CHAPTER

Elementary Materials
Science Concepts!

Understanding the basic building blocks of matter has been one of the most intriguing
endeavors of humankind. Our understanding of inleralomic interactions has now
reached a point where we can quite comfortably explain the macroscopic properties of
matter, based on quantum mechanics and electrostatic interactions between electrons
and iomic nuclei in the matenal. There are many properties of materials that can be ex-
plained by a classical treatment of the subject. In this chapter, as well as Chapter 2, we
treat the interactions in a material from a classical perspective and introduce a number
of elementary concepts. These concepts do not invoke any quantum mechanics, which
is a subject of modem physics and is introduced in Chapter 3. Although many useful
engineering properties of materials can be treated with bardly any gquantum mechanics,
it is impossible to develop the science of electronic materials and devices without
modem physics.

1.1  ATOMIC STRUCTURE AND ATOMIC NUMBER

The model of the atom that we must use to understand the atom’s general behavior
involves quantum mechanics, a topic we will study in detail in Chapter 3. For the pres-
ent, we will simply accept the following facts about a simplified, but intuitively satis-
factory, atomic model called the shell model, based on the Bohr model (1913).

The mass of the atom 15 concentrated at the nucleus, which contains protons and
neutrons, Protons are positively charged particles, whereas neutrons are neutral particles,
and both have about the same mass, Although there 1s a Coulombic repulsion between
the protons, all the protons and neutrons are held together in the nucleus by the

! This chopter may be skipped by readers who hove alrecdy been expased to on elemantary coursa in materials
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Figure 1.1 The shell mode! of the carbon otom, T
in which the electrans are confined to certain shells i
and subshalls within shells, 1592522p2 or [He]2s%2p2

strong force, which is a powerful, fundamental, natural force between particles. This
force has a very short range of influence, typically less than 10-'* m. When the protons
and neutrons are brought together very closely, the strong force overcomes the elec-
trostatic repulsion between the protons and keeps the nucleus intact. The number of
protons in the nucleus is the atomic number Z of the element.

The electrons are assumed to be orbiting the nucleus at very large distances com-
pared to the size of the nucleus. There are as many orbiting electrons as there are pro-
tons in the nucleus. An important assumption in the Bohr model is that ooly certain or-
bits with fixed radii are stable around the nucleus. For example, the closest orbit of the
electron in the hydrogen atom can only have a radius of 0.053 nm. Since the electron
is constantly moving around an orbit with a given radius, over a long time period
(perhaps ~10~!? seconds on the atomic time scale), the electron would appear as a
spherical negative-charge cloud around the nucleus and not as a single dot represent-
ing a finite particle. We can therefore view the electron as a charge contained within a
spherical shell of a given radius.

Due to the requirement of stable orbits, the electrons therefore do not randomly
occupy the whole repion around the nucleus. Instead, they occupy various well-
defined spherical regions. They are distributed in various shells and subshells within
the shells, obeying certain occupation (or seating) rules.” The example for the carbon
atommn is shown in Figure 1.1,

The shells and subshells that define the whereabouts of the electrons are labeled
using two sets of integers, n and £. These integers are called the principal and orbital
angular momentum quantam numbers, respectively. (The meanings of these names
are not critical at this point) The integers n and £ have the valuesr = 1,2,3, ..., and
£=0,1,2,. ., n— l,and{ < n. Foreachchoice of n, there are n values of £, so higher-
order shells contain more subshells, The shells corresponding to = 1,2,3,4, ...

2 In Chapter 3, in which we discuss the quanum mechanical model of the otom, we will sea that thase shalls and
subshells are spofiol regions around the nucleus where the electrons ore most likety o be found.
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Toble 1.1 Maximum possible number of elecirons in the shells and
subshalls of an atom
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are labeled by the capital letters K, L, M. N...., and the subshells denoted by

£=0,1,2,3,...arelabeled 5. p, 4, f.... The subshell with £ = 1 inthe n = 2 shell is
thus labeled the 2 g subshell, based on the standard notation » £.

There is a definite rule to filling vp the subshells with electrons; we cannot simply
put all the electrons in one subshell. The number of electrons a given subshell can take
is fixed by nature to be® 2(2£ 4 1), For the s subshell (£ = 0), there are two electrons,
whereas for the p subshell, there are six electrons, and so on. Table 1.1 summarizes the
most number of electrons that can be put into various subshells and shells of an atom.
Obwionsly, the larger the shell, the more electrons it can take, simply because it contains
more subshells. The shells and subshells are filled starting with those closest 1o the
nucleus as explained next.

The number of electrons in a subshell is indicated by a supersecript on the subshell
symbol, so the electronic structure, or configuration, of the carbon atom (atomic num-
ber 6) shown in Figure 1.1 becomes 1s*25%2p®. The K shell has only one subshell,
which is full with two electrons. This is the structure of the inert element He. We can
therefore wrile the electronic configuration more simply as [He|2022p2. The general
rule is put the nearest previous inert element, in this case He, in square brackets and
write the subshells thereafter.

The electrons ocoupying the outer subshells are the farthest away from the nuclews
and have the most important role in atomic interactions, as in chemical reactions, be-
cause these electrons are the first to interact with outer electrons on neighboring
atoms. The outermost electrons are called valence electrons and they determine the
valency of the atom. Figure 1.1 shows that carbon has four valence electrons in the
L shell.

When a subshell is full of electrons, it cannot accept any more electrons and it
15 said to have acquired a stable configuration. This 15 the case with the inert ele-
ments al the right-hand side of the Periodic Table. all of which have completely
filled subshells and are rarely involved in chemical reactions. The majority of such
glements are gases inasmuch as the atoms do not bond together easily to form a

| % e will actuciby shaw this in Chapter 3 wing guanhum machanics.
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liquid or solid. They are sometimes used to provide an inert atmosphere instead of
air for certain reactive materials.

In an atom such as the L1 atom, there are two electrons in the 15 subshell and one
electron in the 25 subshell, The atomic structure of Li is 15%2s'. The third electron is
in the 25 subshell, rather than any other subshell, because this is the arrangement of
the electrons that results in the lowest overall energy for the whole atom. It requires
energy {work) to take the third electron from the 25 to the 2p or higher subshells as
will be shown in Chapter 3. Normally the zero energy reference corresponds to the
electron being at infinity, that is, isolated from the atom. When the electron is inside
the atom, its energy is negative, which is due to the attraction of the positive nucleus.
An electron that is closer to the nucleus has a lower energy. The electrons nearer the
nucleus are more closely bound and have higher binding energies. The 15*2s' con-
figuration of electrons corresponds to the lowest energy structure for Li and, at the
samne time, obeys the occupation rules for the subshells. If the 2selectron is somehow
excited to another outer subshell, the energy of the atom increases, and the atom is
said to be excited.

The smallest energy required to remove a single electron from a neutral atom
and thereby create a positive ion (cation) and an isolated electron is defined as the
ionization energy of the atom. The Na atom has only a single valence electron in
its outer shell, which is the easiest to remove. The energy required to remove this
electron is 5.1 eV, which is the Na atom’s ionization energy. The electron affinity
represents the energy that is needed, or released, when we add an electron to a neu-
tral atom to create a negative ion (ahion). Notice that the lonization term implies the
generation of a positive ion, whereas the electron affinity implies that we have cre-
ated a negative ion. Certain atoms, notably the halogens (such as F, Cl, Br, I}, can
actually attract an electron to form a negative ion. Their electron affinities are neg-
ative. When we place an electron into a Cl atom, we find that an energy of 3.6 eV is
released. The C17 ion has a lower energy than the Cl atom, which means that it
is energetically favorable to form a Cl- ion by introducing an electron into the
C1 atom.

