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Bragg’s Diffraction Law
and X-ray Diffraction

Bragg’s Diffraction Condition

X-rays are electromagnetic (EM) waves with wavelengths typically in the range from 0.01 nm to a
few nanometers. This wavelength region is comparable with typical interplanar spacings in crys-
tals. When an X-ray beam impinges on a crystal, the waves in the beam iteract with the planes of
atoms in the crystal and, as a resull, the waves become scattered and the X-ray beam becomes dif-
fracted. An analogy with radio waves may help. Radio waves with wavelengths in the range |-10m
(short waves and VHF waves) easily interact with objects of comparable size. It is well known that
these radio waves become scattered by objects of comparable size such as trees, houses, and build-
ings. However, long-wave radio waves with wavelengths in kilometers do not become scattered
by thesc objects because the object sizes now are much smaller than the wavelength,

When X-rays strike a crystal, the EM waves penctrate the crystal structure. Each plane of
atoms in the crystal reflects a portion of the waves. The reflected waves from different planes
then interfere with each other and give rise to a diffracted beam whichis at a well-defined angle
0 1o the incident beam as depicted in Figure A. 1. Some of the incident beam gocs through the
crystal undiffructed and some of the beam becomes diffracted. Further, the diffracted rays exist
only in cerfain directions. These diffraction directions correspond to well-defined diffraction
angles 20, as defined in Figure A.1. 'The diffraction angle 26, the wavelength of the X-rays 1,
and the interplanar separation d of the diffraction planes within the crystal are related through
the Bragg diffraction condition, that is, '

ddsnf=nk n=123.. (A1)
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Consider X-rays penetrating a crystal structure and becoming, reflected by a given set of
atomic planes as shown in Figure A.2. We can consider an X-ray beam to be many parallel waves
that are in phase. These waves penetrate the crystal structure and become reflected at successive
atomic planes. The interplanar separation of these planes is d. Waves reflected from adjacent atomic
planes interfere constructively to constitute a diffracted beam only when the path difference be-
tween the rays is an integer multiple of the wavelength—a requirement of constructive interference.
This will only be the case for certain directions of reflection. For simplicity, we will consider two
waves A and B inan X-ray beam being reflected from two consecutive atomic planes in the crys-
tal, The angle between the X-rays and the atomic planes is as defined in Figure A.2. Initially the
waves A and B are in phase, Wave A is reflected from the first plane, whereas wave B is reflected
from the second plane. When wave A is reflected al 0, wave B is at P. Wave B becomes reflected
from 0" on the second planc and then moves along reflected 8. Wave B has o travel a further dis-
{anice, PO’ equivalent to 24 sin  before reaching wave 4. The path difference between the two
refiected waves A" and B is PO 0 or 24 sin 0. For constructive interference this must be n where
n isan integer. Otherwise the reflected waves will interfere destructively and cancel each other out.
Thus the condilion for the existence of a diffracted beam is that the path difference between A’ and
8' should be a multiple of the wavelength ) which is Equation A.]. The diffraction condition in
Equation A.1 is referred to as Bragg’s law. The angle 0 is called the Bragg angle, whereas 20 is
called the diffraction angle. The index n is called the order of diffraction. The incidence angle 0 is
the angle between the incident X-ray and the atomic planes within the crystal and not the angle at
the actual crystal surface. The crystal surface, whatever shape, does not affect the diffraction
process because X-rays peneirate the crystal and then become diffracted by a series of parallel
atomic planes. The Bragg diffraction condition has much wider applications than just crystallogra-
phy; for example, it is of central importance to the operation of modem semiconductor lasers.

X-ray Diffraction and Study of Crystal Structures

ma\bemkMdnmashgkayM'ﬂ:mmdm&m:ghﬁnmofpm
in the crystal is at an angle 26 that satisfics the Bragg law. In three dimensions; all directions
from the crystal that are at an angle 29 1o the incident beam define a cone as shown in Figure A 3a
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the diffraction paticrn as shown in ﬁgur: A3b. Effectively we are scanning the wavelength A
and picking up diffractions from various (hkf) plancs cach time the Bragg condition s satisfied.
“Thus, whenever A and d for a particular set of (ki) planes satisfy the Bragg condition, therc is
a diffraction. The diffraction patiem is a spot pattem where each spot is the result of diffraction
from a given set of (hkl) planes oriented in a particular way to the incident beam. By using a
range of wavelengths we ensure that the required wavelength is available for obtaining diffrac-
tion for a given sct of planes. The relative positions of the spots are used to determine the crys-
tal struciure.

One of the simplest methods for studying crystal structures is the powder technique which
involves imradiating a powdered crystal, or a polycrystalline sample, with a collimated X-ray
beam of known wavelength (monochromatic) as shown in Figure A.3c. Powdering the crystal
enables a given sel of (hkI) planes to receive the X-rays at many different angles f and at many
different orientations, or tilts. Put differently, it allows the angle @ to be scanned for differently
oriented crystals. Since all possible crystal orientations are present by virtue powdering, the dif-
fracted rays form diffraction cones and the diffraction pattern dcvclnpcd on a photographic plate
has diffraction rings as shown in Figure A.Jc.

Each diffraction ring in the powder technique in Figure A.3¢ represents diffraction from a
given set of (hk]) plancs. Whenever the angle: 8 satisfies the Bragg law for a given set of alomic
planes, with Miller indices (hk/) and with an interplanar separation dyy;, there is a diffracted

" beam. An X-ray detector placed at an angle 20 with respect to the through-beam will registera
peak in the detected X-ray intensity, as shown in Figure Ada. The instrument that allows this
type of X-ray diffraction study iscalled a diffractomteter. The variation of the detecled intensity
with the diffraction angle 20 represents the diffraction pattem of the crystal, The particular dif-
fraction patiem depicted in Figure A 4b is for aluminum, an FCC crystal. Different crystals
exhibit different diffraction patterns.

In the case of cubic crystals, the inierplanar spacing d is related to the Miller indices of a
plane (ikf). The separation dy,, between adjacent (fiki) planes is given by

R I A2
= eeT
where a is the lattice parameter (side of the cubic unil cell). When we substitule for d = dyy; in
the Bragg condition in Fquation A, square both sides, and rearrange the equation, we find

‘,2 2
{sinf)’ = —{h’ +E+1P) A3

This is essentially Brage’s law for cublc crystals, The diffraction angle increases with
(W + 4 1%). Higher-onder Miller indices, those with greater values of (h* + £ + 1), give
rise to wider diffraction angles. For example, the diffraction angle for (111) is smaller than that
for (200) because (h* + £ +1*)is 3 for (111) and 4 for (200). Furthermore, with A and a val-
wes tat aretypicaly involvetin X-ray diffraction, second-and higher onder iffaction peaks,
n=2,3,...,canbe ruled out.

lld:mnillnsuqlhtuhccryslahll pnwble(htﬁplai:sgmnmudlﬁmmu peaks
with diffraction angles satisfying the Bragg law or Equation A.3. The latter equation thesefore
defines a diffraction pattern for the simple cubic crystal strugture becavse it generates all the
possible vatues of 26 for all the planes in the cubic crystal. In the case of FCC and BCC crystals,
however, not all (hkf) planes give rise 1o diffraction peaks predicted by Equation A.3. Examination
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of the diffraction pattem in Figure A4b for an FCC crystal shows that only those planes with
Miller indices that are cither all odd or all even integers give rise lo diffraction peaks. There are

no diffractions from those planes with mixed odd and even integers.

