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o) NaCl ¥7te] Agtol =]
lonic cohesive energy = 7.84 eV
& Na—Na"+ClI~
Na®—Na ; 5.14eV 9] oA & A1
Cl'—Cl; 3.61eV 9] AUYAE FFaloFstct
wep A Qdx}e] Agte| Y ] (atomic cohesive energy)T
7.84eV — 5.14eV + 3.61eV = 6.31eV
® YA ZAgoldA(atomic cohesive energy) ; 1A FEIZHE FAlo Yxz E
Al71= d a3k dyA

Table 12.1 Properties of Some Ionic Crystals

Equilibrium Separation Atomic Cohesive Energy Melting Point

Crystal @A) (eV per atom pair) (K)
LiF 2.01 R.32 1143
Na(ll 2.82 6.31 1074
RbF 2.82 7.10 1068
KCl 3.15 6.48 1043
Csl 3.95 5.36 621

182008 Brockiols « Thomson
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Table 12.2 Properties of Some Covalent Crystals
Atomic Cohesive Energy Melting Point
Crystal (eV/atom)* (K)
C (diamond) 7.37 ~4000
S5i1C 6.15 2870
Si 4.63 1687
Ge 3.85 1211

A 5574 1A (Metallic Solids)

1. ol HAAZIA Alele] 18 — ZFHAE 7] A 7F Metal ion
Fol2& =EMaL A= A / Electron gas
2. oA ol FAg el Hlal ofsk A% s

AFNUIA ;5 1~3eV QO 3 00 9
M FrEARIE Al =, 7HEA Q0000

w5l %
= AL 2 o O
of BE1Y, FHEA wrEe) o
o e e QO O 0 00
® AT VN Fe 270 AfAA Q O 0O 0O
4. Aol wWekAdo]l glo] A (nondirectional nature) S-A]
ol galg U
@ 3+ (alloy) 28A(solid solution)
@ 50 JE Ge UE 94, A% P4 $0 54% RS dgel dad
.
Table 12.3 Properties of Some Metallic Crystals
Atomic Cohesive Energy Melting Point
Crystal (eV/atom)* (K)
Fe 4.28 2082
Cu 3.49 1631
Au 3.81 1338
Ag 2.95 1235
Pb 2,04 874
Zn 1.35 693

A EAZAAMolecular Crystals)

1 7]3%-A}H(saturated organic molecules), &2 7] A
2. W2 3] A=A Y
4 74243 (hydrogen bond)
@ TAE XFele dest 2 2 FAE9 P SAE W E(permanent  dipole
moment)°l] ¢]gt Z+gt Van de Waals 23
dg ; ~0.52eV/molecule or ~ 12kcal/mol
4 AFA-%=2 2 F(dipole-dipole fluctuation)
@ oFSt vt 7 o A2 BHEES 7R A gE £AE Ao
@ =24 7IA, B Hol @2 7714 1A

@ A 5 ~0.10eV/molecule, 91K &%, IZAAr ; ~0.078eV/EA}, 84K 4
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Y
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4 B1AZ 1A (Amorphous Solids)
A ZAA9 Ay vFE 1A
@ 9 (dislocation) ; 9AZF Agl e B4

B A0
=T eE
@ =29 Ak, Ak, o 24 S A4 dFS T

4 g7
@ annealing ; &8 HAA AH3] AA EAE0] HA9 potential energys ZEA
st €A — O o)Al Ao r W

@ quenching ; &g EolA 10 Psito] Aoz W7ts
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RDF Crystal RDF Glass
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1 1 1 1 | | | 1
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A &R X34 (RDF ; radial distribution function)
a4 AZvE A& v]AZ 9 RDF
@ X-A 3d ~ANEHL Fourier H3s}o]
@ 2749 RDF ; 14¥ A% Zox AH3

T
_

@ v de] RDF ; 49 A9 X5 5 Wupto] Azl
2 |
RDF e / |
1 S| 1 |
0 2.5 5.0 7.5 10.0 r(A)

I 12.10 x-A 2oz HE A" A2vge AAF H]P A Uik RDF
(R. J. Temkin, W. Paul, and G. A. Comell, Adv. Phys., 22:581,1973)
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Table 12.4 Examples of Technological Applications
of Amorphous Solids
Type Material Use

Oxide glass (Si09) ¢.(NasO)g 2 Transparent window glass

Oxide glass (5109).9(GeO9)g 1 Ultratransparent optical fibers

Organic polymer Polystyrene Strong, low-density plastics

Chalcogenide glass Se, AsgSes Photoconductive films used for
xerography

Amorphous silicon SigoHg Solar cells

Metallic glass FeosBoo Ferromagnetic low-loss ribbons used as
transformer cores
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Table 12.5 Thermal Conductivity, K, and Electrical
Conductivity, o, of Selected Substances
at Room Temperature

Substance KinW-m™1K™! oin (Q-m)~!
Silver 427 62 x 10°
Copper 390 59 % 10°
Gold 314 41 X 10°
Aluminum 210 35 % 108
Iron 63 10 % 10°
Steel 50 1.4 x 10°
Nichrome 14 0.9 % 109
Quartz 13

NaCl 7.0 <1074

£ Btk - Thamain

4 Ohme| 3

J=cE ; Ohme¢ %
& J(A/m*) ; ABYE vector
& E(V/m) ; A% vector

gk shel A o(H71Hd=E)7F Ohm7d LA 9]

9 Ohm"é _Lzﬂ
Ohm¢] WA & w=Ed= 1A
At Aol #wANA dAS Ohme| Aol AHste= A= 3t
a AFFY AR7A
EFoll AA71 A7 ofF sjutstAl A= 45
@ d) AT, H2ARIE YA