There is a very useful theorem in physics, called the Virial theorem, that allows
us to relate the average kinetic energy KE, average potential energy PE, and average
total or overall energy £ of an electron in an atom, or electrons and nuckm in a mole-
cule, through remarkably simple relationships,*

E=XE+PE  and KE = -1PE [1.1]

For example, if we define zero energy for the H atom as the H ion and the
electron infinitely separated, then the energy of the electron in the H atom is —13.6
electron volts (eV). It takes 13.6 eV to ionize the H atom. The average PE of the electron,
due to its Coulombic interaction with the positive nucleus, is —27.4 eV. Its averape KE
turns out to be 13.6 eV. Example 1.1 uses the Vitial theorem (o calculate the radios of
the hydrogen atom, the velocity of the electron, and its frequency of rotation.

4 While the final resuft stared in Equotien 1.1 Is sleganily simple, the acleal proof s quite invalwed and cerlainly not
frivial. As shoted here, the Virial theoram epplies o o systam of charges that intaract throwgh elechrostatic Forcas anly.
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YIRIAL THEGREM AND THE BOHR ATOM  Consider the hydrogen atom in Figure 1.2 in which
the electron 15 in the stable Lr orbig with a radius r,. The ionization energy of the hydrogen atom
is 13.6eY.

a. Ittakes 13.6 ¢V to ionize the hydrogen atom, i.e., to remove the electron to infinity. If the
condition when the electron is far removed from the hydrogen nucleus defines the zero
reference of energy, then the total energy of the electron within the H atom is —13.6 eV,
Calculate the average PE and average KE of the clectron.

b.  Assume that the electron is in a stable orbit of radius r,, around the positive nucleus. What
is the Coulombic PE of the electron? Hence, what is the radins r. of the electron orhit?

o, What is the velocity of the electron?
d.  What is the frequency of rotation (oscillation) of the electron around the nuclews?
SOLUTION
@, From Equation 1.1 we obtain
E=PE+KE=}PE

or FE=2FE =2 x (—13.6e¥)=—272eV¥
The average kinetic energy is

KE = —%ﬁ =136V

b The Coulombic PE of interaction between two charges @ and {0, separated by a distance
ry fTom elementary electrostatics, is given by

PE = 202 5 [—e)(+e) i el
dmwe,r, dme,r, dwE,r,
where we substituted @, = —e {(electron’s charge), and @, = 4 (charge of nucleus),

Thus the radivs r, is

(L6 = 107" Cy?
4 (8.85 % 10712 Fm=")(—27.2e¥ x 1.6 x 10~ JeW)

=520%x10""m or 0.0529 nm
which is called the Bohr radius (also denoted a,,).

r, =

Stable orbit has radius r, Figure 1.2 The planetary medal of the hydrogen atem in which
the negafively charged elactran orbits the pasitively charged

nucleus
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c. Since KE = jm,v?, the average velocity is
[ KE _ [13.6eV x 1.6 x 10~ JjeV

V= '[I,I %m' b 1|'| %'fgl wx In-3 ]‘E]

=219 x 10" ms™'

d.  The period of orbital rotation T is

2r,  27(0.0529 % 107 m)
w219 % I0% m sl

The orbital frequency v = /T = 6.5% » 10%° 5! (Hz).

T = = 1.52 = 107" seconds

1.2 ATOMIC MASS AND MOLE

We had defined the atomic number Z as the number of protons in the nucleus of an
atom. The atomic mass number A is simply the total number of protons and neutrons
in the nucleus. It may be thought that we can use the atomic mass pumber A of an atom
to gauge its atomic mass, but this is done slightly differently to account for the exis-
tence of different isotopes of an element; isotopes are atoms of a given element that
have the same number of protons but a different number of neutrons in the nucleus.
The atomic mass unit (amu) & is a convenient atomic mass unit that is equal to % of
the mass of a neutral carbon atom which has a mass number 4 = 12 (6 protons and
6 neutrons). It has been found that & = 1.66054 = 1072 kg,

The atomic mass or relative atomic mass or simply atomic weight M, of an
element is the average atomic mass, in atomic mass units, of all the naturally occurring
isotopes of the element. Atomic masses are listed in the Periodic Table. Avogadro's
number N, is the number of aloms in exactly 12 grams of carbon-12, which is
6.022 x 10™ to three decimal places. Since the atomic mass M, is defined as i of the
mass of the carbon-12 atom, it is straightforward to show that N, number of atoms of
any substance has a mass equal to the atornie mass M, in grams.

A mole of a substance 1s that amount of the substance which contains exactly
Avogadro’s number &, of atoms or molecules that make up the substance. One
mole of a substance has a mass as much as its atomic {molecular) mass in grams.
For example, 1 mole of copper contains 6.022 x 10™ number of copper atoms and
has a mass of 63.55 grams. Thus, an amount of an element which has 6.022 » 107
atoms bhas & mass 1n grams equal to the atomic mass. This means we can express
the atomic mass as grams per unit mole (g mol™'). The atomic mass of Au is
196,97 amu or g mol™'. Thus, a 10 gram bar of gold has (10 g) / (196.97 g mol™")
or .0507 moles.

Frequently we have to convert the composition of a substance from atomic per-
centage to weight percentage, and vice versa. Compositions in materials engineering
generally use weight percentages, whereas chemical formulas are given in terms of
atomic composition. Suppose that a substance (an alloy or a compound) is composed
of two elements, A and B, Let the weight fractions of A and B be w, and g, respec-
tively. Let n 4 and n g be the atomic or modar fractions of A and B, that is, n ; represents
the fraction of type A atoms, n g represents the fraction of type B atoms in the whole
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substance, and n 4 4+ np = 1, Suppose that the atomic masses of A and B are M4 and
Mg. Then n 4 and n g are given by
- wa/Ma
A —_—
wa/My+wa/Mg

where wq + wy = 1. Equation 1.2 can be readily rearranged to obtain w, and wy in
[erTns Gl‘n,.l and -

i and Ag=1—n, [1.2]

Weighs to
cbermie
percenioge

COMPOSITIONS IN ATOMIC AND WEIGHT PERCENTAGES Consider a Pb-Sn solder that is
38.1 wi.% Pb and 61.9 wi. % Sn (this 1s the eutectic composition with the lowest melting point).
What are the atomic fractions of Ph and Sn in this solder?

SOLUTION

For Ph, the weight fraction and atomic mass are respectively wy = 0381 and M, = 2072 g
mol~" and for Sn, wy = 0.619 and M = 118.71 g mol~". Thus, Equation 1.2 gives

l\'.'.q,u’li'f.i, fU.BEl};"fEW.EJ

A aiMa +wa/ Mz 0.381/207.2 + 0.619/118.71
=0.260 o  26.1at%
: 7
i n ws/Ma _ (0.619)/(118.71)

T WafMa + waiMs  0.381,2072 + 0.619/118 71
= 0.739 or 739 at%
Thus the alloy is 26.1 at. % Ph and 73.9 at. % Sn which can be written as Phy, 35 Sng 750

EXAMPLE 1.2

1.3 BONDING AND TYPES OF SOLIDS

131 MOoOLECULES AND GENERAL BONDING PRINCIPLES

When two atoms are brought topether, the valence electrons interact with each other
and with the neighbor's positively charged nucleus. The result of this interaction is
often the formation of a bond between the two atoms, producing a molecule. The
formation of a bond means that the energy of the system of two atoms together must
be less than that of the two atoms separated, so that the molecule formation is ener-
getically favorable, that 1s, more stable. The general principle of molecule formation
ig illustrated in Figure 1.3a, showing two atoms brought together from infinity.
As the two atoms approach each other, the atoms exert attractive and repulsive
forces on each other as a result of mutual electrostatic interactions. Initially, the at-
tractive force Fy dominates over the repulsive force Fy. The net force Fy 15 the sum
of the two,

Fp=Fy+ Fy

and this is initially atractive, as indicated in Figure 1.3a.