The Bragg law for the cubic crystals in Equation A.3 is a necessary diffraction condition
but not sufficient Because diffraction involves the interaction of EM waves with the electrons in
the crystal, To determine whether there will be a diffraction peak from a set of planes in a crys-
tal we also have to consider the distributions of the atoms and their electrons in the crystal. In
Ktmﬁctmmmdiﬂﬁaiumfmmuinphmmmiqumzhcmmmm

plancs give rise o out-of-phase reflections.
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Flux, Luminous Flux, and the
Brightness of Radiation

Mu.ny optoelectronic light emilting devices are compared by their luminous efficiencies, which
requires a knowledge of photometry, Radiometry is the science of radiation measurement, for
example, the measurement of emitted, absorbed, reflected, transmitted radiation energy; radia-
tion is understood to mean electromagnelic energy in the optical frequency range (ultraviolet,
visible, and infrared). Photometry, on the other hand, is a subset of radiometry in which radia-
tion is measured with respect to the spectral responsivity of the eye, that is, over the visible
spectrum and by taking into account the spectral visual sensitivity of the eye under normal light
adapted conditions, i.e., photopic conditions.

Flux (®) in radiometry has three related definitions, radiant, luminous and photon flux,
which comespond to the rale of flow of radiation energy, perceptible visual energy, and pho-
tons, respectively. (Notice that, in radiometry, these fluxes are not defined in terms of flow per
unif area.) For example, radiant fux is the cnergy flow per unit time in the units of Watis. Ra-
diometric quantities, such as radiant flux @, , radiant energy flow per unit time, usually have a sub-
script e and invariably involve energy or power. Radiomelric spectral quantities, such as spectral
radiant flex &, refer 1o the radiometric quantity per unit wavelength; ie., ®; = d®, [d) is the
radiant flux per unit wavelength.

Luminous flux or photometric Mux @, is the visual “brightness™ of a source as observed
by an average daylight adapted eye and is propartional to the radiant flux (radiation power emit-
ted) of the source and the efficiency of the eye to detect the spectrum of the emitied radiation.
While the eye can see a red color source, it cannot see an infrared source, and the luminous flux
of the infrared source would be zero. Similarly, the eye is less efficient in the violet than in the
green region, and less radiant flux is needed to have a green source at the samé luminous flux
as the blue source. Luminous flux ¢, is measured in lumens (Im), and at a particular wave-
length it is given by :

G,o= 0, % K %)y

where &, is the radiant flux (in Watts), K is a conversion constant (standardized to be 633 Im/W),
Heye (also denoted as V) is the luminous efficiency (luminous efficacy) of the daylight adapled
eye, which is unity at 555 nm; 1y, depends on the wavelength. By definition, a | W light source
cmitting at 555 nm (green, where n.,. = 1) emils a luminous Mux of 633 Im. The same | W light
source at 650 nm (red), where i, = 0.1, emits only 70 Im. When we buy a light bulb, we are
essentially paying for lumens because it is luminous Nux that the eye perceives. A typical 60 W
_ incandescent famp provides roughly 900 Im. Fluorescent whes provide more luminous flux

55
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output than incandescent lamps for the same electric power input as they have more spectral
emission in the visible region and make better use of the eye's spectral sensitivity. Some exam-
ples are 100 W incandescent lamps, 13001800 Im, depending on the filament operating tem-
perature (hence bulb design), and 25 W compact fluorcscent lamps, 1500~ 1750 Im.

Luminous efTicacy of a light source (such as a lamp) in the lighting industry is the effi-
ciency wilh which an electric light source converts the inpul clectric power (W) into an emitfed
luminous flux (Im). A 100 W light bulb producing 1700 lin has an efficacy of 17 Im/W. While
at present the LED efficacies are below thase of Ruorescent tubes, rapid advances in LED tech-
nologies are bringing the expected efficacies 1o around 50 Im/W or higfier. LEDs as solid-state
lamps have much longer lifetimes and much higher refiability, and hence are expected to be
more economical than incandescent and {luorescent lamps.

From lefl o right Michoe! Foraday, Thomas Heary Hudey, Charles Wheatdare, Dovid
Brewsier and John Tyndall. Professor Tyndall has beo oitibuied with the firs! demonsire
tion [1854] of light being guided oloag o water jet, which is bosed in lohol internal
reflection,

|| SOURCE: Coulesy of AIP Emilio Segré Visual Atchives, Zeleay Collecton,



h (subscript)
b, by

donor, e.g., N; = donor concentration (m?)
direct current

piezoelectric coefficients

energy; electric field (Vm™) (Ch.9)
acceptor and donor energy levels
conduction band edge, valence band edge
exchange interaction energy

Fermi energy, Fermi energy at 0 K

bandgap energy

magnetic energy

clectric field (V m™)

dielectric strength or breakdown field (V m™')
local electric field

electronic charge (1.602 x 10" C)
electron, e.g., 4, = electron drifi mobility; electronic
effective, e.g., sy = effective drift mobility
electron-hole pair '
electromagnetic

electromagnetic force (V)

force (N}, function

frequency; function

Fermi-Dirac function

face-centered cubic

field effect transistor

rate of generation

rate of photogeneration

panallel conductance (2 ')

density of states

conductance; transconductance (A/V); piezoelectric voltage coefficient (Ch. 7)

‘incremental or dynamic conductance (A/V)

mutual transconductance (A/V)

magnetic ield ntensity (strength), magnetizing field (A m™")

Planck’s constant (6.6261 x 10°* J 5)

Planck’s constant divided by 2 (h = 1.0546 x 107 J5)

hole, e.g., ;. = hole drift mobility

dc cament gain, small-signal (ac) cument gain in the common emitter
configuration

hexagonal close-packed

high frequency

electric current (A); moment of inertia (kg m?) (Ch. 1)

light intensity (W m™?)

quantity related to ionic polarization

breakdown curreni

base, collector, and emitter currents in a BIT
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Major Symbols and Abbreviations

A arei; cross-sectional area; amplification

d Jaitice parameter; acceleration; smplitude of vibrations; half-channel thick-
ness in a JFET (Ch, 6)

a (subscript) acceptor, ¢.., N, = aceeptor concentration (m” )

a altemating current

s Bolr padius (010529 nin)

Ay Ap voltage amplification, power amplification

APF atomic packing factor

B,k magnetic field vector (1), magnetic fickd

B [requency bandwidih

B, critical magnetic field

B madmum magnetic licld

B, B, Richardson-Dushman constant, effective Richardson-Dushinan constant

BC buse collector

BCC body-centered cubic

B base cmitler

BIT bipolar junction iransistor

(& capacitanee: composition; the Nordheim coefficient (82 m)

¢ spéul of light (3 x J0%ms 'y specific heat vapacity (FK kg i B

Cip depletion layer capacitance i

(o molar heat tdpacity ¢ K ' mal ) g

Ciin difTusion (storage) capdtitance of a forard-higsed 1 junction

e, specific heat capacity () K~ kg h

Wl Tieat capacity per unit vohume (1K 'm )

q}] conduction hand; commaon hase "

CE common emitler

CMOS complementary MOS

CN coordination number

CvD chemical vapor deposition

; P~ 33 JHL SO - 5 B

) diftusion coefficient (m? s '), thickness; cletric diplacemét (C m %)

if density (kg m™Y); distance; separation of the atomic planes in a crystal,
separation of capacitor plates; piezoelectric coefficient; mean grain size
(. 2)
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i (subscript)
bl Ie

szraz=x

MOS (MOST)
MOSFET

Ny

=

instantaneous current (A); small-signal (ac) curreat, i = 81

ik iz i = il ‘

small signal base, collector, and emitter currents (315, 81c, 81¢) in a BT

current density (A m™?)

total angular momentum vector

critical current density (Am )

pyroelectric current density

junction FET

spring constant (Ch. I); phoson wavevector (m™'); bulk modulus (Pa);
dielectric constant (Ch. 7)

