesborgium ‘% Bohrium 3 Hassium ‘; Meitnerium ‘g [ ‘1 i ‘? L i ‘g L L ‘g L ‘f L 1g L . ‘g Ununsepium Ununoctivm ‘g
(223) (226) (261) {252) (268 (254) 21T (288) 271) {212y {285) (284 (285) (288} (252) (34

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.

57 i 58 i 59 i 60 : 61 i 62 3 63 i 64 i 65 ; 66 i 67 : 68 i 69 i 70 i 7 3
18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
La 2Ce =“Pr 2Nd zPm z8Sm zEu =zGd zTbh zZDy zZzHo =ZEr 2Z2Tm 3%Yb =Lu =
Lanthanum 2 Cerium E Praseodymium E Meodymium 2 Promethivm 2  Samarium = Europiunn 2  Gadolinium 2  Terbium = Drysprosium 2 Holmium 2 Erbium 2 Thulium 2 “Yiterbium 2 Lutetium E
- I 138.9054T 140.116 140.90765 144 242 {145) 150.38 151.964 157.25 158.92535 162.500 16493032 167.259 168.92421 173.054 1745668
a(Q e 89 : 90 : 91 ;92 : 93 : 94 : 95 : 96 a7 : 98 : 99 : 100 : 101 : 102 : 103 F
m 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
- Ac zTh =zPa z U ENp Z2Pu :Am :Cm 2Bk :Cf zEs zFm =Md No :=Lr =
Actinium g Theorism ‘g Protac‘tiniumg Uranium g Neptunium g Plutomium g Americium g Curium g Berkelium g Califommium g Einsteinium g Fermium g Mendekvim g Nobelium g Lawrnencium g
(22m) 23202808 231.03588 23802851 (231 (244) (242) (241) 241 (251 (259) (237} (238) 239 (282) -



Metallic Bonding
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Covalent Bonding

1 2 3 4 5 6 7 8 9 10 11 12 Il IV V V| 17 18

1 ! Atomic # 2 :
1 H NSyTtd He
Ve e c | Metals || Nonmetals | Heim
3 2y = o ; 337 T (20 Z 5 2g 11 210 z
2L Be § 5§ Lentenoids B8 NN SIS & B ‘o F | Ne
Lithiwrm Benyllium 5 3 g w g 3 (1] - g II Boron Ongyrgen Flucrine Neon
5341 9.012182 = @ o o E o 10811 15,9504 18.9584032 20,1787
o .. 5 -
1 2 12 : g g Actinoids o i 13 6 1lr 118
1 z w0 5 7 3
3 Na Mg Al S Cl Ar
Sodi Magnesi Abumidnium Sulfur ‘Chierine
22..;;;175923 24.3»rafaw 283815335 32,085 35,453 ilsws:s
19 220 2 : 2 2 23 : 24 Z25 22 27 28 : 29 : 30 2 2 M 3 : 36 :
4K ‘Ca i8S *Ti "V "Cr "Mn *Fe “Co *Ni “Cu "Zn °© Ga i8e “Br "Kr °
Potassium Calcium ‘Scandium Titanium Vanadium ‘Chromism Manganess Iron Cobalt Mickel Coopper Zinc: Gallium Selenium Bromine Krypton
33.0883 40.078 44.955912 47.887 50.9415 51.9881 54.938045 £5.845 £8.933195 58,6934 £63.548 85.28 89.723 7238 75,304 22738
37 : 38 39 : 40 EES i 42 243 2 44 2l |45 46 i a7 : 48 : 49 i g2 A3 : 54 :
18 1 18 18 18 18 18 18 13 18 18 18 13 13 18 18
5Rb : Sr Y :2Zr 3 Nb “Mo $Tc “Ru sRh tPd 3Ag Cd <%In T Te %l B Xe
Rubidiunn Strontium Yttrium Zirconism Nicbitm Meohybdenwum Techneti i Rheedi Palladium Silver ‘Cadmium I Telhurium lodine: Kenon
B5.4878 8762 £2.50585 91.224 32.50838 5.3 (97.9072) 101.07 102.90550 108.42 107.8882 12,411 114,818 127,80 126.30447 131253
35 : 56 ¢ 72 a3 ;74 3 15 : 76 3T ;78 : 79 : 8o EHE: R : 84 : 85 Z 86 :
15 18 18 18 18 18 18 18 13 18 18 13 18 13 18
6Cs tBa Hf :Ta W =zRe 320s =:2Ir Pt zAu z2Hg =TIl 2P0 At =2 Rn 2
Caesium 1 Barium 2 Hafrnium 2 Tantalum 2 Tungsten ¢ Rhenivm 2 Osmism 2 Iridium 2 Platinum 1 God 1 Mercury 2 Thalium 3 Polonium  °  Astatine 7 Radon 8
1329054518 | 137.327 175.48 180.94788 183.84 188,207 190.22 152.217 135.084 158.988689 20053 204.3823 (208 3824) (209387 1) (222.0178)
87 : 88 g 104 : 105 : 106 107 : 108 : 109 I 110 2| Ml i 112 2 i3 116 : 17 118 :
18 18 18 18 18 18 18 13 18 18 18 13 18 18
7Fr =2z Ra :zJso—103JRf =2Db =2/Sg =zZ2Bh =2z Hs =z2Mt =z Ds = Rg z[Uub = Uut 2 lUuh 2 Uus Uuo =
Francium f Radium g Rutherfordum ‘g Dubnium ‘; Sesborgium ‘% Bohrium 3 Hassium ‘; Meitnerium ‘g [ ‘1 i ‘? L i ‘g L i 1g L . ‘g Ununsepium Ununoctivm ‘g
(223) (228) {281) (282) {285) (2e4) 2 (288) 2y 272) {283} (Z84) (252} (Z54)