Net force
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r =
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Figure 1.3 (o] Foree versus inferatomic separafion and [b) petential energy versus interctomic seporalion.

The potential energy £(r) of the two atoms can be found from*

Net force amd JdE
porential Fy= oo
EREFIY " r

by integrating the net force Fy. Figure 1.3a and b shows the variation of the net force
Fy(r) and the overall potential energy E(r) with the interatomic separation r as the
two atoms are brought together from infinity, The lowering of energy corresponds to
an allractive interaction between the two atoms.

The variations of Fy and Fr with distance are different. Force Fy varies slowly,
whereas Fp varies strongly with separation and is strongest when the two atoms are
very close. When the atoms are so close that the individual electron shells overlap,
there is a very strong electron-to-electron shell repulsion and Fp dominates. An equi-
librium will be reached when the attractive force just balances the repulsive force and

Nei force in the net force is zero, or

FJr)nrl'ing
berween FN= FA+FR= 0 [1.31
KT In this state of equilibrium, the atoms are separated by a certain distance r,, as

shown in Figure 1.3. This distance is called the equilibrium separation and is effec-
tively the bond length. On the energy diagram, Fy = 0 means JE/dr = 0, which
means that the equilibrivm of two atoms corresponds to the potential energy of the

| # Remember that the changa oF in the PE is the work done against tha ferce, dE = Fay .
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system acquiring its minimum value, Consequently, the molecule will only be formed
if the energy of the two atoms as they approach each other can attain a minimum, This
minimum energy also defines the bond energy of the molecule, as depicted in Fig-
ure 1.3b. An energy of E,, is required to separate the two atoms, and this represents the
bond energy.

Although we considered only two atoms, similar arguments also apply to bonding
between many atoms, or between millions of atoms as in a typical solid. Although the
actual details of £, and Fg will change from material to material, the general princi-
ple that there is a bonding energy £, per atom and an equilibrium interatomic separa-
tion r, will still be valid. Even in a solid in the presence of many interacting atoms, we
can still identify a general potential energy curve E(r) per atom similar to the type
shown in Figure 1.3b. We can also use the curve to understand the properties of the
solid, such as the thermal expansion coefficient and elastic and bulk moduli,

1.3.2 CoVALENTLY BONDED SOLIDS: DIAMOND

Two atoms can form a bond with each other by sharing some or all of their valence
electrons and thereby reducing the overall potential energy of the combination. The co-
valent bond results from the sharing of valence electrons to complete the subshells of
each atom. Figure 1.4 shows the formation of a covalent bond between two hydrogen
atoms as they come together to form the H; molecule. When the 1s subshells overlap,
the electrons are shared by both atoms and each atom now has a complete subshell, As
illustrated in Figure 1.4, electrons 1 and 2 must now orbit both atoms; they therefore
cross the overlap region more frequently, indeed twice as often. Thus, eleciron sharing,

H atom H atom Figure 1,4 Formatien of o covalent bond
Electron shell & -y betwean tw H atoms, laoding ta the Hz malacule,
“ o, Electrons spend a majority of their time betwean the
1 i ' bwo nuclei, which results in o net aftraction between
Ie & @ P @ 1% the elecirons and the twa nuclsi, which is the arigin
1 ' of the covalent bond,

'\vlh.wﬂ' I - ’.-:g._-r:'
Covalent bond

H-H molacule
1

iy
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Figure 1.5

CHAPTER 1 » ELEMENTARY MaTERIALS Science CONCEPTS

(o} Covalent banding in methone, CHy, which invelves four hydragen coms sharing electrons with one carbon

b,

Each cavalent bond hos two shared electrans. The four bands are identical and repel eoch other.
[b] Schematic shaich of CH4 en paper,
le) In three dimensions, due to symmatry, the bonds are directed toward the carners of @ tetrahedron.

on average, results in a greater concentration of negative charge in the region between
the two nuclei, which keeps the two nuclei bonded to each other. Furthermore, by syn-
chronizing their motions, electrons 1 and 2 can avoid crossing the overlap region at the
same time. For example, when electron 1 is at the far right (or left), electron 2 is in the
overlap region; later, the situation is reversed.

The electronic structure of the carbon atom is [He]2s?2p? with four empty seats in
the 2p subshell. The 25 and 2p subshells, however, are quite close. When other atoms
are in the vicinity, as a result of interatomic interactions, the two subshells become
indistinguishable and we can consider only the shell itself, which is the L shell with a
capacity of eight electrons. It is clear that the C atom with four vacancies in the L shell
can readily share electrons with four H atoms, as depicted in Figure 1.5, whereby the C
atom and each of the H atoms attain complete shells, This is the CH, molecule, which
is the gas methane. The repulsion between the electrons in one bond and the electrons
in a neighboring bond causes the bonds to spread as far out from each other as possi-
ble, so that in three dimensions, the H atoms occupy the comers of an imaginary
tetrahedron and the CH bonds are at an angle of 109.5" to each other, as sketched in
Figure 1.5.

The C atom can also share electrons with other C atoms, as shown in Figure 1.6,
Each neighboring C atom can share electrons with other C atoms, leading to a three-
dimensional network of a covalently bonded structure. This is the structure of the pre-
cious diamond ecrystal, in which all the carbon atoms are covalently bonded to each
other, as depicted in the figure. The coordination number (CN) is the number of near-
est neighbors for a given atom in the solid. As is apparent in Figure 1.6, the coordina-
tion number for a carbon atom in the diamond crystal structure is 4.
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Figure 1.6 The diamond crysial is o
covalentty bonded network of carbon atoms,
Eoch carbon otom is honded covalently 1o four
neighbors, forming a regular thres-dimensional
pattarn of ctoms thot constitubes the diomend
crysial,

Due to the strong Coulombic attraction between the shared electrons and the pos-
itive nuclei, the covalent bond energy is usually the highest for all bond types. leading
to very high melting temperatures and very hard solids: diamond is one of the hardest
known materials,

Covalently bonded selids are also insoluble in nearly all solvents. The directional
nature and strength of the covalent bond also make these materials nonductile {or non-
malleable). Under a strong force, they exhibit brittle fracture. Further, since all the va-
lence electrons are locked in the bonds between the atoms, these electrons are not free
to drift in the crystal when an electric field is applied. Consequently, the electrical con-
ductivity of such materials is very poor.

1.3.3 MEraLLic BonpinG: COPPER

Metal atoms have only a few valence electrons, which are not very difficult to remove,
When many metal atoms are brought together to form a solid, these valence electrons
are lost from individual atoms and become collectively shared by all the ions. The
valence electrons therefore become delocalized and form an electron gas or electron
clond, permeating the space between the ions, as depicted in Figure 1.7. The attrac-
tion between the negative charge of this electron gas and the metal ions more
than compensates for the energy initially required to remove the valence electrons
from the individual atoms. Thus, the bonding in a metal is essentially due to the
attraction between the stationary metal ions and the freely wandering electrons
between the ions.

The bond is a collective sharing of electrons and is therefore nondirectional. Con-
sequently, the metal ions try to get as close as possible, which leads to close-packed
crystal structures with high coordination numbers, compared to covalently bonded
solids. In the particular example shown in Figure 1.7, Cu* ions are packed as closely
as possible by the gluing effect of the electrons between the ions, forming a crystal

13
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Positive Fres valence

metal ion elactrons
cores firrming an
electron gas

Figura 1.7  In metallic bonding, the valence electrons from the metal atoms form o “clowd of
electrons,” which fills the space betwaen the metal ions and “glues” the ions together thraugh
Coulombic ottroction bahween the elaciron gos and the positive matal ions.

structure called the face-centered cubic (FCC). The FCC crystal structure, as
explained later in Section 1.8, has Cu™ ions at the corners of a cube and a Cu™ at the
center of each cube-face. (See Figure 1.31.)