1
eFEr = —muv*

2
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1/2
J= nevne(2 E:E)
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Ohme] W= ez Awwg 4o
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m,F

e

a(;z:,E)Zneg/z( 2 )1/2

¢ - ANAERIE A9} Ao whep Wk
@ — Ohme] W3] HE=A F=rh
@ - FATH BT TE Aol
4 ohm¢] H3F
Afd AL 7 A= Aol SE

v, ~ 10°m/s ; Room Temp.(300K)
1 -5 i
5 MV = 5 kT
— 1/2
v == (ﬂ) (12.5)
me
B A 2 HEAFAZF 5 mean free path(L) and mean free time(r)
L=wv,, T (12.6)
dEFol ot HAEHEEE ‘0ot — Ao &S 4] 3,
55 E(mean drift velocity) 5 vy,
J=nev,
—————
Start Star
\ﬂ Finish :
|
FJ Finish |
i |
:q— e d— l— p— -t—!
0T
(a) (b}
@ 2004 Brocka/Cole - Thomson

szg(t§+t§+---+t§) (12.7)
a= 2 A 9T e A
_ '
=
a 42
5= 2 0)() (12.8)
=27 0| B2 (1% EA 0] FH AR EA 9)
s =abr
s= ¢E 2 (12.9)
s = bu, o H| L&A

ekt
m

(12.10)
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a9 1212 AREE s #EFEE v, AbololA e AZA. At dt s A4S FEA
AUrte Asts FPSAA Qo FA A+ A3 nedv,dto) .



_ neAvydt
= —qn " v
2
J=nev, = " Tg (12.12)
ne’r
o= (12.13)
mE
é‘% T= L/Urms ]Ei
2
o= _neL (12.14) Table 12.6 Electrical Conductivity of
MU Metals at 300 K
2
el (12.15) Substance Measured o in (2-m)~!
(3kTm,)"?
Copper 59 x 10°
/ PP
_ (SkTme)l 2 n) 4 & Aluminum 35 X 109
p ne’L ° Sodium 99 X 108
Iron 10 % 10°
(12.16) Mercury 1.0 x 10°
TABLE 28-1
RESISTIVITIES OF SOME MATERIALS AT ROOM
TEMPERATURE (20°C)
TEMPERATURE
RESISTIVITY, COEFFICIENT OF
P RESISTIVITY,
MATERIAL (Q-m) a (K1)
Typical Metals
Silver 11625 1058 41 X 10-3
Copper 1.69 X 108 43 X 1073
Aluminum 2.75 X 108 4.4 X 10-3
Tungsten 525 X 10—8 4.5 X 10-3
Iron 9.68 X 10-8 6.5 X 10-3
Platinum 10.6 > 10-8 3.9 %103
Manganin® LR A ke 0.002 X 10-3
Typical Semicenducions
Silicon, pure 25 5 1H3 —70 X 30=#

Silicon, ntype’

Silicon, ptype”

Glass
Fused quartz

BT
28 X 103
Typical Insulators

1010- 1014
~ 1016

aAn alloy specifically designed to have a small value of a.

¢ Pure silicon “‘doped” with phosphorus impurities to a charge
carrier density of 10 m~3,
¢ Pure silicon “doped’” with aluminum impurities to a charge car-
rier density of 102 m~%.




dA 12.1 F59) A= #F nHHQA AFHA 2F
(a) A=4mm?, i=10A 94 300KeI 4 €] v,,.% v,
(0) L=2.6AF v BFAFAEL?
(c) 78919 AxwE 7Aststet.

(&0

3kT)1/2 B [ 3(1.38 <10~ **J /K )(300K ) }1/2

(a) Urms = ( - —31
m 9.11 10 “'kg

=1.17x10°m/s
vy~ 1.5%10°m/s

€

J=nevy
B ( 1free electron )( 6.02 < 10*atoms ) ( Imole ) 8.96g
n_
atom mole 63.5g /\ cm?
=8.49 < 10%%electron/cm?®
oo (10A)/(4x 10" °m?)
==

ne  (8.49x10%m *)(1.6 x 10~ *°C)
=1.8x10 'm/s =0.18mm/s

Vq

=1.5x10""
—10
(b) 7= L= 2610 "m_ o, 4415
Vems  1.2X10°m/s
ne’l
() o=——""15= 5.3x10%(2 - m)!
(3kTme)

L=w,, 7 ; B7¥AFAE (mean free path)
75 AT A {Hmean free time)
@ $0hme| ¥
1. 284 AFHdaes
2. AL & AGgstA oFskA X3

& poc TolL} poc TH2E o Z3ko] A9} o] sttt

p(x107°Qvm)

L]
I

1 1 1 1 1 1 1
100 200 300 400 500 GO0 700

T(K) —
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A AE A3 3H1F AFAA o] E
4 YA =% (thermal conductivity) K
AQ AT

AAt Ax

@ A7 ARRz] FERGS B3 B

N = Table 12.7 Experimental
o delligA] B Adste] fyko] o] Fojxit),

Lorentz Numbers K/oT in

Wiedemann-Franz2] 3 Units of 1078 W Q/K2*
o oE HBdTEA RE G4 o) gYsa wa Mewl | 28K STK
i} A 92,31 9.37
o) & = 3
A2 elluh o) Eeteh, Au 2.35 2.40
W - AVHE 2 dAE BEF AFAATAY] 25 cd 9.49 2.43
71t dEel =ed o Cu 2.23 2.33
Ir 9.49 9.49
dA= Mo 9.61 9.79
@ THATAN 79 Gom FHolE AAIIA o P o 208
s e o N P 2,51 92.60
3l WEE delyA] £(thermal energy flux ; |g, 9 59 9 49
W /m?) w 3.04 3.20
1 n 2.31 2.33
K= SCU’U””SL (12.19)
3 n 3 . oM gltre] o &gk
c, = | N4k —|=—kn ; 99FI T 483
2 N, 2
¢ — Maxwell-Boltzmann %74
knv,,,.L
K= — (12.20)