Boltzmann constant (k = R/N, = 1.3807 x 10~ J K™'); wavenumber
(k = 2 /), wavevector (m™'); electromechanical coupling factor (Ch. 7)

kinetic energy :

total orbital angular momentum

length; inductance

length; mean free path; orbital angular momentum quantum number

channel length in a FET

electron and hole diffusion lengths

lengths of the n- and p-regions outside depletion region in a pn junction

natural logarithm of x '

linear combination of atomic orbitals

magnetization vector (A m™'), magnetization (A m™")

multiplication in avalanche effect

relative afomic mass; atomic mass; “atomic weight” (g mol ")

remanent or residual magnetization (A m™); reduced mass of two bodies A
and B, M, = MyMg/(My + My)

safuration magnetization (A m™")

miass (kg)

mass of the electron in free space (9.10939 x 107" kg)

effective mass of the electron in a crystal

effective mass of a hole ina crystal

magnetic quantum number

spin magnetic quantum number

metal-oxide-semiconductor (transistor)

metal-oxide-semiconductor FET

number of atoms or molecules; number of atoms per unit volume (m ™)
(Chs. 7 and 9); number of tumns on a coil (Ch. 8)

Avogadro's number (6.022 x 10%* mol ™)

electron concentration (number per unil volume); atomic concentration;
principal quantum number; integer number; refractive index (Ch. 9)

heavily doped n-region

number of atoms per unit volume



hma;ga

g~ g

effective density of states at the conduction and valence band edges (m ")
donor and ionized donor concentrations (m =)

refractive index for extraordinary and ordinary waves in @ birefringent crystal
intrinsic concentration (m*)

cquilibrium majority carrier concentrations (m ™)

equilibrium minority carrier concentrations (m™)

concentration of electron scatlering centers

velocity density function; vacancy concentration (m )

probability; pressure (Pa); power (W) or power loss (W)

electric dipole momeant (C m)

hole concentration (m~%); momentum (kg m s~'); pyroelectric coefficient
(Cm K (Ch.7)

heavil doped p-tegion -

average dipole moment per molecule

electron moinentum (kg ms™!)

potential energy

induced dipole moment (C m)

permanent dipole moment (C m)

polyester, polyethylenc terephthalate

lead zirconate titanate

charge (C); heat (J); quality factor

rate of heat flow (W)

charge (C); an integer number used in lattice vibrations (Ch. 4)

gas constant (N xk = 8.3145 Jmol ™' K~'); resistance; radius; reflection coef-
ficient (Ch, 3); rate of recombination (Ch. 5)

reflectance (Ch. 9)

pyroelectric current and voltage responsivitics

position vector

radial distance; radius; interatomic separation; resistance per unit length

reflection coefficient (Ch. 9)

Hall coefficient (m* C')

bond lengih, equilibrium separation

rool mean square

total spin momentur, intrinsic angular momentum; Poynting vector (Ch. 9)

cross-sectional area of a scattering center; Secbeck coefficien, thermoelectric
power (V m™"Y; strain (Ch.7)

number of states per unit volume in the band

strain along direction j

space charge layer

temperature in Kelvin; transmission coefficient

transmittance '

time (s); thickness (m)

transmission coefficient

loss tangent
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Curie temperature

critical temperaure (K)

mechanical stress along direction j (Pa)
thermocouple

temperature cocfficient of capacitance K"
temperature coefficient of resistivity (K Y

total intemnal energy
mean speed (of clectron) (m s™')

voltage; volume; PE function of the electron, PE(x)
breakdown vollage

buill-in voltage

pinch-off voliage

reverse bias vollage

velocity (n s™'); instantancous voltage (V)
mean square velocity; mean square voltage
drift velocity in the x direction

effective velocily or rms velocity of the electron
Fermi speed

group velocity

thermal velocity

valence band

width; width of depletion layer with applied voltage; dielectric loss

width of depletion region with no applied voltage

width of depletion region on the -side and on the p-side with no applied
voltage

atomic fraction
admittance (2 '); Young’s modulus (Pa)
impedance (R); atomic number, number of electrons in the atom

polarizability; temperature coeflicient of resistivity (K™ ). absorption coeffi-
cient (m™"); gain or current transfer ratio from emitier to collector of aBIT

current gain I/ 15 of a BIT, Bohr magneton (9.2740 x 10° B 71y spring
constan! (Ch. 4)

Scholtky coefficient

emitter injection efficiency (Ch. 6); gyramagnetic ratio (Ch. 8): Griineisen
parameter (Cl. 4); loss coefficient in the Lorentz oscillator model

flux (m~25~"), photon flux (photons m~?s™")

small change; skin depth (Ch. 2); loss angle (Ch. 7); domain wall thickness
(Ch. 8); penctration depth (Ch. 9)

change, excess (e.g., An = excess electron concentration)

a2jaxt+ 3oy + ajazl

£, permitivity of a medium (C V' m~ or Fm™"); elastic strain

permittivity of free space or absolute permittvity (88542 x 10 2ev-tm
orFm™)
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¥ (x,1)
v(x)
Wi (x)
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relative permittivity or dielectric constant

efficiency; quantum efficiency; ideality factor

angle; an angular spherical coordinate; thermal resistance; angle between a
light ray and normal to a surface (Ch. 9)

thermal conductivity (W m™~' K'); dielectric constant

wavelength (m); thermal coefficient of linear expansion (K"); electron
mean free path in the bulk crystal (Ch, 2): characteristic length (Ch. 8)

magnetic dipole moment (A m?) (Ch. 3)

Hatt,, magnetic permeability (H m™"); chemical potential (Ch, )

absolute permeability (47 x 10 " Hm )

relative permeability

magnetic dipole moment (A m’) (Ch. 8)

drift mobility (m? V')

hole drift mobility, electron drift mobility (m? V' s7!)

frequency (Hz); Poisson's ratio; volume fraction (Ch. 7

pi3.14159. . .; piczoresistive coefTicient (Pa ")

longitudinal and transverse piezoresistive coefficients (Pa ')

Pelticr coefficient (V)

resistivity (2 m); density (kg m™); charge density (C m™3)

energy density () m™)

el space charge density (Cm )

Joule heating per unit volume (W m )

cletrical conductivity (2" m™"); surface concentration of charge (C m~?)
(Ch. Ty

polarization charge density (C m™2)

free surface charge density (C m?)

Stefan's constant (5.670 x 10 Wm™2 K%

fime constant; mean cleclron scattering lime; relaxation lime; torque (N m)

mean time to generate an clectron-hole pair

angle; an angular spherieal coordinate

work function (J or eV), magnetic flux (Wb)

radiant flux (W)

metal work function (J or ¢V)

energy required to remove an electron from an n-type semiconductor (J or V)

luminous flux (lumens)

volume fraction; electron affinity; susceptibility (x, is electrical; An 18
magnetic) ’

total wavefunction

spatial dependence of the electron wavefunction under stcady-state conditions

Bloch wavefunction, electron wavefunction in a crystal

hybrid orbital

angular frequency (2n u); oscillation frequency (rad s ™)

ionie polarization resonance frequency (angular)

resonance o natural frequency (angular) of an oscillating system.