The results of this type of bonding are dramatic. First, the nondirectional nature
of the bond means that onder an applied force, metal ions are able to move with re-
spect to each other, especially in the presence of certain crystal defects (such as
dislocations). Thus, metals tend to be ductile. Most importantly, however, the “free™
valence electrons in the electron gas can respond readily to an applied electric field
and drift along the force of the field, which is the reason for the high electrical con-
ductivity of metals. Forthermore, if there is a temperature gradient along a metal bar,
the free electrons can also contribute to the energy transfer from the hot to the cold
regions, since they frequently collide with the metal ions and thereby transfer energy.
Metals therefore, typically, also have good thermal conductivities; that is, they eas-
ily conduct heat. This is why when you touch your finger to a metal it feels cold be-
cause it conducts heat “away™ from the finger to the ambient (making the fingertip
“feel” cold).

1.3.4 JToNiCALLY BONDED SOLIDS: SALT

Commeon table salt, NaCl, is a classic example of a solid in which the atoms are held
together by ionic bonding. Ionic bonding is frequently found in materials that nor-
mally have a metal and a nonmetal as the constituent elements. Sodium (Na} is an al-
kaline metal with only one valence electron that can easily be removed to form an Na™
ion with complete subshells, The ion Na* looks like the inert element Ne, but with a
positive charge. Chloring has five electrons im its 3p subshell and can readily accept
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Figure 1.8 The formation of an ienic bond
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between Mo and Cl aloms in NoCl.

The otraction is due to Coulombic forces, led

one more electron to close this subshell. By taking the electron given up by the Na
atom, the Cl atom becomes negatively charged and looks like the inert element Ar with
a net negative charge. Transferring the valence electron of Na to Cl thus results in two
oppositely charged ions, Na® and Cl-, which are called the cation and anion, respec-
tively, as shown in Figure 1.8. As a result of the Coulombic force, the two ions pull
each other until the attractive force is just balanced by the repulsive force between the
closed electron shells. Initially, energy is needed to remove the electron from the Na
atom; this is the energy of ionization. However, this is more than compensated for by
the energy of Coulombic attraction between the two resulting oppositely charged ions,
and the net effect is a lowering of the potential energy of the Na* and CI~ ion pair.

When many Na and Cl atoms are ionized and brought together, the resulting col-
lection of ions is held together by the Coulombic attraction between the Na™ and CI™
ions. The solid thus consists of Na™ cations and Cl™ anions holding each other through
the Coulombic force, as depicted in Figure 1.9, The Coulombic force around a charge
is nondirectional; also, it can be attractive or repulsive, depending on the polarity of
the interacting ions. There are also repulsive Coulombic forces between the Na™ ions
themselves and between the Cl™ ioms themselves, For the solid to be stable, each Na®™
ion must therefore have Cl™ ions as nearest neighbors and vice versa so that like-ions
are not close to each other.

The ions are in equilibriom and the solid is stable when the net potential energy
is minimum, or d£/dr = 0. Figure 1.10 illustrates the variation of the net potential
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Figure 1.9
fa) A schematic illustration of o cross section from solid NaCl. Solid NaCl is made of €1 and Na®
iens aranged allernatingly, so fhe oppositely charged ions ore closest to each other ond atiract

each other. There are alse repulsive forces between the ike-ions. In equilibrivm, the net force acting
on any ion is Zera,

(b} Solid NeCl.

Potcotial coergy £{r), ¢V/(1on-pair)
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Figure 1.10 Sketch of the potential
energy per ion pair in solid NaCl,

Zermo energy comesponds fo neutral Ma
and Cl aloms infinitely separated.

energy for a pair of ions as the interatomic distance r is reduced from infinity to less
than the equilibrium separation, that is, as the ions are brought together from infinity.
Zero energy cormesponds to separated Ma and Cl atoms. Initially, about 1.5 eV is
required to transfer the electron from the Na to C1 atom and thereby form Na* and

CI™ ions, Then, as the ions

come together, the energy is lowered, unti] it reaches a
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minimuwm at about 6.3 eV below the energy of the separated Na and C1 atoms. When
r = .28 nm, the energy is minimum and the ions are in equilibrium. The bonding
energy per ion in solid NaCl is thus 6.3/2 or 3,15 eV, as is apparent in Figure 1,10, The
energy required to take solid NaCl apart into individual Na and Cl atoms is the atomic
cohesive energy of the solid, which is 3.15 eV per atom.

In solid NaCl, the Na™ and Cl~ ions are thus arranged with each one having op-
positely charged ioms as its neighbors, to attain a minimum of potential energy. Since
there s a size difference between the ions and since we must avoid like-ions getting
close to each other, if we want to achieve a stable structure, each ion can have only six
oppositely charged ions as nearest neighbors, Figure 1.9b shows the packing of Nat
and (T ions in the solid. The number of nearest neighbors, that is, the coordination
number, for both cations and anions in the NaCl crystal is 6.

A number of solids consisting of metal-nonmetal elements follow the NaCl ex-
ample and have ionic bonding, They are called ionic crystals and, by virtue of their
ioni¢ bonding charactenstics, share many physical properties. For example, LiF, MgO
{magnesia}, CsCl, and ZnS are all ionic crystals, They are strong, brittle materials with
high melting temperatures compared to metals. Most become soluble in polar liquids
such as walter. Since all the electrons are within the rigidly positioned ions, there are no
free or loose electrons to wander around in the crystal as in metals. Therefore, ionic
solids are typically electrical insulators. Compared to metals and covalently bonded
solids, ionically bonded solids have lower thermal conductivity since ions cannot read-
ily pass vibrational kinetic energy to their neighbors.

IONIC BONDING AND LATTICE EMERGY  The potential energy £ per Na®™—Cl- pair within lhfm
Ma(:| ¢rystal depends on the interionic separation r as

Energy per
Eiry= —— + — 4]  fon pair iz an
fonic crysial

where the first term is the attractive and the second term is the repulsive potential energy, and
M., B, and #t are constants explained in the following. If we were to consider the potential
encrgy PE of one ion pair in isolation from all others, the first termn would be a simple Coulom-
hic interaction energy for the Ma™—CI™ pair, and M would be 1. Within the NaCl crystal, how-
ever, a given ion, such as Na*, interacts not only with its nearest six ClI- neighbors (Figure
1.9b), but also with its twelve second neighbors (Ma'), eight third neighbors (C1™ ), and so on,
&0 the total or effective PE has a factor M, called the Madelung constant, that takies into account
all these different Coulombic interactions. M depends only on the geometrical arrangement of
ions in the crystal, and hence on the particular erystal structure; for the FCC crystal structure,
M = 1,748, The Na*—C1™ ion pair also have a repulsive PE that is duc to the repulsion between
the elecmons in filled electronic subshells of the ions. If the ions are pushed toward each other,
the filled subshells begin to overlap, which results in a strong repulsion. The repulsive PE de-
cays rapidly with distance and can be modeled by a short-range PE of the form BA™ as in the
gecond term in Equation 1.4 where for Mat-Cl-,m = B and B = 6.972 x 107 I m®. Find the
equilibrium separation (v,) of the ions in the crystal and the ionic bonding energy, defined as
—E(r,). Given the jenization energy of Na (the energy to remove an electron) 15 5,14 ¢V oand
the efectron affiniry of C1 (energy released when an electron is added) is 3.61 eV, calculare the
atomic cohesive energy of the NaCl crystal as joules per mole.
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SOLUTION

Bonding occurs when the potential energy E(r) is a minimum at r = r, comesponding (o the

equilibrium separation between the Na™ and Cl~ ions. We differentiate E({r} and set it to zero
atr = r,.

aE(r)  e'M me

dr  dmes?  pet!