® L& Aol Az Abgatd A AAEAFeE A e
K knv7‘7718L/2 k(vrms)Qme
2

o ne ’L/mv

rms

2
E_SE p S wem-zaz 9= (12.21)
o 2e
2
a8y 2—1{72: 1.1x10 *WR/K?*E A4 (A= 53 2] et
(&
- a4y e 559 (Lorentz number)= 2AAd 748 7AT= AL 219

o7
AA A} BEmel A7) 2

# K= 0,00 %9

3 vrrms

AEES FU= ST S/

nv,,., AME(z, +Ax) + AL Atk oA olglz AdEs deux]
N0y AN Bz, — Az) © AS ALESE obdjol A 92 Agss doux

i oA o] ek

dE dE dT

AQ— QTLUTmSAAt%AZE - 2nv,,msAAtAwﬁ %
_dnE) AQ dT
€= T ojm AN 2¢,0,,,A .

L=Az : 33 AFe2, BE At BF 4AUE BHslA gorw 1/69 Fau
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12.3 349 e ol &
@ d AA7NA 2o AT 5 Ko oo #%, H o 2EEAH F59 d&F] o
st A 58 T
a4
* 1. Maxwell-Boltzmann #X*%& Fermi-Dirac # X2 x|}l
LAY dsAdES Y3 HAARYERE RASH &2 AYE 5T 5 9
‘jr.

A Vs Al v, = HiA]

Fermi 7 ; &9 d=ue Aztsd 38d £

WE = £ 3714 Fermi energy
E7NA 2= Fermi 7%

o] 531

— 7}l 7 A7) Fermi 78 oFtF W9IAIZITh

— W9E AA= U= o0 25 et
- BE JAA7F A7) ) o, FE7F F7hehh
=

shgele] fzlol o)d AAGEe] We] AojubA g

s
E< EpQl AA= As@X @i Fermi W AN v =08 ﬂx}ﬂ*" oA A7
Ere ddEEe ud@ ]
ne’L
0= C Urms
MeVpms
R A1 qm]zau}.
2
neL
= (12.22)
mUp
1
Uy Uy
] Electrons with E
velocities at the S —
surface of the =
sphere have N
energy Eg B ~ vy
\
\
\\
T Displaced
Fermi sphere
(a) (b)

4 Wiedemann-Franz ¥H3& e A
Er 20 kpT el e AAETe] 2% Wl mpE oy =] Wshrt Qi 1 99 HAE

& oAl WEk glolA] BeFel slojata wobd Sluck 9u qe g A

kpT
o 2( s 2 5) 9.33)
A&t A4S 3 (Kittel, op. sit 6%)
2 kB
C=5 ( 5, )(23) (12.24)
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3

R= Nk, E,=

2
2| kT
=1 nl (12.25)
3 mevp
K
= A =
Lorentz < oT -
K @) kpT/mop)(nl) 7k
ol (ne’L/myvp) T 3e?
SELEEL S EE IS E LR D
2712
7k
BB o 45% 107 W - /K2 (12.26)
ol 3e?

— A 2 dA
A AR FAGEH BAAFALEBIAFIE)
AAH ARG A o] A7) =
o =ne’L/m,v
NA v, > T3 LS ARpAlele] BAFER W AW o5ke] 1/200 AEe] Fhol
gk = 20000 ool Latel &

~ ne’L

rms

m.vp
=25
mUpo

2
ne

( 2E,

1/2

—
£ m

1/2 _ ( (2)(7.05 % 1.6 < 10~ ')
9.11x10 'kg

e

=1.57x10°m/s
(9.11 %10 *'kg)(1.57 %< 10°m/s)(5.9x 1072 'm~ )
(8.49 < 10**electrons/m®)(1.60 x 10~ **C)
=3.9%10 ®m =390 A
& — LA A~ 1508
L _ 3.90x10 °m
Cvp 1.57x10°m/s
¢ - 7 H45Y
@ = 52 HAY oUAE A= AAES o] 2F A gEst AxLE Abdtoluy A gt
o] glo] Fete HAAFIZE 7IA 2 T} PR
@ dxEe gk A X7 vpRE o] ¢] o] Foj7t of et
AE wEo)t).

=2.50x10 Ms

i)
i
X
M
F
i
=
r
ol

@ SUF Aol A A Aol Ae] dojupx @v] WFel AR HEL npx T A4
oA wol A A go] otaEA gowA & B Solhd & Utk
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Az AEee w2 FA

i
<X TOA A\ A heE 7HAE 29 5
08—t (10.33)
e =1
AN kyT> hw
kyT
npOCH
@ AA Abbel] T)efshs E=o] = ARPA R 7o widsta, dAb kst £ 2
L= asg

Lo

¥ Serway 19893
A’cc T 5 ANE] AF&

@ -5 g

¥ Serway 1989 &

4 Matthiessen's rule
p=pitpL
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12.4 1A w] o]2(Band Theory of Solids)

I Fee] v A e 1021 x}o] 7} e}

Ay ool2Add, T A%t — JYA AAE AFrEA Kekth

of AAA AR 5 Aol Lol &, oA w ol

YA Ao 9% u] o]Z(Isolated-Atom Approach to Band Theory)

Energy
Energy

—

|

I
|
o

(a)
© 2005 Brooks/Cole - Thomson

3912.16 (@) F /Y HEF 927 A= 71719 2 ), 3s 99 £ (b) 9H
Aol UEF €47 A2 77k 2 9] £ (o) B2 9 HEF 4A9 14
® 1H¥ Nadd#e] 54 ovA &9 5 3s
@ 5 WAL AT AAAAEA AEReE 2482 F A9 A7 ouA 29 Az
2 9= Al