Element
Arsenic
Selenium
Bromine
Krypton
Rubidium
Strontium
Yttrium
Zirconium
Niobium
Molybdenum
Technetium
Ruthenium
Rhodium
Palladium
Silver
Cadmium
Indium

Tin
Antimony
Tellurium
lodine
Xenon
Cesium
Barium
Lanthanum
Cerium
Praseodymium
Neodymium
Promethium
Samarium
Europium
Gadolinium
Tesbium
Dysprosium
Holmium
Erbium
Thulium
Yiterbium
Lutetiom
Hafnium
Tantalum
Tungsten
Rhenium

Symbol

Br
Kr
Rb

—

Nb
Te

Ry
Rh

Ba

Hf
Ta

Re

z
K]

35
36
1

39

al
]
]

45

47

49

31
32
33
54
55
56
57
58
59

6l
62
63

63

67

09
0
m
)]
7
4
13

Atomic

(g mol ')

7492
78.96
79.90
83.80
8547
8762
88.90
922
9291
95.94
(9751)
101.07

- 10291

106.42
107.87
11241
114.82
118.71
121.75
127.60
126.91
131.29
132.90
13733
13891
140.12
14091
14424
(145)

1504

151.97
157.25
138.92
162.50
164.93
167.26
168.93
173.04
17497
178.49
180.95
183,84
186.21
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Structure
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[Xel6s?
[Xe)5d'6s”
[Xef'sd'6s®
[Xel4/6s”
[XeJ4r*6s?
[Xel4f 652
[Xe4f6s?
[Xel4f 652
[Xe]4f"5d' s
[XeJsr %65
[Xelf 05
[Xelf" 652
[Xeldf 65
[XeJ4f 052
[Xe)4f 652
[XedfMsd'os?
[XeJdf"'sds?
[XeJaf5d%s
[Xel4f Hsd'es?
[Xeldf “5a6s?

Density (g cm™)
(*at0°C, 1 aim)

5.1
480
312
374
.5
26
as
650
855
102
IS
122
124
120
105
8.65
731
730
6.68
6.24
49
0.0059*
187
3.62
6.15
6.77
6.77
7.00
126
15
54
79
B2
8.5
8.80
9.06
9.32
6.90
9.84
3.3
164
193
210

Crystalin
Solid State
Rhombohedral
Hexagonal
Orthorhombic
FCC

BCC

FCC

HCP

Hee

BCC
BCC
HCP
HCP

FCC

FCC

FCC

HCP

FCT

BCT
Rhombohedral
Hexagonal
Orthorhombic
FCC

BCC

BCC

HCP

FCC

HCP

HCP
Hexagonal
Rhombohedral
BCC

HCP

HCP

HCP

HCP

HCP

HCP

FCC

HCP

HCP

BCC
BCC

HCP



appendix

D

Elements to Uranium

Atomic

Mass Electronic  Density (gem ™ Crystalin
Element Symbol  Z (gmol ") Structure (*at0°C,1atm)  Solid State
Hydrogen H 1 1.008 Is' 0.00009* HCP
Helium He 2 4.003 15 0.00018* FCP
Lithium Li 3 6.941 [He)2s' 054 BCC
Berylium ~ Be 4 9,012 [He]2s* 1.85 HCP
Boron B 5 10.81 [He)2s%p' 25 Rhombohedral
Carbon c 6 12,01 [He|2sp? 23 Hexagonal
Nitrogen N 7 14.007 [HeJ2sp" 000125¢ HCP
Oxygen 0 8 16.00 [Hel2@p' 000143¢ Monoclinic
Fluorine F 9 18.99 [Hej2s'p’ 0.00170* Monoclinic
Neon Ne 10 20.18 [He]2s'p® 0.00090¢ FCC
Sodium Na 1l 2.9 [NeJ3s' 097 BCC
Magnesium Mg 12 2431 [NeJ3s? 174 HCP
Aluminum Al 13 26.98 [Ne[3s'p! 270 FCC
Silicon Si 14 28.09 [NeJ3s'p" 133 Diamond
Phosphorus P IS 30.97 [Nel3sp' 182 Triclinic
Sulfur 5 . 16 32.06 [Nel3s'p* 20 Orthorhombic
Chlorine Cl 17 35.45 [Nel3sp® 0.0032* Orthorhombic
Argon Ar 18 39.95 [Ne]3sp® 0.0018* FCC
Potassium K 19 39.09 [Arjds' 0.86 BCC
Calcium Ca 0 40.08 [Arl4s? 1.55 FCC
Scandium Sc 2 44.96 [Ar]3d'4s* 30 HCP
Titanium Ti n 418 [Ar]3d%s 45 HCP
Vanadium v p| 50.94 [Ad3d’45? 58 BCC
Chromium ~~ Cr % 52.00 [Ae]3d4s’ 7.19 BCC
Manganese ~ Mn 25 54.95 [Ar]3d*4s’ 743 BCC
Iron Fe 26 55.85 [Ar]3d4s* 786 BCC
Cobalt Co i) 58.93 [Ar]3d"4s" 8.90 HCP
Nickel Ni 28 58.69 [Ar]3d%s? 8.90 FCC
Copper Cu 9 61.55 [Ar]3d"4s' 896 FCC
Zinc Zn 30 65.39 [Ar]3d"%s 714 HCP
Gallium Ga 31 69.72 [41134”43;;' 591 Orthorhombic
Germanium  Ge k) 72.61 [A3dYgpt 532 Diamond



FElement
Osmium
Iridium
Platinum
Gold
Mercury
Thallium
Lead
Bismuth
Polonium

" Astatine

Radon
Francium
Radium
Actinium
Thorium
Protactinium
Uranium

Symbol

FIgEF

U

16

78
9

H|
82
83
84
85

87
L

9
92

Atomic
nass
(g mol ™)
190.2
19222
195.08
19697
20059
20438
2072
208.98

(209)
(210)
(222)
(223)
226.02
22102
232,04
{231.03)
(238.05)

Electronic
Structure

[Xedf Usd6s?
[Xefr“sd'6’
[Xelaf '5ds'
[XeJ4f5d"6s'
[Xelf"'sd" 5"
l)(e]ttf“idwﬁt’p'
IXeHy'5d"%¢'p’
[Xel/"*5d"6s'p"
IXeW ilSdlU&@pﬂ
[XeJarHsa"asp’
[Xel4f *5d 65"
[Rnj7s’

[Ra)7s?
[Rn]6d!7s?
[Rnj6d*15*
[Ra)5f %6475
[Rn}f'6d"75”

Arpenpix D

Density (g em ™)
(*at 0°C, 1 atm)
226
215
214
193
13.55
18
1134
9.8
91

0.0099*
5
100
1.7
154
19.07

Crystal in
Solid State
HCP

FCC

FCC

FCC
Rhombohedral
HCP

FCC
Rhombohedral
SC

Rhombohedral

BCC
FCC
FCC
BCT
Orthorhombic

lohn Maynard Keynes (1883-1946)
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E

Constants and Useful Information

Physical Constants

Atomic mass unit

Avogadro’s number

Bohr magneton

Boltzmann constant

Electron mass in free space

Electron charge

Gas constant

Gravitational constant

Permeability of vacuum or
absolute permeability

Permittivity of vacuum or
absolute permittivity

Planck’s constant

Planck's constant/ 2

Proton rest mass

Rydberg constant

Speed of light

Sicfan’s constant

Useful Information

Acceleration due to gravity at
45 Jatitude

kT a1 T=293K (20°C)

kT alT=300K (27°C)

Bohr radius

| angstrom

| micron

leV=16022x107)

kT
kT

pm

I kJ mol~" = 0.010364 ¢V atom™'

1 aimosphere (pressure)
=1.013 x 10°Pa

1.66054 x 10°7 kg

6.02214 x 10 mol !

9240 x 10°#) 1!

13807 x 107K = 86174 x 1077 eVK ™!
9.10939 x 10" kg

160218 x 107 C

83145 K" mol™" or m* Pa K~ mol™!

6.6742 x 107" Nmlkg?

drx 107 THm! (orWhA ' 'm ™)

88542 % 10 2 Fm !