=0 atr =1,

Solving forr,,

[4:! £, Bm ] W)
F. =

— s 1.5
Y [1.5]

Thus,

Fo =

[4:r(3.35 % 1072 Em~ (6,972 % 107 ] m‘)(s}]”“'“
(1.6 % 10-"C)2(1.748)
= 0281 = 10m or 0.2R nm

The minimuwm energy Eq, per ion pairis E{r,) and can be simplified further by substituting for

B in terms of ¢,
2 z
eM b M 1
IE||.'mn A +o—— (: — —) [].ﬂ-]

dmezr, 1l dme,r, i

Thus,

(1.6 = 107" €)?(1.748) (I l)

4 (885 x 1072 Fm~13{2.8] = 10-" m) -]
=—1256 % 107%T o  —7.B4eV

This 13 the energy with respect to two isolated Na* and CI™ ions. We need 7.84 eV to break
up a Ma® —Cl~ pair into isolated Na* and CI™ ions, which represents the ionic cohesive energy,
Some authors call this ionic cohesive energy simply the lattice energy. To take the crystal apart
into its neutral aloms, we have to transfer the electron from the CI™ ion to the Na™ ion to obtain
neutral Na and Cl atomes. [t takes 3,61 eV to remove the electron from the C1™ ion, but 5.14 eV is
released when it is putinto the Na* jon. Thus, we need 7.84 eV 4+ 3.61 eV but get back 5.14 eV,

Bond energy per Na—Cl pair = 7.84 ¢V + 3.6l eV — 5.14 eV =10.13] &V

The alomic cohesive energy in terms of joules per mole is

Eohesive = (6,31 VN 16022 107" Jevi(6.022 » 10¥mol ~') = 608 kI mal~'

Elll.'n'l =

1.3.5 SECONDARY BONDING

Covalent, ionic, and metallic bonds between atoms are known as primary bonds. It
may be thought that there should be no such bonding between the atoms of the inert
elements as they have full shells and therefore cannot accept or lose any electrons, nor
share any electrons. However, the fact that a solid phase of argon exists at low temper-
atures, below — 189 °C, means that there must be some bonding mechanism between the
Ar atoms. The magnitude of this bond cannot be strong because above — 189 *C solid
argon melts. Although each water molecule H,O is neutral overall, these molecules
nonetheless attract each other to form the liquid state below 100 °C and the solid state
below 0 “C. Between all atoms and molecules, there exists a weak type of attraction, the
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Figure 1.11
(o] & permanently palorized molecule is colled an sleckic dipole momaent.

-an
B
S

ib] Cipoles can alract or repel eoch ofher depending on their relative crientafions.
(] Suitably criented dipoles aliract each ather to farm van der Waals bends.

so-called van der Waals—London force, which is due to a net electrostatic attraction be-
tween the electron distribution of one atom and the positive nucleus of the other.

In many molecules the concentrations of negative and positive charges do not coin-
cide. As apparent in the HCl molecule in Figure 1.11a, the electrons spend most of their
time arcund the Cl nucleus, so the positive nucleus of the H atom is exposed (H has ef-
fectively donated its electron to the Cl atom) and the Cl-region acquires more negative
charge than the H-region. An electric dipole moment occurs whenever a negative and a
positive charge of equal magnitude are separated by a distance as in the H*-C1™ mole-
cule in Figure 1.11a. Such molecules are polar, and depending on their relative orienta-
tions, they can attract or repel each other as depicted in Figure 1.11b. Two dipoles
arranged head to tail artract each other because the closest separation between charges on
A and B is between the negative charge on A and the positive charge on B, and the net
result is an electrostatic attraction. The magnitude of the net force between two dipoles
A and B, however, does not depend on their separation r as 1/r? because there are both
attractions and repulsions between the charges on A and charges on B and the net force
is anly weakly attractive. (In fact, the net force depends on 1/r*.) If the dipoles are
arranged head to head or tail to tail, then, by similar arpuments, the two dipoles repel
each other. Suitably arranged dipoles can attract each other and form van der Waals
honds as illustrated in Figure 1.11c. The energies of such dipole arranpements as in Fig-
ure 1.11¢ are less than that of totally isolated dipoles and therefore encourage “bonding.™
Such bonds are weaker than primary bonds and are called secondary bonds.

The water molecule H;O iz also polar and has a net dipole moment as shown in
Figure 1.12a. The attractions between the positive charges on one molecule and the
negative charges on a neighboring molecule lead to van der Waals bonding between
the H; 0 molecules in water as illustrated in Figure 1.12b. When the positive charge of
adipole as in HyO anises from an exposed H nuclews, van der Waals bonding is refetred
tor as hydrogen bonding. In ice, the HyO molecules, apain attracted by van der Waals
forces, bond to form a regular pattern and hence a crystal structure.

Van der Waals attraction also occurs between neutral atoms and nonpolar mole-
cules, Consider the bonding between Ne atoms at low temperatures. Each has closed
{or fully electron shells. The center of mass of the electrons in the closed shells, when

a &%
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ol (b

Figure 1.12 The origin of van der Woals bonding between woter molecules.
(a} The HzD melecule is palar and has o net permanent dipala moment,

(b Attractions between the various dipole moments in water give rise fo von der
Waals bonding.

Time averaged electron (negative

charge) distribution

Closed L shell
Ne : ”
ToRi e Instantaneous eleciron {negative Synchronized fluctuations
(nucleus + K shell) charge) distribution fluctuates about of the electrons
the nuclews

Figure 1.13 Induceddipole—induceddipale interaction and the resulfing van der Waals force,

averaged over time, coincides with the location of the positive nucleus. At any one in-
stamt, however, the center of mass is displaced from the nucleus due to various motions
of the individual electrons around the nucleus as depicted in Figure 1.13. In fact, the
center of mass of all the electrons fluctuates with time about the nucleus. Consequently,
the electron charge distribution is not static around the nucleus but fluctuates asym-
metrically, giving rise to an instantaneous dipole moment.

When two Ne atoms, A and B, approach each other, the rapidly fluctuating negative
charge distribution on one affects the motion of the negative charge distribution on the
other. A lower energy configuration (i.e., attraction) is produced when the fluctuations
are synchronized so that the negative charge distribution on A gets closer to the nu-
cleus of the other, B, while the negative distribution on B at that instant stays away
from that on A as shown in Figure 1.13. The strongest electrostatic interaction arises
from the closest charges which are the displaced electrons in A and the nucleus in B.
This means that there will be a net attraction between the two atoms and hence a low-
ering of the net energy which in turn leads to bonding.

This type of altraction between two atoms is due to induced synchronization of
the electronic motions around the nuclei, and we refer to this as induced-dipole—induced-
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Table 1.2 Comparisen of bond types ond typicol properfies [general trends)

Bond Melt. Elastic
Buond Typical Energey Temp.  Musdulus Density
Type Solids {e¥iatom)  (°C) (G;Pa) fgem™®)  Typleal Propertes
Tonie Mall 3.2 Lo a0 217 Geperally electrical insulators, bMay
{rock sall) become conductive ul hirh temperatures,
ilyrl) 14 2852 2510) 358 High elastic modulus. Hard and brittle bt
{magnesia) cleavable.
Thermal conductivity less than metals,
Mletatlic Cu 3l 1083 120 5.00 Llextrical sonductor.
i Fiy 1.1 G50 44 1.74 Cinod thermal crmduction,
High elastic madulws.
Crenerally ductile. Can be shaped.
Covalent S0 4 1410 190 233 Lurge elastic modulus.
Hard and brittlo.
C {diagmand) 74 3530 B27 332 Diotviomd is the hardest macetaal,
Good electrical insulator
Maoderate thermal conductinn, though
dimmmond has exceptionally high
thermal conductivity.
vin der PV 212 4 1.3 Laow clastic modulus.
Yaals: {polymer) Some ductility.
hydrogen  Ha O (ic) .52 V] al nel7 Electrical insulator,
bnding Poor thermael conductivity.
Large thermal expansion eoefficient.
van der Crystalline IR0 — RS £ 1.8 Laow elastic modulus.
Waals; arpun Electrical insulator,
induced Poor thermal conductivity.
dipole Large ithermal expansion coefficient.