U iy
A AR FEREY FAeR ol /\

NI EEEE -/
@ Q88 e 2 AR A AP .
Wy 1y or P — 1)y /\/\ |
& MUty 5 ol2FA Aol] Bl AAE | __—
WA gEo] Frh o W NA=

zt=1}. 1912.16(a)
@ MY — ¢, 5 TN HAAE W 5ol
gl o 58 JdURE 2=t 2912.16(a)

(c)

Thomen

® A g @ F10% A/ em)e] A - v we oluA 2917k g 2l
__1/,5;@ ¢l oA w(energy band)
1] oA = E B
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A YEFY A o
@ 2A 1A= FEL FJ8&F oA uw(allowed energy :f.pl
bands)& %t

@ YA Y(energy gap) %

{_
@ FAH A . 8 U W= B4

=y 2 6N
¢ 979 7] g ouA #99] HHomng 4 | ¥ N
2,

@ N LA FEC] YA HERZ HojHA A=
THEA g 3 SA}
# Na 3s band and 3p band® =3; A% v . o

2,700 neotarcote . e

a4 12.18 YEFY WE o] 2944 Yo E YeuEs FEojt. 3&d 1A o
Afololl A el A xAF 359 3p WIF FHITE AHES FAISEL 7 Al Aol A
AR & weo] 2 EH YEY gl

4d 75, 54 2 uxA¢ A7|AE(Conduction in Metals, Insulators, and

Semiconductors)

T, FEA B ogtmAel o] F AY|HAERES] ApolE w] o]Eow ARt

4 %5 Metals)
@ FE, ; Fermi energy, OK ol A Epolgllo] BE Hx}7p 297t
@ Ep 7F we] Sl Al Hol Aol ZhelAl= B Fermi oA A9 oA
5 Zte AAE A7 2RY ©A] 22 o duA| kS dojm A2 Wl oy
Aol =g 4 A "o S dx=dh
@ £p 2AH vl e FEVE Bold AAE 22 A SR AEAl 22 /1T

o

Metal

29 1219 JEFS 35 w} 2ol EAY wo] AP w. 7—oKkelA A=w] o
UAE g9 Fzbel Follth ouA AE 27t peld AP A2w-vg g8
A% =X HolET)

flo
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4 BEA(ZAA, Insulators)
@ A= ds AYR 7R w(valence band)
F YA A (Energy gap) ; E, ~ 10eV
@ OKoA w]o] &= AXEu](conduction band)
@ E,~10eV & Fol A2 (kT=0.025eV) A=Wz A27F A o7]8hA] ed=
@ o7 A Fo HAAwre] AAAo R HEuE Hfstal lojA AAFoR A=

of 71t Fe v Aol we MAFL ehATh(EAY 107 )

Conduction band

h

Energy gap

Valence band

Insulator
Eg: 10 eV

a¥ 12.20 7=0KA AAAE JFAAN 7 QYA 3, AETE Ho] o ¥
2o F9& °olE o] Ale]9] Fzho] $IX 3}, YR AEl £t 7> 0KoA AYA
Ha2n-td g5 9% THEA B $ ).

4 Y= A (Semiconductors)
@ A3 AR 7HAE w e} 0Kl A Bloj 9l A Ed]
@ S duA A 5 B~ 1eV
@ Ax7E dHom 7] Ho] A AxwE A 7
® s 259 Agdd wel 343 e
@ 75 Ak 259 s wet AAE fag),

Table 12.8 Energy-Gap

3 Values for Some
A Semiconductors*
Eg(eV)
Conduction band Crystal 0K 300 K
_Z:;Z_ Si 1.17 1.14
g | e Ey Ge 0.744 0.67
InP 1.42 1.55
Valence band GaP 2.39 2.96
N 0 Semiconductor GaAs 1.52 1.43
/¥p P e CdS 2.582 2.42
. * CdTe 1.607 1.45
Zn0O 3.436 3.2
ZnS 3.91 3.6

21006 Brocks/Cols - Thsmmen
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A YA o] A3t ¥R} (charge carrier)
@ dA(electron) ; AEw oAl Hal r-A}
@ 4 F(hole) ; 7FAAtw o] A3} 1k},

@ AAYFE A (intrinsic semiconductor) ; AA-A-E *(electron—hole pairs)E

s 7HA A
9= =223 IR A

A T R

e electrons

® holes

Energy

Conduction band

) ) Narrow forbidden gaj

Valence band

2
Applied E field

pr—

Al 12.2 tolotZEd tste] A=E do7]7] A M7 A7|E T8l
L=5x10 °m, E, =TeV

eelL=F

E 7eV
eL  e(5x10 %m)
&N FEE BAA7]E o Bas [A7|Fe] A6 ]

HliLste] o}F 2 gholr.

=1.4%x10°V/m

A ARIF 9 wkale] 9] &k o A] w(Energy Bands from Electron Wave
Reflections)

DA SIUA W g Qe Az
4 F7132 AARAA(on core)dll 93 ARIHF o] Ak
AfE A4 FETFE nef @

'L/}f’ :Aei(k:ac wt) I".m*l‘_s;}'
2 212
=P _ h'k
2m 2m

D k~0; &9 49
WAbHE S MR wAdehA] @il Abepzih - dRApet

glol A ARdAAY AAE S dBH) -k 0 +k
2 A=20 (h=Z-Z_ T,
NHYPAERNE O vl 599 AHin phase)S 2HAl Ho] B — 73 wkAbgh
durH o=

2a=+n\ n=1,2,3--- ; BTt (12.29)

kZi% n=1,2,3-- (12.30)
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Reflected waves average to 0
(a)

A=%a

S

Reflected waves from adjacent
ioms are in-phase and reinforce each other

(b

1 2 l-

. — .
Constructive interterence
Path difference = 2a = nd

(el

"