57 i 58 i 59 i 60 : 61 i 62 3 63 i 64 i 65 ; 66 i 67 : 68 i 69 i 70 i 7 3
18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
La 2Ce =“Pr 2Nd zPm z8Sm zEu =zGd zTbh zZDy zZzHo =ZEr 2Z2Tm 3%Yb =Lu =
Lanthanum 2 Cerium E Praseodymium E Meodymium 2 Promethivm 2  Samarium = Europiunn 2  Gadolinium 2  Terbium = Drysprosium 2 Holmium 2 Erbium 2 Thulium 2 “Yiterbium 2 Lutetium E
- I 138.9054T 140.116 140.90765 144 242 {145) 150.38 151.964 157.25 158.92535 162.500 16493032 167.259 168.92421 173.054 1745668
a(Q e 89 : 90 : 91 ;92 : 93 : 94 : 95 : 96 a7 : 98 : 99 : 100 : 101 : 102 : 103 F
m 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
- Ac zTh =zPa z U ENp Z2Pu :Am :Cm 2Bk :Cf zEs zFm =Md No :=Lr =
Actinium g Theorism ‘g Protac‘tiniumg Uranium g Neptunium g Plutomium g Americium g Curium g Berkelium g Califommium g Einsteinium g Fermium g Mendekvim g Nobelium g Lawrnencium g
(22m) 23202808 231.03588 23802851 (231 (244) (242) (241) 241 (251 (259) (237} (238) 239 (282) -



Covalent Bonding

shared electrons ° @ ik @ "
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Phase Space

Dynamics of electrons is studied in a generalized system of coordinates:
Time) ¢

Real Space) (x » V) Z)

— | phase space

Momentum Space) (K, ky, k;) _
The kinetic energy state of the particle is given by a function
E = f(ky ky k)

This is usually known as “band structure”.
As we have seen, energy in a crystal is a multi-valued function, so the
band structure has many branches.




Classical particle

For a classical particle in free space there is only a single
value of energy for each set of momentum coordinates.

1
E =5mv2

Momentum is defined as p=mv - E =-—

E 4

This is a simple parabolic relation

,.BV



Quantum mechanical particle

For a quantum mechanical particle described by the
Schrodinger equation inside a crystal, we define a new

“crystal” momentum
( p) = hk

Here k is the wave number of the wave describing the
particle quantum-mechanically and for convenience it is
used most often as momentum coordinate.