dipefe. It is weaker than permanent dipole interactions and at least an order of magni-
tude less than primary bonding. This is the reason why the inert elements Ne and Ar
solidify at temperatures below 25 K (—248 °C) and 84 K (—189°C). Induced di-
pole-induced dipole interactions also occur between nonpolar molecules such as Ha,
I., CHy, etc. Methane gas (CHy) can be solidified at very low ternperatures. Solids in
which comstituent molecules {or atoms) have been bonded by van der Waals forces are
known as molecular solids; ice, solidified CO; (dry ice), O, Hz, CHy, and solid inert
gases, are lypical examples,

Van der Waals bonding 15 responsible for holding the carbon chains together in
polymers. Although the C-to-C bond in a C-chain is due to covalent bonding, the in-
teraction between the C-chains arises from van der Waals forces and the interchain
bonding is therefore of secondary nature, These bonds are weak and can be easily
stretched or broken. Polymers therefore have substantially lower elastic moduli and
melting temperatures than metals and ceramics,

Tuble 1.2 compares the energies involved in the five types of bonding found in ma-
terials, It also Vsts some important properties of these matenials (o show the correlation
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with the bond type and its energy. The greater is the bond energy, for example, the
higher is the melting temperature. Similarly, strong bond energies lead to greater
elastic moduli and smaller thermal expansion coefficients. Metals penerally have the
ereatest electrical conductivity since only this type of bonding allows a very large
number of free charges (conduction electrons) to wander in the solid and thereby con-
tribute to electrical conduction. Electrical conduction in other types of solid may
involve the motion of ions or charped defects from one fixed location to another.

1.3.6 MixXep BoNpIng

In many solids, the bonding between atoms is penerally not just of one type; rather, it
is 2 mixture of bond types. We know that bonding in the silicon crystal is totally cova-
lent, because the shared electrons in the bonds are equally attracted by the neighboring
positive ion cores and are therefore equally shared. When there 18 a covalent-type bond
between two different atoms, the electrons become unequally shared, because the two
neighboring ion cores are different and hence have different electron-attracting abili-
ties. The bond is no longer purely covalent; it hag some fonic character, because the
shared electrons spend more time close to one of the ion cores. Covalent bonds that
have an ionic character, due to an unequal sharing of electrons, are generally called
polar bonds, Many technologically important serniconductor materials, such as [II-V
compounds (e g., GaAs), have polar covalent bonds, In GaAs, for example, the electrons
in a covalent bond spend shghtly more time around the As*T jon core than the Ga™
ion core,

Electronegativity is a relative measure of the ability of an atom to attract the elec-
trons in a bond it forms with another atom. The Pauling scale of electrone gativity assigns
an electronegativity value X, a pure number, to various elements, the highest being 4 for
F, and the lowest values being for the alkali metal atomns, for which X are less than 1. In
this scheme, the difference X 5, — Xp in the electronegativities of two atoms A and B is
a measure of the polar or ionic character of the bond A—# between A and 8. There is ob-
viously no electronegativity difference for a covalent bond. While it is possible to calcu-
late the fractional ionicity of a single bond between two different atoms vsing X 4 — X g,
inside the crystal the overall ionic character can be substantially higher because ions can
interact with distant ions further away than just the nearest neighbors, as we have found
out in NaCl. Many technologically important semiconductor materials, such as -V
compounds (e.g., GaAs) have polar covalent bonds. In GaAs, for example, the bond in
the crystal is about 30 percent ionic in character (X a. — X, = 2.18 — L.81 = 0.37). In
the ZnSe crystal, an important II-VI semiconductor, the bond is 63 percent ionic
(Xse — Xzo =255 — 1.65 = 0.85).°

Ceramic materials are compounds that generally contain metallic and nonmetallic
elements. They are well known for their brittle mechanical properties, hardness, high

& Chemists use “lonicity = 1 — exp[0. 241X, — Xal]” % calculats the fanicity of the bond between A and B, Whils
this is undoubsedly vsahrl in identifying the trend, it substantially underestimates the ochual joniciry of bonding within
tha crysial ifsslf, {it is keft os on exercise 40 shaw this fad from the above Xa and X valves | The quated ianicity

reantoges are fram J. C. Phillips’ book Bonds ond Boads In Semicenducions, Mew York: Acodemic Press, 1973,
E:( the wary, the units of X are sometimes quoted os Pauling wnits, after its criginatar Linus Pauling.
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melnng temperatures, and electrical insulating properties. The type of bonding in a
ceramic material may be covalent, ionic, or a mixture of the two, in which the bond be-
tween the atoms involves some electron sharing and, to some extent, the partial forma-
tion of cations and anions; the shared electrons spend more time with one type of atom,
which then becomes a partial anion while the other becomes a partial cation. Silicon
nitride (51N, ), magnesia (MgO), and alumina (Al:O4) are all ceramics, but they have
different types of bonding: SisN4 has covalent, MgO has ionic, and Al: O has a mix-
ture of jonic and covalent bonding. All three are brittle, have high meltiing tempera-
tures, and are elecirical insulators.
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ENERGY OF SECONDARY BONDING Consider the van der Waals bonding in solid argon,
The potential energy as a function of interatomic separation can generally be modeled by the
Lennard—Jones 612 potential energy curve, that is,

Elry=—Ar "+ Br "

where 4 and B are constants, Giventhat 4 = B0 x 1077 Imfand B = 1,12 = 1079 [ m'?,
calculate the bond length and bond energy (in eV) for solid argon.

SOLUTION

Bonding oceurs when the polential energy is at a minimum. We therefore differentiate the
Lennard—lones potential E{r) and set it to zeto at r = r,, the interatomic equilibrium separa-
tion or

D mATS 1B =D M
dr
thal is,
2B
B e
T =iy
o
28718
2
A
Substituting 4 = 8.0 x 10-7 and B = 1.12 x 10~ and solving for r,, we find

=375 x107 "% m of 0.375 nm

When r = r, = 3.75 x 107" m, the potential energy is at a minimum and comesponds to
—Em,ﬁﬂ
B0 x 107" 4 112 210514
(3.75 = 1071 (3,75 x 10710312

Evoas = |—.‘li“,_il ¥ Hr';n| = |-

that 15,
Epog = 143 % 107™ ) or 0,089 eV

Notice how small this enargy is compared o primary bonding.