22008 BrockaCole - Thomaon

1912.24 (@) A>«¥ AR 359 vkAL (b) A=249 AR 352 HEAL (c)
A=} 13 228 vkAlg 959 B 744

4 2 7HA] gHe By

wﬁ — Bei(kz*wt) _Bei(*kar*wﬂ (12 31)
w+ _ Bei(kx*u)t)_l_Bei(*kz*wt) (12 32)
@& peltre g o w Adshs o
@ Be!Themet) g weko g AestE 1
W=+ 2Bieii“’tsin% (12.33)
T 2Be—"wtcos% (12.34)

@ U U BT OB e olUA (SRt e Aoy
@ Vo v BT SRR e oA (R e el A)
@ =olUA H(energy gap), AUA S BA%

@ T Auelde eEduAE 2o < 2

rlo
H
N
1o,
Mo
offt
oft
tlo
N
N,
(o
fru

p2 ﬁ2k2 ﬁ2ﬂ'2
<K>:<—>:—: ;s olluA
2m 2m 2m?
3
/ ! d
Forbidden I|._|N / E
\Il 2 o E

¥ 12.25 YA Atole] AT adl AR AR Tl thE WA
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A F Y AR=A4(on core)dll e Asle] £
w;reeqpfree = [Aei(kz*wt)]*[Aei(szwt)] =141 2

Vi, = [ZBe_i”tcos%]*[2Be_i”tcos%] =41 B 2(:052%
Vo = [+ QBefi“’tsin%]*[i QBefi“’tsin%] =41 B 2sinQ%

@ vv, 1 Fole FASN WA} AFH] Uk
& —ue Fuad A
@ v 1 Fole FASe Aojo] WA AEH .
@ >xe Haddy
SeEdUuAE gong o HuAduAe] Aoz gla) AAAIAe] o]z} A7)
%

& o
t} 5 oA el &A, forbidden gap(=FAH)

KeX
L
L
L

vl

v

Positive ions

& 0 Bt iote . Fraemese

a912.26 A4k HE A= 149 A=A QPG AR v FEE Fol
& glol At 9Asw, AEFow f e Had ouxe s,

12.5 ¥t= A tjulo] ~(Semiconductor Devices)

4 doping(%=33)
@ Al Eres d=der Yol dskwkate] ¥ (electron, hole)¥t & =4ds}
= 34
4 Si =R 4F HEEA
®nd WIEA 5 45 wkEAo] 57 AAHAs)E =B e

® 9 AA= FHATZ N 2o

AL 1
- Conduction
@ 1719 AA= donor level& a5 '
A9 7 24 e
o by onor leve .\'r '
& E,=0.05eV : P
— O = Semiconductor atoms =
' donor level'o/] ;‘(ﬂ_x]‘t‘ .}d 7” OSI @ = Impurity atom with Valence
ive valance electrons ban
Zlexcite)Hol AEE AE | i o -
Z‘] Z]‘7]— H T;]- i impurity atom E= 1 eV
b = Ey= 005 eV
@ skt 5 electron — nd @ ®
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&pd WA 5 45 WE
® 3N A= FHEAFe 2
ol
@ 43HA level2 A7 Hl, 7}
AAF w b2 99, acceptor
level & ¥h=th
& E,=0.05eV
@ A wel HdxeE f4A

acceptor level® o]7]¥ a1

@ A me=

A& (hole)&

@1tk — pd WFEA|(p-type

(0 = Semiconductor atoms

@ = Impurity atom with
three valance electrons

+ = Hole, or electron
deficiency in a bond

(a)

| 7008 Brockwcoie - Tramacn

Conduction
band

® ®

Valence
band

Ep~1eV

E, =005 eV

(b)

semiconductor)
4 B8 = A (extrinsic semiconductor)

& 10" ~ 10" atoms/cm® 9] EEES Hobek e
4 A ¥ A (intrinsic semiconductor)

4 p—n B¥(p-n Junction)

Fixed ion

® pd WEAG n¥ RMEAE AU
@ 23 9(depletion region) ; HIF-ZHE F DW cores
nlo] A2 A9 FitE= o ] P i@g’g@i‘ o "
@ 0y WEA A=A pY WEAY P [0 | o 000 A
o] Hato|A sard} @ Qe el kS
¢ AHoR 0y WEA AAEo] pd L
e AR #2EE Aol xp:» xTO x‘nu
& 3R X A7) o] A= i :1.; i
E=10°~10°V/cm ; W5 A7) 3 i *0 3
@ U Age SAY 5 A A ew [0 \/
Ag ool FRE HlLTh | i
& UF A71Ee Hua gue PAgo) )

V, ; potential &4

@ R HuMEe Agy
Ape mh=r)

oA ] olie 3t

)

l—

c)

|8 2005 Brooks/Cole - Thomson

a9 12.29 @ p—nAYY A WE b) p—nHBANA BAHE A7 (©) p—n

AeelM 49 A
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4 Yol = F2ZH(diod action)

@ Bholo]A(217h 1ehel wel @ v

WG wholof 2ol A HRA
=
tol o,

M 18 r

HE
o] AF-Hdstel #A

:[O(qu/kBT_l)

~

=z ]
& vlolof 2ol A Hula g

14

n

Forward bias

I (mA)
A

50

40

30

20

10

-1.0 -0.5

I,=20 UA 1

© 2005 Brooks/Cole - Thomson

<«—— Reverse bias

0.5 1.0

Forward bias ——

» V (volts)

23 12.30 AA gole =] g3 5

® 199 ; o wolojx AF

[e=]
-

® 299 ; AUAS & wpolo]
A

& 399 ; H3

dA 12.3 thol|Q.Eox 9 £HrE 2 o
= Kl

£ ARG 1.0V)9

]forward _ ]0 (6+QV/kT_ 1>
1)