6626 x 10 ) 5=4.136 x 107 eV
1055 x 107 5 =6.582 % 107 ev's
167262 x 107 kg

1.0974 % 107!

29979 x 10°ms™'

56704 x 10 Wm 2K

981 ms?

0.02525 eV
0.02585 eV
0.0529 nm
10 "%
10%m



AppEnD E 865

LED Colors

The table gives the wavelength ranges and colors as usually specified for LEDs.

Emerald Red
-MmmeWAmmwMMm{Inm

Afom) A <500 530-564 $5.579 SH-SB7 SRB-S94 505606  607-615 616-632 633700 A >700

Visible Spectrum

"The table gives the typical wavelength ranges and color perception hy an average person.

Complex Numbers

j=Ent f=-l

exp(j0) =cosd + jsind

Z=a+jb=re’ r=(a* + )" fanf = E
Z*=a-jb=rel Re(Z)=a Im(Z) = b

Magnitude® = |Zf = 22* =a* + ' Argument = 0 = lctan(z)
cosf = %[t’"+c"") sinf =2Lj(e"—|"’]
Expansions

by 15
'I—|+l+il +il et
=1 —1)n =2
{I+x]'=l+nx+n—(nTh:’+'-'-[E—;f.~—}x'+---

Smalle: (140" =1 4m gnrer  lanxxx  cosiEl

SmallAxinx = x,+Ax  f)= ﬂx,,]+ﬁ1(:|1)
v/



Acceiernied failwe wosts, 177
0, 46}

Accumulatin, 5771

Accmiilation regim, 444

Activatcd staic, 98

Activatwn energy,

Actvator, 520, B

Active device, defined, 570

Affinity, electron, 75, 186, 462

Al 61-63, 102

Auicw, 6, 15, 9%
Anisolropic magnetoesistance {AMR ),
Td4-T4K, T62

Anisolsyy, magnetocrystalline, T06- 708
shape, 725, 763

Antibonding orbdal, 286, 288

Antifermomagneism, §99, 754

Autirellevton coating, S0, 02 801

Arhenis e expsation, 47

a-5uHL B, 450

Aspect ratm, 175

Atnusc eoneertmtion, 55

it subshells, GhR
Adonai mass, §
Atpms; mas pumber, §
Abnanic s, it (amu). 99
Alomic milmber, 4
eflective (£,4), 240
Asonic packing factor (APF), 55,00 -
Asomic struciure, 3-8
WS IR s
AR5
prncipal quantuen number, 4, 112, 790
shell 4,109
witshelly, 4, 139
Atomic weight, See Atomse nass
Anemmtion, $41
Avepuation coeflicient, 841
Auenuation in optical fibers, B17-819
Eraph, BIE
Rayleigh scanering Kimie, 819
Avalanche breakdown, $02-504, 570
Avalanche effect, 503

index

Averagesivee e (in clecenn difi), 117,
Ser uho Mean free time
Avogadra’s mumber, §, 29, 00

B versas H, TI6-T17

Balmer sevies, 716

atmer: Rydherf Tormaula, 245

Band theoey of solidk, 291-299
Mq;;‘m‘:rm-‘.‘.mmm.

st band gap, 430, 431

indirect hand gap, 430, 452

mhkjgl:‘lw

nanowing mw
elficaeqcy, 576

fempersiure dependence, 467
Cooper-Schnefler

-Bardeen-

pholo, 731

Theory, 739
Barkhausen effect, 715
Basis, $0.95, %9 ®
BOC thody centeredd cubic). See Crysdd

st
BCS theory. Ser Bandeen-Conper- =
Schrieffer
BT (hody cenlered ietaponall. Ser
e

Crysal

Becnors, ). Ceoorge, 84
Feer-Lambert taw, 428
Hianil erystah, R28

negaive, K28

posifive, §28
Henary cotector phase diagrann, 90-05
Ehpolarpmm transistor, 475, 506522,

s Guh-sln

active sepivn, |

anplifier, CB, $15-507

£.510,521

hase, 500

hivse &riltpat fact

bgse- A modh

il Baly elfedt

codlector, 516

enllecion punction, SO7

Raiion base ([ NJJ:L“,
S6-317

commany comtter (CF) DC charceris-
tics, §17-514

curent gain o, U8, 931005

cureed iransler o o, 509, 514

emitier, 506

enpites injection efficiency, ¥13-514,
57

emitiet juctaon, 5007, 571

cmilict cumen, 509

equations, pap BIT, $14-575

input resistaexc, 516, 5§19

fuawer gain, $00

suturafed aperating region, §18

simall sagaal equivalegi circgit, $72

small signid bow-frogueacy moded,
Sig-51

-y, SO9-5 1)
312,570, Ser

ihickness, TH)
Boch wavefunctions, 450, 461, 462
Bobr magacian, 280, 888, 759

prasry, 918, 102°

relativoiangic, 78
1 secondarg 1992, 102

switching, 155

Iwisting, 79
&Mn;.nliue;ol 21
[neing (binling)
Bowikng oehitsl, 246, 288 -
Bl particle, 740

) Bound charges, 509

Boundiry conditions
dhelffcincs, B14-620, 670-
electric field. 794
nsagrictic feld, 794
quamum mechanics, 210
Hragg Wilfractson mimﬂ 264, 356,

Bragy
Boage's hukh.riﬂl:mn
comdifion

Brass, 178, 182
Brawuis btices, 95-08

unit cell geometry, 56, 97
Baonze, 178
Brewsicr's angle, 96, 84(



Brillouin 15, 157361
w;mé Sre Carben
Buill-in freld, 570
Mapﬂul-lnm-ﬂ
Builk-in voltape, 570

Bulk modubus, %9

Capasitance

definition, 584

et umil valume, 634

temperatare coelficient (1CC), 636
ruﬂﬂdlmq.ﬂl

Canom, 6, 15, 99

Camchy coefficiets {table), T2
&mmm T8, TR
B, Ser Conducion hand

Ceramec, magnets, 720

Cenamic, mﬂh.ll

Chemusorplion,

Chup (integrated circut ), 570

Circukar birefrigence, 815617, 841
media, K
optical activity, 835
M’l’.‘;\;l’ywﬂl, 36, 44

Clausins-Mossoli exaation, 591-594,
502, 670

Coaial cable faiuse, 628-631

inegmal beeakdown, £78-679

Coercive eld (coecivity), 715, 799

Cobesive energy, 17

Cole-Cole plots, 611-614

Cilimated beam, 3

Comniron Base (CB) BIT configuralics.
See Bipolar action u-mm

Comgensated

Compensaon doping, 192 m m.