EXAMPLE 1.4
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ELASTIC MODULUS The clastic modulus, or Young™s modulus ¥, of a solid indicates its abil-
ity e deform elastically, The greater is the elastic modulus, the more effort is required for the
same amount of elastic deformation given a constant sample geometry. When a solid is sub-
Jected to tensile forces F acting on two opposite faces, as in Figure 1.144, it expenénces a stress
7 defined as the force per unil area F/A, where A is the area on which F acts. If the original
length of the specimen is L, then the applied stress o stretches the solid by an amount 4 L. The
strain £ is the fractional increase in the length of the solid 6 £./L,. AS long as the applied force
displaces the atoms in the solid by a small amount from their equilibrium positions, the defor-
mation is elastic and recoverable when the forces are removed. The applied stress « and the re-

Definition of sulting elastic strain £ are related by the elastic modulas ¥ by
elastic a=Ys [1.7]
modulus The applied stress causes two neighboring atoms along the direction of foree o be further
separated, Their displacement dr(= r — r,) results in a net attractive force §Fy between two
neighboring atoms as indicated in Figure 1.14b (which is the same as Figure 1.31) where £, is
the net interatomic force, §F, attempts to restore the separation to equilibrium, This force 3 Fy,,
however, is balanced by a portion of the applied force acting on these atoms as in Figure 1.14a.
If we were to proportion the a.rea A in Figure 1.14a among all the atoms on this area, each atom
would hav{: an area roughly 2 . (If there are N atoms on 4, .i"vr = A} The force §Fy is there-
fore arl. The strain ¢ is Er.fr‘, Thus, Equation 1.7 gives
5F &
¥ = o=Y i
¥} P
Clearly, ¥ depends on the gradient of the Fy versus r curve at r,, or the curvature of the
minimum of E versus r at r,,
Elastic 5
modufus and ¥ = L[ﬁ] = i[d—f] [1.8]
bﬂndﬂ‘nﬂ o dr FeF, L) dr rar,
i‘" Y o dFyidr
Solid g
r AT DOF £
-
o L+ 8L ——s §]
L H_““'x E‘
ff* - ¥,
(2Fw *—WO—- aF
(e] by
Figure 1.14

(o} Applied forces F siretch the solid elostically frem L te L, + 8L The force is divided among chains of
alems that maks the selid. Eoch choin corries o foroe 8F,

ik} In squilibrivm, the applied force is balomced by the net force &Fiy between the atoms as o result of

their increased separation.
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The bonding encegy Epgga i5 the minimum of £ versus » at 7, {Figure 1.3b) and can be re-
laied (o the curvature of E versus r which leads o’
AN

2

Y= f [1.9]
where { is a numerical factor (constant) that depends on the crystal structure and the type of
bond {of the order of unity). The well-known Hooke's law for a spong expresses the magntude
of the net force & Fy in terms of the displacement &r by 8 Fy = B|§r| where § is the spring con-
stant. Thus ¥ = g/r,.

Solids with higher bond energies therefore tend 1o have higher elastic moduli as appar-
ent in Table 1.2, Secondary bonding has both a smaller Epwg and a larger r, than primary
bonding and ¥ is much smaller. For NaCl, from Figure 1.10, Eppyy = 6.3 eV, ¢, = 0.28 nm,
and ¥ is of the order of ~50 GPa using Equation 1.9 and f == |, and not far out from the
value in Table 1.2,

25

Elastic
mtodulis and
hond encrgy

14 KINETIC MOLECULAR THEORY

141 MEeAN KINETIC ENERGY AND TEMPERATURE

The kinetic molecular theory of matter is a classical theory that can explain such seem- |

ingly diverse topics as the pressure of a gas, the heat capacity of metals, the average
speed of electrons in a semiconductor, and electrical noise in resistors, among many
interesting phenomena. We start with the kinetic molecular theory of gases, which
considers a collection of gas molecules in a container and applies the classical equa-
tions of motion from elementary mechanics to these molecules. We assume that the
collisions between the gas molecules and the walls of the container result in the gas
pressure P. Newton's second law, dp/dt = force, where p = mv is the momentum, is
used to relate the pressure P (force per unit area) to the mean square velocity v2, and
the number of molecules per unit volume N/V. The result can be stated simply as

PV = INmu? [1.10]

where m is the mass of the gas molecule. Comparing this theoretical derivation with
the experimental observation that

N
PV = (—)RT
Ny

where N, is Avogadro’s number and R is the gas constant, we can relate the mean
kinetic energy of the molecules to the temperature, Our objective is to derive Equa-
tion 1.10; to do so, we make the following assumptions:

l. The molecules are in constant random motion. Since we are considering a larpe
number of molecules, perhaps 10% m=, there are as many molecules traveling in
one direction as in any other direction, so the center of mass of the pas is at rest.

I The medbematics and a mone rigaraus n:luy:rlphl:m mey b Founel an the rextback's CD.

Kinetic
mtlectilar
theory for
gases



26

CHAPTER 1 + ELEMENTARY MATERIALS SCIENCE CONCEPTS

2. The range of intermolecular forces is short compared to the average separation of
the gas molecules. Consequently,

a. Intermolecular forces are negligible, except during a collision.

b.  The volume of the pas molecules (all together) is negligible compared to the
volume occupied by the gas {that is, the container).

3. The duration of a collision is negligible compared to the time spent in free motion
between collisions.

4. Each molecule moves with uniform velocity between collisions, and the accelera-
tion due to the gravitational force or other external forces is neglected.

5. On average, the collisions of the molecules with one another and with the walls of
the container are perfectly elastic. Collisions between molecules result in exchanges
of kinetic energy.

6. Newtonian mechanics can be applied to describe the motion of the molecules.

We consider a collection of ¥ gas molecules within a cubic container of side a. We
focws our attention on one of the molecules moving toward one of the walls. The
velocity can be decomposed into two components, one directly toward the wall v, and
the other parallel to the wall v,, as shown in Figure 1.15. Clearly, the collision of the
molecule, which is perfectly elastic, does not change the component v, along the wall,
but reverses the perpendicular component v, The change in the momentum of the
molecule following its collision with the wall is

Ap = 2muy,

where m is the mass of the molecule. Following its collision, the molecule travels back
across the box, collides with the opposite face £, and returns to hit face A again. The
time interval Af is the time to traverse twice the length of the box, or Ar = 2afv,.
Thus, every Ar seconds, the molecule collides with face A and changes its momentum
by 2mu,. To find the force F exerted by this molecule on face 4, we need the rate of

Figure 1.15 The gos molecules in the / Tes viretisr
container are in random motion. 5q i ;
o D/‘ o \o o.._|
O 0 g o-ae=mtTT
o B T
L - d ‘\] Aread |2
Face B it TE 5 |
o \:: R ;
o v {FaceA | |
o] ¥
o 0/" i [
H
oo q\ o x /J
o ‘\3‘ Gas atoms i
Q
o ’/o & /
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change of momentom, or

At (2a/v,)  a

The total pressure P exerted by N molecules on face A, of area 22, is due to the
sutn of all individual forces F, or

Ap 2mu, mu?

2 . z
Total force _muy + MU+ muy,
= = :

al

a

L]

m
2 4 1
E‘i(url + 1".1.'1 i U,r.'\’}

that 15, ity
N

P =

where 12 is the average of v? for all the molecules and is called the mean square
veloeity, and V is the volume a°.

Since the molecules are in random motion and collide randomly with each other,
thereby exchanging kinetic energy, the mean square velocity in the x direction is the

same as those in the y and 7 directions, or

For any molecule, the velocity v is given by
V=242 vl =3l

The relationship between the pressure P and the mean square velocity of the mol-
ecules is therefore

ML N [1.11]
Gl T ke ‘
where p is the density of the gas, or ¥m/V . By vsing elementary mechanical concepts,
we have now related the pressure exerted by the gas to the number of molecules per
unit volume and to the mean square of the molecular velocity.

Equation 1.11 can be written explicitly to show the dependence of PV on the mean
kinetic energy of the molecules. Rearranging Equation 1.11, we obtain

FV—ZN(lmj)
S Tkl

where lzmﬁ is the average kinetic energy KE per molecule. If we consider one mole of
ons, then & is simply N, Avogadro’s number.
Experiments on gases lead to the empirical gas equation

N
PV =| —
(N.-t)RT

where R is the universal gas constant. Comparing this equation with the kinetic theory
equation shows that the average kinetic energy per molecule must be proportional to

)

Gas pressure
i the kinevic
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the temperature.

mut =

TE 1

2
where £ = R/N , is called the Boltzmann constant. Thus, the mean square velocity is
proportional to the absolute temperature, This 15 a major conclusion from the kinetic
theory, and we will use it frequently.