[reverse Io(equ/kT—
kT=0.025eV o] 23

T 40_1

f € 17

€ T 940107 1N

T g 2A0X10

2 R R
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4 31E 2 FESF o] =-LED, #HolA, H¥AA
4 LED(Light -Emitting Diode), ¢ #d °] A (njection Laser)
Arve 5% A= 43y 2dgste w 1140 ajdsts s W&o
4 HFAA|(Solar Cell or Photovoltaic Device)
Ao o3 w50zl HApet Fgol J A7l o8] Hyuo] MFE HolA = 7]7]

® electrons
@ holes
Conduction Conduction
band ) band
Absorbed 1
NN bf = E, photon E,
o e ) ® o o o] Valence o‘ e o e e | Valence
e o 0 0 0 (Do band [} e o o o band
(a) Light emission (b) Light absorption
© 2005 Brooks/Cole - Thomson

a¥ 1231 (a) H=AZEEH 9 BE. (b) B=A ] g W S5 HIFAA
@ Electron
2} Hole

Light Fermmi =

band gap
(forbidden band)

valence band
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4 A3 EWA2E(The Junction Transistor)
A EHX2EH 1Y
4 John Bardeen, Walter Brattain, Willlam Shockley, 1948
& 35 AFH9 7e - TF4E
@ AR A N F IS A
@ AARYE el ]

Emitter Base  Collecton
4 pnp transistor \ ‘ 2
7

< npn transistor

I,
| 4 A
Ry
] Output load *
Iy ’ é"){ é) ‘ I
( N Oy,

* Emitter
— ‘f
® 4 9 TF -\
RH é

+|

P ‘
Input
signal
... % Y L
ks Base
/e +] b (b)
Lo o0 ctacon T 2003 Tnomsn
a9 12.33 A "ol AF = & AYH AR/ & 244
a A7 FF
L=1+1
L< T,

gL,  f~=10~100 ; AFol5
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4 & 83 EWX 2E (Field-Effect Transistor, FET)
@ FET9] 7 5 19600 A= A} Ak el mefe] A7)
® 1Y EdXAEHEY 84 wE7) fa, A8 227 A
@ MOSFETE 184 1CY =dZ 7Ms3hA 3
4 MOSFET $%7] ; A% $%7]
® 22 =g ; n-type HHEAM AZAH
& A2 =893 n-channel2 p-type Wk
& n-channel vl5S w2} 23 3o] FA
FAEh
@ AolEx: A9 Atst Ag 29 de 98 n-channel¥} #2](d¢)

Ao =l n-
E‘M 23 9AE}
=t} (

@ 22z, =i A9 (A Vel 7™ n-channel®] ASHE F3to] dA7t

o] &gkt
@ AVyo(-Alo|EZES] Aehe] Alo]Eo Q17Fd &F(+)9] A9+ n-channel®l
ol = Fah= AFE ThebAl Ho], HAfe] 9% W] IS WA, AT
=33 A=HE QA Axe A2ES YsHE] st} — Field Effect(% ﬁﬂr)
@ AloEo A= 259 WMalE Aa-sfel AFE HIAA AT grie =
Agro 7 FEdr)

p-type substrate Depletion region

3‘3‘_(_'. Gate

Drain

© 2005 Brooks/Cole - Thomson

a9 12.34 (@FSAENt=A F 539 ERXZE(MOSFED)S +& (b)&&

=9

A Aol Aed, ARHos o] AFAF EAVL (© AoE AL 2x-E

2Nl

AFE A7) st AHgdc 2 A#E MOSFETE %72 F4-3ch
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A MOSFET A3 29
@ AVges A9Ad XA =AAR 2EekA g
@ AR Aol vk 293w 4] AHE(SRAM)
@ 343 Z(Integrated Circuit)®] T4
4 T332 (Integrated Circuit, IC)
@ 19534 Texas Instrument, Jack Kilby(1923, 2000d 4x=#AH)
Fairchild Camera, Robert Noyce, 1927~1992)
@ EdA2Y, deles, A 8 FHA7E s AyE 7o UF-How AAAA
s A

@ A2°] e AFH, T4 5 BESE Age =

@ Hxo IC; AgE & =7 9o v AA FHE £

@ VLSI(Very-large-scale integration)

a3 12.35 64H]E mlo]lm® T ZAA(RIO00 RISC). o] TEAA9 WAL
298mm?, ¢ 60092 EWMXAHE Au g}

1¥12.37. EHE xolx9] Hx9 A3 =

1791236 A Av|9 Hx9 HAZZE. 19589 9¥Y 12¢ HIZ2EHS}.(Courtesy of
Texas Instruments. Inc.)

Z.
o
w9 AFE A4 4%

S A7k 1ns/ft

¢
Sote
fu
o,
2
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4 1IC A 7= 2A

® IC A9 71&e A5Holh
® Tolo] W
& AT ZAN AFAANY EAA2H ] FE 187 Unkh F sk A

Millions of transistors

o

80

T iFe 8 | Centrino gz
70 ‘ Centrino 5 Pentium 4
= Pentium 3

—
L=

@ 2005 Brooks/Cole - Thomson

o
=
=

s
o
I

o
=

0
8008 . .
| Pentium Pentium 3 8080
8080 —4 L i ‘
H - oar 386486 \ *Pentium 2 B0s
0 les—o 3038{1 Zgh‘; sl ¥ ; : 3 4004]
1970 1975 1980 1985 1990 1995 2000 2005 1970 1975 1980 1985 1990 1995 2000 2005

~T

/e |

l’cntium 2
489 Pentium

6
%s/
28y

4

Pentium 4
L

4004

Logarithm of number of transistors

(a) (b)