Complearcntary prncigle. 269

Comples diekcine constant, b05-611,

loss wngle, 610
loss tangem, 607
relaxation peak, 807
Comples propapation canstau, 05, 847

-

Counplex refractive mdes, 104-817, 842,
B45-847
extinction coeflicicai, 805, 842
for &5 K06
of kb, 4K
resonange absarphon. K931
Comglca relative pedmittivay. See
Complex dekecirie constanl
Compton effcct, 260
Cmmiw—m
Cowdaction, 14172, 416-422
in metals, 15320
i senmiconductons, 178180
i sibver, 319
Conduction band (CE), 302, 3743,

46!
Coaduciion cledron conceabralion,
115, 198
Condhaction clectrons, 115, 155, 181, 299
Conduction i solids
chectrical, | 13-148
themmal, 149-154
i thin films, 166- 167
Conductiv iy
activation caergy for, {61
clecrical, 178, 180-181
ol eatrinsic semiconductar, 389
of Fermi level elextrons in meml, 318
of inirinsic semicomductor, 389
of ionic crystals lni;imlﬂ—lﬂ
lattice: ited, 124
of metals, 114, 350-352. 367
u‘mmh.m-lsz

Cmprrwu.
Coordmation mm in
definition, 99
Coie, M1
Coroin discharge, 617,670
Covalend boad, 9
Covalent solids, $95-596
muluulyhnlnhd& H-13
Cribscal anghe, B4
Crtical eleciric field, 571
Lqm "
directions and planes, 56-61, 110
t'mui lattige, 49-63
mﬂm-uln-ﬂ.“‘"
Crystal peaindiciy, 49
steamed aound o posat defect, 66
Crystil sgucture, 30
body-cenered cubic (BCT), 51,
9.1m
hady-cemtered tesragonal (BCT), 97,98
chose-pachied, 13, 31

Cs01, 4
daamond cubic, 52, 109
fce-centered cubic (FOC), 14, 50, 55,
9, 00

dilfraction (figure), 852
hesagonnl close-packed (HCPL 51
N1, 51-53
polymerphac, 61

pruperties (1abe i

Mumux n:%m
Laue techmue, 850

£ w-hwlﬁl

types, 49-56,97
zme hkndcths] .19

nqm.unt.ﬂ

Npgumumu T
relaxation, 614

I'nnwmm—su F15-316, W61,
-32, 429
effictive density o Clb edge, 382,461
effective demsity al VI3 edge, 82
Deensity of wibational staies, 364
[!ep:mq See Demagneliration
Wance, 498-4%9, 564

in coaxial cables, 628631,
chectrmal tree, 626
electrobactn, 634-625, 671

electronic, 63-624. 671
eammal discharges, 617-628, 671
in gases. 621-622

nizmal di 625626, 671
..aum: .
b, 622-67)

1:hoss, 603-811
pmlm 620622, 612
in saidh, 623631
mmmmw 672
table, 621



Inpex

Dreloctrie breakdown— Cout,
thermal, 624, 671
waler trecing, 627
hckecine materials, S83-683
constant Ser Relative permitivity
defimtin, 670
dispersion relstion, 566
loss, 603611, 670
loss talile. 611
low-k, 175
propertics (tahlc), 678
sticnigth, 584, 620-621, 670, See ato
Diclectric brcakdown
strength table, 621
volume clficiency, 634
Dhelectric miroes, 80, 842
Inelectric maxtures, 667-660
effective declectne constaud, 667
Lichiemecker focrnala, 68
logardhmc mixture les, 664
Maxwell-Gamen formuly, 669
Diclectric resonance, 607, 662667, 670
frictional furce, 663
Larentz dipole oscillator model, 664
niataral anguler frequency, 4
5]

relation peak, 665
resonant angular requcncy, 664
restoring force, 663
spring constant, 663
Diffraction, 269, B48-852. See alw Bragg
diflraction condition
anigle, 849
beam, 843
patiemns {figure), 193, 852
sty of erystal structure, 152-361
B49-452
Diffractrometer, 851
[lTusion, 46-49, 99, 416-422, 481, 571
coefficien, 48, 99, 420
cument, 484
curtent density, 416, 415
dffusion length, 424, 427, 483
mean froc path, 416-417
Diffusion capscitance, 500-502, 57|
diode sction, 501
dymamic conductance, 50|
dynamic (incremenial) resniance,
500, 571
Dinde. See pm Junction
ncteon, 501
equation, 458
Iaser, 266-269
long, 572
odes, 564546

phetodiodes,
short, 486, 572
Dipolar (oricatational) polarizaiion,
$98-600, 660-662, 670

Dipole moment. See Bleciric dipole
moment; Magnctic dipole moment
Dipole redaxalion, 604-607, 670
Dipole-dipole inseraction, 20-21
Dirac, Paul Adrien Masrice, 314
Dircet roombination caplure.
coeflicient, 469
Dishocations, 66-70, 99
cige, 68, 99
worew, 69, 102
Despersson relation, 364, (666, 842 See
also Kelractive indea

]'hm..\ﬂ 44l

Diift moblity, 117, 401404
defimition, | 78
duc 10 jonic conduction, |62
cilicctive, 127, 403
impurity dependence, 401404
impurity-scaticrmg-limued, 127, 80, 462
Inttice-scattenng- hmited, 127, 402, 463
tahles, 146, 386

401404

fespesature dependeace,
Uit vedocity, 114, 118, 121, 157,
M, 379
Drude maded, | 14-122, 319
Dralomg-Petit rule, 30, 344
Dynamic {imcremental) resistance,
500-502, 571

Early effect, 512, 570

Early voltage, 538

Edily ciurvents and bosses, 760, 766

Effective mass, ¥03-305, 364, 179,
451455, 462

EHP. Se¢ Eleciron-hole pairs

Einstein relation, 188,419, 462

E-k dingrams_ 448452

Elastic modules, 24-25, 100

Elecic dipole moment, 19, 100, 583,
585-589, 670

definitioa, 19, 100, 6720
induced, 20, 586, 779-T80
in remmfonm clecine lekd, 674-675
permancad, 15, 19, 598
relaxatio time, 604

Electric displacement, 654-658
depolarizing facior, 657
d:pnlmmg I'I:I. 657

Electrical naise, 42-45, 108. Ser also Notse
Juhnson resistor noise equation, 44
rins noise voliage, 44

Electrochemical potcadial, 321

Electrudeposiizon, 167

Floclrolpminescence, 44, 20, 843

KI}

nj
Elecsromechanical coupling factor, 642
Ekctromigration, 172
acoclerated failwre tests, 177

average cnergy in CB, 365, 462

average encrgy in metal, 317, 363

eoncentration in CB, 382, 188-190, 392

comduction electroms, 115, |55, 18], 299

confined, 212-2107

crystal momentom 451, 454, B13-214

curment doe bo, 419

diffraction in erystals, 15236

dillraction pstcrns, 206

diffision current density, 41§

elfectrve mass: 303305, 364, 379,
451455, 462

a5 wave, 205212, 352-354
wavefunction i hydrogeaic alom,

DI-2%
wavelnction im infinite PE well, 720
wavclcagih, 207

Electron affinity, 6, 100, 375, 436, 462

Electron beam depesition, 80, 167

Electron deift mobulity. See Drifi moblity

Electson spin resonance (ESK), 230

Elecironcgaiivity, 22, 100

Electron-hole pairs, 376-378
fcmcration, 302, 376-378, 383, 410-414
mcan thermal generation time, 490
recombination, 377-378, 412, 457458

i 46

Fesmi enexgy, 24, 314, 317, 320-322,
364, 366, 435435, 462
in intinsic semiconducior, 184



in ametal, 315-317
table, 29

Fermi surface, 159

lel:l;:c stalistics, 123, 312-315,
Ferrimagnetism, 00, 760

Femile anieana, 767-768

Ferrites, 723, 760, 767768, See also

Femimagnetism
Ferroclecinic crystats, 647-653, 671
fermelectric axis, 449
Femomagnetism, 699, 760
closure domains, 706
domain wall energy, 109-71 1, 760,
T6A-T65
domain wall mition, 712-711
domsin walls, 706, 708-711, 760
domens, 699, 70506, 761
elecistatic inicrction cnergy, T0I

onderng,

origin, T00-703

polycrystallme materials, 713-717
Fack’s farst Jaw, 418

Field asssted nunncling probsbility, 134

Fiekd effect ramssior, 571. See IFET,

MOSFET
Facld emission, 332-337, 364
Fackd emission tip, 335
anode, 335

luriinous, 853
of paticles, 416
of photons, 198, 853
photomeigic, 851
mcdiand, 853
Flux. quanizaion, 758-759
Forward bias, 487489, See aiso pr