Quantum mechanical particle

We model the crystal as a new kind of “free space” where
the particles obey a new energy-momentum relationship
given by the band structure, containing the effects of the
periodic atomic potentials.

Therefore, what we study is not an electron “particle” as in
an isolated atom or in vacuum, but an electron “quasi-
particle” which obeys special dynamic laws as dictated by
the specific crystal in which it moves.



Simple examples of band structure

Lowest energy
solution in the
conduction band

A hl-" = f‘:,{ EI'_ -

.

Highest energy | " e
solution in the / } \
valence band

(a) Direct (b) Indirect




Simple examples of band structure

Often it is sufficient to analyze conduction band behavior only in the region
close to the minimum of the lowest energy branch, called a “valley”.

E E,

&

In many cases the E(k)
relations in the valleys are
with good approximation
parabolic

(a) Direct (b) Indirect

Often it is sufficient to analyze valence band behavior only in the region close
to the maximum of the highest energy branch, also called a “valley”.



Simple examples of band structure

electron

L
Jo

hole

(a) Direct

At finite temperature, electrons have
the probability to acquire sufficient
thermal energy to be excited to the
conduction band.

An empty state is left behind, which
essentially behaves like a positive
“quasi-particle” (hole) moving when
neighboring valence electron jump
iInto that empty space leaving
another one behind



Energy [eV]

Direct or indirect?
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Direct or indirect?
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Semiconductor Material Properties

) Melting
m nsi n

(eE\g/) emtAs)  fem? Vg TmT,/an (r:w.f,{nhf) alA) e (chfrg) " || € (diamond)
Si (i/D) 101 1350 480 098,019  0.16,049 543 118 233 1415 || Eg = 5.5eV
Ge (i/D) 0.67 3900 1900 1.64, 0.082 0.04, 0.28 5.65 16 532 936
SiC (a) (i/W) 2.86 500 = 0.6 1.0 3.08 10.2 3.21 2830 S|()2
AlP (i/2) 2.45 80 — — 0.2, 0.63 5.46 9.8 2.40 2000 Eg = 9.0eV
AlAs (i/2) 2.16 1200 420 2.0 0.15,0.76 5.66 10.9 3.60 1740
AlSb (i/2) 1.6 200 300 0.12 0.98 6.14 11 4.26 1080
GaP (i/2) 2.26 300 150 1.12,0.22 0.14,0.79 5.45 11.1 4.13 1467
GaAs (d/2) 1.43 8500 400 0.067 0.074, 0.50 5.65 13.2 5.31 1238
GaN (d/Z, W) 3.4 380 — 0.19 0.60 4.5 12.2 6.1 2530
GaSb (d/2) 0.7 5000 1000 0.042 0.06, 0.23 6.09 15.7 5.61 712
InP (d/2) 1.35 4000 100 0.077 0.089, 0.85 587 12.4 4.79 1070
InAs (d/2) 0.36 22600 200 0.023 0.025, 0.41 6.06 14.6 5.67 943
InSb (d/2) 0.18 10° 1700 0.014 0.015, 0.40 6.48 17.7 5.78 525
ZnS (d/Z, W) 3.6 180 10 0.28 — 5.409 8.9 4.09 1650°
ZnSe (d/2) 2.7 600 28 0.14 0.60 5.671 9.2 5.65 1100°
ZnTe (d/2) 2.25 530 100 0.18 0.65 6.101 10.4 5.51 1238°
CdS (d/W, 2) 2.42 250 15 0.21 0.80 4.137 8.9 4.82 1475
CdSe (d/W) 1.73 800 — 0.13 0.45 4.30 10.2 5.81 1258
CdTe (d/2) 1.58 1050 100 0.10 0.37 6.482 10.2 6.20 1098
PbS (i/H) 0.37 575 200 0.22 0.29 5.936 17.0 7.6 1119
PbSe (i/H) 0.:27 1500 1500 = — 6.147 23.6 8.73 1081
PbTe (i/H) 0.29 6000 4000 0.17 0.20 6.452 30 8.16 925

All values at 300 K. *Vaporizes