291238 QDAL Bk IFE vhelaz A3 WAL A SgdAe) S49
AR, (@ B 9= BE, @ A AFE o) A& EAA2E F9 Wk (b)
@% el ERALE 1o AR 219 29, o 18] T4ALE uol
Ade gl AFRolde Ae neAFt

4 RISC(reduced instruction set computer)

B

A

AR HALEE Eol7] A BAP At 2TEMl WL P A9
o, UAEE F2 4% AFEE Dav)

],

ol

HE mlo] a2 X2 MANE FA5e 84dE WHAE, dA2H, Wi 3 5o At
o]% WA EE RISC® CISC(complex instruction set computer)® 27}A =2 IA E7F

£
=
T Atk CISC#®H AXELo] 53], Hupdy A4S fA 7] Hd st=ddojsts 4
= st BT st=ojo Al Btk 92 ol AAlE AFFE etk ¥hH RISC
A 317] Y&l 7hsdt 3 2As Hus ATEo]dA @)= e 9

RISCS] 574& CISC9F Hlaste] <olrw vhg3 2k A4, W gt 192 A
ofFell HaAF i, BE Mol nAoly, WHAES et Jlor A =, 7H
Wz the MM A= Load/Store WHOZ A E o] Qr}t. &4, oj=gA R A
on, vloja R Zaaglel g AojE Folal, efolojr RA S ol o]gskal glrf. Wk
Hell AA =8 7F wor vfolaR RIS Ak Jof kbl dASEHE A
o AA, oldllEE ZEE ¢7] olde W obdE dolLEls aupHo s Agsty] 4
A AN ojlEY ZEE AAER W] o Fte] SAlstel Habdde o 435}
7b Bestt, HH3E oA Fowl FolZelS frastA o] & 4 §lal, RISCE AHE
sk em7h flejzith

J
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=) (superconductor)
AAE Toeflolr A71H o] ‘FojH= F&
4 1ol &3 (Meissner effect)
@ Aol ZAEA RN wEEHE d4
@ ZAEA Y A7FLe Azke| wt WE 4 gl
4 Faraday9 3

- - dPy
E - ds=— e
ZAEA W9 A7) 0l
o ddy o .
=0 ?—0 ;o RAEA WH-
ZAEA Wl Ardss Wd 5 glo
p="0— a3y

7}
&

¢ g =AE dAZE otz PAg o 27
ol Zheixivkd, AL 2 E=AZTEH WE

Table 12.9 Critical
Temperatures for

Various Superconductors

Material T(K)
Zn 0.88
Al 1.19
Sn 3.72
Hg 4.15
Ph 7.18
Nb 9.46
Nb;Sn 18.05
NbyGe 23.2
YBayCusy O 92
Bi-Sr-Ca-Cu-0 105
TI-Ba-Ca-Cu-0 125
HgBasCasCusOg 134

62005 BeccknCole - Thermen

s},
@ 2AEAE 94 =qolth p=0

® 2AEAE gdd v Aol

® S8 59 AR o A48 Qe A,

@ Boldtel 9% Ao el ZAEA o] 2 Fe 0ol
@ B ool 9% Arge] AAAY Age NuE E

YYYITYYYY TYYY YT Y
(a) (b)

a3 12.39 & A7) Fst A 71 9EFHe 2HEA.

29 1240 44 A& 2% 77K2 Y48 YBa,Cu,0; ;919 J7A4
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4 BCS o]&

@ John Bardeen, Leon N. Cooper, J. Robert Schreiffer, 1957

® 19729 =0 . ahd e T oA A
& T AR A Lol A el o8] Ao YEAgrt,
@ 7+ A= F348(Cooper pair) &2 FA 75t
@ TARE AT 20 e REH ABS P
@ vl e eRod T RESS 1Y e
@ old Toge] AA =S shihe] HEF .
& THAESI ARol Lo ere TR duxE WAL + k.
@& FHFe ARG 9 s F=9= fla, 0 F2 ouA F9%=

¢ TES AL, FAZ] oM AR SAHA Bt

@ 19861 =912 IBM FH=2l3] 44, J. G. Bendorz, K. Alex Miiller
& Ba, La, Cu9] AF3}Eo] 30KIA A% A4S HYS B
@ 19873 =AA

@ 1987 depuivt i, F2" g
¢ (YBa,Cuy0;)el 92Kell M 4% A< 59

@ 1988 dE wr

al
¢ 12 A% @ U@ F39 oL g
@ & ZAEAE Aetelolol 4AS o2 go] ot
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12.7 #olA

R gEel d= LAY HALE
A EAF, 24 W (spontaneous emission), -

=
5

A = whA (population inversion), SEAE] 9]
Qa
[e)

Lol A1, AR, 2%, BelaAaRE, B, AFE, ¥

E=Hr3(stimulated emission),
T, A& ez

)
KX
o

4 B, AW PE 29D 4R
Einstein ; °J?<}4 T, AP B, FENE
4 47e F

E,— B, =hf

Byu(f) ;T gE

@ B, ; Einstein® 5745
@ u(f) » SAFIHFT YA U=

=
ST J@elA d Re oA FHD Fobd A4 F8L vt
o= AR PES
21

=, WERA FAHhD)7F dS e o o FAhe] Mol WES fEsta WEE
AA7| 9 (A= e A7 ool 28 9143 (coherence) ¥ 22 WEFE Zb=t)

Byu(f) 5 92 fr=de] Bl&(%E)

O T H

@ B, ; Einstein®] =%

o
2
N

Energy

I — K — &
4 i
AN o =Y
;,; M . Joug
e 0} S SR ' B
Absorption Spontaneous Stimulated
emission emission
(a) (b) (c)
a3 1241 (a) &, (b) A2AH =, AF AN EAs= 892 1,013, FA
£ olgte] Wez WEVT. () HE ¥E. o FHAA $38 FAEL 4=