Junction
h-ullll\lil 178

Fresnel s optical indicatris, defined,
§25-832, 843
exteandinary wave, 519
ordinary wave, X
ﬁ'upuq' Fesonn

Ciange facic,
Causs's law, 6144620, 654-658, 671
Giant magnetoresistance (GMR),
T44-T48, 751, 60 See also
Magnetorsistance:
Table, 747

56

Cirain coarsening (growth), 73

Gieound ate, 215, 269
eacrgy, 215, 237

msmmmm

G’uq)vdmﬂ\ TH4-T81, 842
in mediom, 785
in vacuum, 78S

(Geuneisen’s model of (hermal expansion,

361-38

Graneisen's law, 362, 171
Graneisen's parameder (lable), 363

Gyromagnetic ratio, 687

Hall coclTicicnt, 146, [78, 35%
for amhipotar conduction, 158
Towr intrimsic 51, 158-159

Hall devices, 145-144

Hall effect, 145-148, 178, 185-186
in seemiconduciors, 136-159, 468

Hall fickd, 146

Hall mobility, 148

Hand disk soeage, 750-752
magnetic bit iracks, 751
magneloresistance seasor, 731
tin film heads, 752

Hard magnetic materials, 724-720,

k0

#ero poinl energy, 139, 365

Heal, 41, 100

Heat capacity, 28, 100 =

Hheat corrend, 153

Hea of fision, 84

Hieat, thermal fluciuation and noise,
40-45

noise in an RLC circwit, 44

Tms noise voltage, 44

Ihermal equilibrism, 40

207-120, 29, 777

for crergy and time, 219

Jor position asd momentum, 218

Hole, 155, 302, 373, mnlﬁ-‘“
conceniration in VB, 382, 91-392
curvent due o, 419

Host matrix, §20, 843

Human eye, 273-215
scolopic vision, 273

Hund's i, 256-258, 265, 281

Hydrogenic aiom, 231-253
electron wavefmctions, 131-136
linc specira, 178

Hysessis loop, 715119, 761

toraid, 634, 723, 765
Infinite potential well, 212-217
lnsulation sirength. Ser alo Diclectne

breakdown

aging. 627, 671
Tnegrated circuit (), 571
Intensity, defined, 260

of EM wares, 192

of light, 192, 157-198, 799
Interoonccts, [72-176, 179, 188

Infringic semiconductors,

Invesrsion, $32-535, 571, See also MOSFET
fon implantation, 541-541, 571
lonic conduction, |79
fomic crystals, 17
Tonically bonded solids, 14-18, 104

table, 21
lomiczation esergy, 6, 15, 101, 237, 462



pestode region, 518

ponch-oll condibion, 525-526
pinch-olf voltage, 524, 572, 576-571
quicscend point, 529

k. Ser Wavevecton

Kamerbingh Ounes, Heike, 730

Kem effect, 838, 342
coclicients, tuble, 840

Kilby, Jack, 4M

Kinetic (molecular) theary, 25-36, 101
degree of froedom, 28
exquipartition of encrgy thearem, 28

heat capacity, 28. See also Dulong- Petit

ke

mecan kmetic energy, 17-28

mean spoed, 77, 30-31, 113

Ihermal (locusations, 40-45
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NMOS, 572 Orieatstiona polarzation. See Digelar
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Moss's rule, M3 Paraliel rul of miziares, 140
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rotational, 18-29 Pauli spin, 740-742, 764
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Mululevel imtorconnect Partial discharge, 618, 621622, 672
delay time, 75 Particle flux, 416-420
effiective capacilance, 174 Particle statistics. See Statretics
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cuaves, 677
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Neéel L] Pauli eachusion principle, |15, 234-256,
Newion's secomd law, 25 210, }12-313, ™0
Nichrme, 135 Pauli spin magoetization, 698, MO-142, 764
NMOS. Ser MOSFET Pauling scale of electronegativity, 11
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46 vapor deposifion
Node, 215 Peltier, coelliciend, 447 -HE
Noise, 40-45. Ser alm Blectncal device, 444
noise effect, 445, 463
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Toee carrer, 803, 847 solicus curve, 85
nttice, 811-812 lie lime, 88
penctration depth, 429, 813 Phonods, 337352, 364, 409, 463, 15
absorption, B1 | dhspersion relation, 340, 364
upper cut-off wavelengih, £13 energy, M0
Optical activity, B35, M43 group vekacity, 141
specific retary power, 816 Tattsce: cut-off frequency, 340
Optical ampliffiers, 267 momensum, M0, 815
Optical anisotrogry, E21-813, K41 phospbors, 820-825, M3
Optwcal Fiber, 791, 817-819 {able, 824
alienuation i, §17-819 K21, 943
cladding. 791 Photocondactivily, 414416, 463
im commumacations, 791192 Photodetecion, 475
core, 191 Photodiodes, 564-566
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Erbaum (Ex™* vt} doped, 267, 282 Photogeneration, 376, 410-412, 461
Jong-lived energy level, 267 carmier kinetic energy, 413
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Optical power, See Radiant, powes power
Ogtical propenics of materaals, 773847 Photometry, 853
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Optically isopopsc, media, 778 efficiency, quantem, 276
7 energy, 196, 200
Octral, 234, 270, 364 Thux, 198, 853
magoetic moment, 49 momentum, (9, 200
Orbital wavefunction, 170, 364 picture, 198
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Photon amplification, 25826
Photovoltaic devices, principles, 551359
See alwo Solar cell

Photoresponse time, 413414
Physical vapor deposition (PVD), 167
Physisrption, 4
Piezocketric

antiresonant frequency, 645

Pezockcincity, 638647
center of symmetry, 639
ic, 640

e,
Piczoresistivity, 431-415, 463, 470
Canti jons, 470
diaphrapm. 434
picaorcsistive coeflicient, 413, 463
pin Diodes, 564-566

depletion laysr capacitance
Pimch-off, 524528, 537, 572, 576-5T1
Planar concentration of atoms, 60, 101,

109-110

Planar defects, 70-73
Planck, Max, 203

constanl, 196
PHlane of incidence, 793

deposition (PECVID). 82
PLZT, 672

short diode, 456
epace charge layer (SCL), 477,571
wupﬂuukﬁl’lm

wmﬂl
total current, 457-489
total reverse current, 491
o Junction band diagrans 494498
built-in vohage from band diagrams,

4%
forward and reverse bias, 495-498
open circuit, 494495
Mﬁuulph-:mmmm
Pockels eflect, £38, 843
cocfficicnts, tabie, 840

Polarizabilty, 386, 588, 781. See

Polasization

defined, 386, 672

dipolas (oncntstional), 662

onic, 664

oncntatiosal, 662

tablle, 588

Polarization, 101, S83-603

charges, 91 .

definition, 585-386, 672

dipolar, $98-600, 660-662, 670

electronic, $85-589, 595-596, 671,
THl

electronic bond, 671

induced, 586, 664, 671

imterfacial, 600-601, 67

wonic, 597-596, 602, 661-667, 671,

Polymorphesm, 61, 102
Papulation inversion, 259, 270. See also
Lasers

Radinl function, 113-236
Radial pecbability density, 233
functon, 236

Radiant, 170
Mux, 269,271, 853

and minonty caies injection, 407-416

rale, 469

Reflecance, T09-803, 807, 843
mirared, B11

Reflection of light, 793-799
extemal, 797, 801-802, B46
inlernal, 796, 797, 800-801, 846
i normal incidence, 796
phase changes, 793

Refracted light, 789-790, 843
phase changes, 795
traasmission coeflicients, 793-799,

B4
Refractive indes, TT7-T79, 344
mq_llf.t.mﬂ

definition, TT7

dispersion relation, 773, THI-TEZ,
842, 146
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Relaxation ke, 117, 179, 604, 672
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Scmconductor devices, 475-581
it lwmits 40 device: performance,
sm
Semaconducior oplical amplificrs,
S 565
active layer, 567
optical ampiification, 563
Scmscomductors, 299303, 373-473
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Resichal pesissivity, 128, 179
Resisivty, effcctive, 140
Resustivity indes (). 132
Resistivity of metals (Table). 129
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Resistivity of thin films, 167-172
Resissivity-minme role, 140, 142
Resonan! frequency. See Frequency,

eomanl
Restsirahlen absorption, 811-812
Restsirahica band, 811
Retarding plates, §13-835, 344,
u

space change layer (SCLL 037
Schriddinger s cqpaation, X8-212. 771,
450
for thece dimension, 209
ine dependest, X8 X9
i inglependent, 208-212, 271

SCL.. Ser Space charpe by
Sarw dslocation, 69, 102

live, 67
Secondary bondsng, 18-22, 102
Secondary cmission, 368-368 1
Secherk elffect, 17-128, 364365
in semacomduciors, 472473
Mot and Joncs equanion, 34
Sccheck coeffacent, 0211
Seed, T
Selection rles, 241-M40, 271
Sellmeser coclfcients, T2
Selimeser cquation, 752, B43
Semcoaducior hoading, 299302

406-417
114815
siraim gamge, 4H-415
whies, 36, 186
valance band {VE), 301
Sencs ule of mitercs, 140
Shell model. 3
Shockley. Wilbam, 112,473
Shockley cquation, 485, 572
onles, 9
Silicon, 80, 299- 301, 374- 380
ameplaons, A0-2, 459, Ser also a-SiH
conduction band,

Soft mguetic malesials, T21-724, 763
wble, T2

Sobr cclll, 475, 551563, 581
amtmeflection coaling, 551, 802-803,

LM

§ill factor, 558, 571
fimger elecides, 551
1¥ characiensiics, 556557

open circwit vobage, 552, 5538539

eperating o, 557

pessavaicd ematier iea bocally diffiused
cells (PERL), 61 -562

873

Solidus curve, 5

Solute, £3, 102

Solveal, B3, 102

Sobvms curve, W) .

Sound velocity, 41

Space dharge layer (SCL), 437, 477, See
s o Junction

Spnl': hea capacity, 31, 101

imadiance, 202

Spectral

Sipherical harmonic, 232

Spin, 245-147
of an eleciron (defimed), 271
magnetic moment, 240
magnelic quashn aumber, 246
paired, 255
Stem-Cerlach experiment, 250

Stistics, 112-313
Boltzmany clessical tatistics, 312-313,
363
Boltznani il, 315
Fermi-Dirac stasiics, 123, 312-315, 364

Stchiometry, 73-T6
Seoke's shafl, 877, hdd
Straim, 24, 102
shear rain, 102
wolume sirain, 102
Saran pavpe, 166
Stress, M, 102
shiar siress, 102
Strong farce, 4
Substrae, 544, 572
Superconduchng solenoid, 73779, 771
Supercoaduciivity, 685, 726-740, 763
eritical current, T36-739, 769
eitical magmctic fickd, 735, 760
eritical surface, 737
aitical 729,760
Iigh 7, matcrials. 731, 736
Meissaer effect, T29-T33, 762
Meissner siate, 734
ongin, 739-140
penciration degih, T34
uable, 736
type | and I, 733-736, 763
vortes stae, T35

Surface scatiering, 168
Sueface wacking, 628, 672 See alse
Dielectric breakdown

Temperature coeficien! of capacitance
(TCC), 672,677

T Feieat of rsistivi
(TCR ora, 125-134, 180, 182

definition, 128

metals (table), 129
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(e enctabs, 122-175 Tramumesion cocficsen, 144
Temmperatwse: of lght bull filamest, 117 Tramamistance, 799800, 544
Ternary slloys, M5 Trassverse cecine hekd, 793
Tervace-lodge-kmk model Ser Komscl Tramsverse saguctx fickl, 79)
madc] fql'-uﬂ
Tetragonal crysals, 97 Trackm crystal L
Thermal cocfficaent of linear cxpannn, tu-ﬁ;m-mm m
1, o, 157 liehd-avsasand probabelity, J4
Thermal conduction, 149-154, 185
Thermal conchctivity, 149-151, 180 wefflection coeflicient, 723
A 183 scanryeg Mevachmg microscope.
dac 1o phonom, 18 m-m
raph [ clectncal cond /! x 4T mm
150 Tiwo-phuse alloy resistivaty, H3-144
of nonmetaly, M8-150 Age, 143
table, |52 Towo phase solids, £3-95
Thermal equilibriue, #0
“Thermal oilibonm carics conccalration,  Unbaemosic clficct, W
a6 Unbasmonic oscillanoes, 34
Thermal cvaporation, 167 Uharmomicity, 34, M9
Thermal cxparmon, 11-36, 102 Uriazial crystals, §23
Thermal cxpamsion cocflicem. See Umipola ivity, 11§
Thermal coefficient of Imess Unit cell, 50, 56,97, 102
Capansion hexagonad, 52
Thermal Mectustions, 4045 Usnpolariard kght, 796
Thermal penerstion, 176 Upper cat-offl {ihweshold) wawcength, 813
Thenmal peacration carrest, 572-573 Eaph, 814
Thermal radstion, 200 Ser slss Blackbody bk, 813
rackatyon
Thermal resistasce, 153-154, 180, 185 Vacancy, 64-68. 102 100
Thermal velacity, 40, 37, 401, 464 concomiration m Al 67
md‘l coscomication i somicondece:, 6768
d conductivity, 161, 179 Vacesm deposition, 106-107
Mr“mﬁﬂlﬂ Vacwm lovc {cacrgy), 190-295, 464
g ¥ hbes, 128137
4, 161 wectifier, 329
Arthems type behavior, 45 satwralion conent, 129
diffusion, 46 Valence band (VB), 301, 304378, 464
diffusion cocflicient, 48 Vallence clecivons, 5, 102
yamg frequency, 47 Valcacy of am stom, §
ool mean sqewe: 43 wam der Waals bond, 19-20
Thermionic emission, ¥18- Y32, 3465, 369 wter (100, 20
constant, §31 - wam dev Wk | ondion force, 19
Thermocougic, 32-328 Vapes deposition, 167. Ser also Physical
exquation, 325, 327-128, 369 vapor deposition
Thermoedccine cooler, 443448 Varactor dues, 499
Thermoelectric el 125, 377 Varshni exqpetion, 467
metals (blc), 126 V. Ser Valcnor band
Thermochocing z-m Vehocaly demsity (distribution) fesciion, 37
Thin film, 180, 158 Vibratiosa! wave, 151
Thin film bead, 752 Viriad thosvom, 6, 7. 102-103
Thin mctad flms, 166-172 Vitreoes wilica, T8
Theeshold voliage, 5%9541,573 Volune cxpansion, 35
Toroid, 693-696, 765 Vo cxpumsiog corflcent, 15
Total imterval refloction (TIR), 789-792, Vorica staie, 735
97,804
crifical angle, 791, 342 Wave, defined, 271772
phase change m, 797 ﬁu:i-l:hiﬂ.!ﬂ.iﬁ.w
Tramsdoces. See Fienock M agsctic (BM), 191
Transistor action, defined, 509, 573, Ser cacrgy densitacs in an EM. THY
w0 Bipola jumction ramsisicr equation, 272, 47

Zrnce bncalaows, S02-506, 573
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