FAe 2e Y4L AT 281 BE FRAE e WFoz APuoh
2E TlA 45 BPPE A AAES] B
B Byl geaEe] us

Ny _(g-p)/k
oo T BIRT  mhlkT (12.37)
N
A 594 299
598 AR Holo fEdole FEo] #RL ol F A
Nlu(fu )B12 ; %‘OA/\]Z}% 101]/\1 2% 7]—% %X}-O I

~—

u(f, ) @AFoFT HAIU A =) /m’Hz
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el o BN 24 12 b 99 F

o
NQU(f, )le

Aurow Bl 204 12 7he ARe) S
N2A21

Felshy B BN %o Mol 4ot chjmo el Holss) Py,
Nyu(f, T)Byy = Ny [Byyu(f, T) + Ay (12.38)

(12.37)& ©]-§3to]

Ay
)= ——7—— (12.39)
U(f ) Blzehf/kT_Bm

Placnk®] ZA5AFH 2

ulf, 7) = Sﬁcﬁf (ehf/,}T_D (3.9)
7} (12.39) [ EnAs|
By, =B, =B (12.40)
Ay 8rhf?
5 - Csf (12.41)
D &8ss feUEgdES 2o
2) 2 T ALARF] FEYEFET At
A FEHEE vkd T oA ZF
A PG GH ; AREA] EAE Pl A SRR vl E o] AT B
e E vbd ;) npedEl R Y SEAEY 9AF ¥ B A
@ FATH ) AHEETE T E Aol A shbe] FAH(FEFHEFE Hol7t fEE o
FA7E ZXAR F FEd e FREFAe FE Ao R T WEow
o

~
Laser ; Light Amplification by Stimulated Emission of Radiation
SrHl=o 93 %&;
4 FolAe AL 2
1. }\]—EH el L= H —% ?‘—:]. ° Z‘J_ 9;1{-; OﬂL-]X] T Ey (pump state), ty
‘%]_;ﬂ Fast decay
He-Ne Laser ; A7]9A — N F, (metastable state), {, > Iy

A7 Laser ; ¥¥(optical pumping)

2. 3749 A 29 o i

@ ground state (£) ; HFEH
{,215(‘I' (JlllpllT

- »
@ pump state (£,) ; FIZ/H ]i111]|]:1|[]
@ metastable state (£)) ; =P H
@ U= 1 FE@)S THHE S3t
oA el
& E, < E, < E,
BEE Tt R E Y ¢ 7 FEAE olUAIER Y] 9 t,H T dojof gtk
TN FEE AEHERE S 3 g v 35S 4o g gtk

Ey (ground state)
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b
TEES dovle FAE L HElE ot FATFHo]l Soldt dojusE, o]

Mirror 1 Mirror 2

B e EE—
Direction of propagation

i /

(b)

a3 12.43 #HolANAMY FR7] B= (a) L=m)\/25 7THAE AZEE= (b) LT
2, golA9 4F EF gHo| AR Hu ¥ALAZ Are waEe] Aol
7} =ojof gt}
@ @lolAe] 54 1 dd g, e A7), 2L 9, e WA
@ oA & ;5 ¢
Al

4 A ZA S ZA(start-oscillation condition)

lasers ®AbslE =14
THEE UFe Z2 e FAe WESUF Fel| ogk fAagRiRTy AW HolA Tt A

& A5

Table 12.10 Typical He-Ne Gas Laser Characteristics

Beam Diameter Beam
Monochromaticity Beam Power at Laser Exit Divergence
632.81 = 0.002 nm 10 mW 0.50 mm 1.0 mrad

Irradiance for a Beam Focused

Irradiance at Laser Exit to a 10-pm Diameter

5100 mW/cm? 1.27 % 10" mW/cm?

€ 2005 Brooks/Cole - Thomson
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A EA o)A

(
w2 wg (~ GHz)

—
1. energy band(elUA] o)) < EAEHZHQ U= = (7] A2 o] A)
2. injection pumping(FAFEE) < F3HH 52 whrof ofgt HF(U|A Z2 1A g o] A)

I (Input current)

Metal
contact

Coherent
photons
Typical values
L=03mm I'(at 300 K) =20 A
a=0.1 mm Input power = 136 W
d=20pum Light output power = 9 W
A=840 nm

1% 12.44 GaAs p—n junction laser

4 GaAs p—n junction laser

pair generation ; laser diodedl AW AFE S AAeF Z(electron and hole)& A
A 713 — Az} Zo] AFFstHA lasers HAFSHE

HEE A o] Aefd = vbd

=
—WEE A UATE REHsle] &
= .

o = & 2~ 3] 3 &
—fre WEol FRY Wol dojubd Fake] spdo] A A AL laser”b AHs g
Empty Conduction ¢~ &
conduction band - —
I t | T
E=11eV Forbidden gap Generation Recombination
NP Emitted ligh
Hole hf=E,
Filled hfz E,
Flectrons } valence band f ¥
(a) (b)
@ 2005 Brooks/Cole - Thomson

I3 1245 (a) OKAA 8 39 duA 0. (b) AIdM HAA-F 2
B3 Aa
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¢ band

Electrons v-band

(a) Thermal equilibrium

(b) After intense optical
or electrical pumping

© 2005 Brooks/Cole - Thomson

a9 1246 WVr=AAY 2 vbd. W= YA EE £ 23, FF YA E,

T B+ x+ve 2ok & AUAE E,+x+ v oA E,+x7F ofUth kst A
Ae 29 WigdEE B2Y] diolt. IYBER AASS v Y HHE A

7) fatel 3EE AUAE Eelok Ao,

A T2 Y9 NEA laser
@ single-homojunction laser
& GaAs laser

# double—heterojunction laser(DH laser)
@ TbhbTe-PbSnTe, GaAS-AlGaAs laser
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