When heat is added to a gas. its internal energy and, by virtue of Equation 1,12, its
temperature both increase. The rise in the internal energy per umit temperature is called
the heat capacity. If we consider | mole of gas, then the heat capacity 15 called the
molar heat capacity C,,. The total internal energy L' of 1 mole of monatomic gas (1.e.,
a zas with only one atom in each molecule) is

kT [1.12]

e ] L

1 — 3
U= N_;,(—muz) = —Nj&kT
2 2

so, from the definition of C,,, at constant volume, we have

dabr 3 3
Cr=—— =3 Nak=3R [1.13]

Thus, the heat capacity per mole of a monatomic gas at constant volume is simply
%R. By comparison, we will see later that the heat capacity of metals is twice this amount.
The reason for considering constant volume is that the heat added to the system then in-
creases the internal energy without doing mechanical work by expanding the volume.

There is a useful theorem called Maxwell"s principle of equipartition of energy,
which assigns an average of lzki!' to each independent energy term in the expression for
the total energy of a system. A monatomic molecule can only have translational kinetic
energy, which is the sum of kinetic energies in the x, ¥, and z directions. The total en-
ergy is therefore

g i gt
E = zrﬂtnr + zmuy + i

Each of these terms represents an independent way in which the molecule can be
made to absorb energy, Each method by which a system can absorb energy is called a
degree of freedom. A monatomic molecule has only three degrees of freedom.
According to Maxwell's principle, for a collection of molecules in thermal equilib-
rium, each degree of freedom has an average energy of %kTT so the average kinetic en-
ergy of the monatomic molecule is 3( %.ﬁ:T}.

A rigid diatomic molecule (such as an O; molecule) can acquire energy as transla-
tional motion and rotational motion, as depicted in Figure 1.16. Assuming the moment of
inertia {, about the molecular axis (along x) is negligible, the energy of the molecule is

E = %mu: -+ %mLﬁ + %muz -+ %fymi + %Igmg
where I, and /, are moments of inertia about the y and z axes and e, and w. are angular
velocities about the v and z axes (Figure 1.16).

2
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Translational Raotational
thcion motion
;=0
—o . :
fz.
¥ Figure 1.16 Possible

/ translational and rotational
" 2 mations of o diclomic maolecule,
¥ ¥ axis out of paper Vibrational motions are neglecied.

This molecule has five degrees of freedom and hence an average energy of
5{%&7‘]. Its molar heat capacity is therefore %R.

The atoms in the molecule will also vibrate by stretching or bending the bond,
which behaves like a “spring.” At room temperature, the addition of heat only results
in the translational and rotational motions becoming more energetic (excited), whereas
the molecular vibrations remain the same and therefore do not absorb energy. This oc-
curs because the vibrational energy of the molecule can only change in finite steps; in
other words, the vibrational energy is quantized. For many molecules, the energy
required to excite a more energetic vibration is much more than the energy possessed
by the majority of molecules. Therefore, energy exchanges via molecular collisions
cannot readily excite more energetic vibrations; consequently, the contribution of mo-
lecular vibrations to the heat capacity is negligible.

In a solid, the atoms are bonded to each other and can only move by vibrating about
their equilibrium positions. In the simplest view, a typical atom in a solid is joined to
its neighbors by “springs” that represent the bonds, as depicted in Figure 1.17. If we
consider a given atom, its potential energy as a function of displacement from the
equilibrium position is such that if it is displaced slightly in any direction, it will expe-
rence a restoring force proportional to the displacement. Thus, this atom can acquire
energy by vibrations in three directions. The energy associated with the x direction, for
example, is the kinetic energy of vibration plus the potential energy of the “spring,” or
Ymu? + 1K x?, where v, is the velocity, x is the extension of the spring, and X, is the
spring constant, all along the x direction. Clearly, there are similar energy terms in the
v and 7 directions, so there are 8ix energy tlerms in the total energy equation:

1, 1 5, 1 5 1 2, |1 3, 1., 5
E = Emv}E + Emtr}. + Emuz + Eﬁ’xx + EK_-;.J: + EKE;

We know that for simple harmonic motion, the average KE is equal to the average

PE. Since, by virtue of the equipartition of energy principle, each average KE term has

%
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(o} The bollandspring madel of sclids, in which the springs reprasent the interatemic bonds. Bach ball jatom] is linked 10
its neighbers by springs. Atomic vibrations in a solid involve three dimensions.

(b} An atom vibrating about its equilibrium peosition. The atom siretches and compresses its springs o its neighbars and
has bath kinetic and potential energy.

Dulong—Petit
rile

an energy of éﬁ: I', the average total energy per atom is 6 %H‘}, The internal ensrgy U
per mole is

i
U= N,.,ﬁ(ik]'") =3RT

The molar heat capacity then becomnes

d Iy
CM=E“3R—ISJK_ mol ™!

This 15 the Dulong-Petit rule.

The kinetic molecular theory of matter is one of the snecesses of classical physics,
with a beautiful simplicity in its equations and predictions. Its failures, however, are
numerous, For example, the theory fails to predict that, at low temperatures, the heat
capacity increases as T7 and that the resistivity of a metal increases linearly with the
absolute temperature. We will explain the origins of these phenomena in Chapter 4.

SPEED OF SOUND IN AIR  Calculate the root mean square (rms) velocity of nitrogen molecules
in atmospheric air at 27 °C. Also caleulate the root mean square velocity in one direction (t,m .}
Compare the speed of propagation of sound waves in air, 350 m s~ ', with v, . and explain the
difference.

SOLUTION

From the kinctic theory
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2n that
(w7
Vms = 1|||I =

where m is the mass of the nitrogen molecule N,. The atomic mass of nitrogen is M, =
l4g mol™', sa that in kilograms
_2ML (1077

N

] _[ 3N T ]”’*‘_[ 3RT ]“'"
T oM, (1079 ] T L 2M (1077

Thus

3 [3(3.314 Tmol =" K-"4(300 K)

172
= 51T m s~
2014 % 10-2 kg mol ) ] me

Consider an rms velocity in one direction. Then

= =
Vrers 2 =1.."I'u_11=1l,l§u1= ﬁv""’ =298 msg

which is slightly less than the velocity of sound in air (350 m 571Y, The difference is due to the
fact (hat the propagation of a sound wave involves rapid compressions and rarefactions of air,
amd the result is that the propagation iz not isothermal. Note that accounting for oxygen in air
lowers ¥y, .- (WhyT)

SPECIFIC HEAT CAPACITY  Estimnate the heat capacily of copper per unit gram, given that its  [JRCL TSR
alomic mass is 63,6,

SOLUTION

From the Dulong—Petit rule, C,, = 3R for ¥y atoms. But &, atoms have a mass of M, grams,
so the heat capacity per gram, the specific heat capacity c;, 1s

38 25Tmol 'K
==
My 63.6 g mol ™!
=039 K (The experimental value is 0.38 T g~' K1)

14,2 THERMAL EXPANSION

Nearly all materials expand as the temperature increases. This phenomenon is due to
the asymmetric nature of the interatomic forces and the increase in the amplitude of
atomic vibrations with temperature as expected from the kinetic molecular theory.
The potential energy curve U{r) for two atoms separated by a distance r is shown
in Figure 1.18. In equilibrium the PE is a minimum at Uy, = — U, and the bonding
energy is simply U/,. The atoms are separated by the equilibrivm separation r.. However,
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Energy

1 Ufr)=FPE
4 ":u Interatomic separatian: r
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B
Upin=s=U, ===t meecm e dpla o
Umin

Figura 1.18 The potential energy PE curve has a minimum when the cloms in the solid aHain
the interatomic separation at § = r..

Becouse of thermal energy, the atoms will be vibrating and will have vibrational kinetic enargy. At
=T, the atoms will ba vibmﬁng in such o Wiy that the bond will be stretchad and r:nmprassed
by @n omount corresponding o the KE of the atoms, A poir of atoms will be vibrating between 8
and . Their averoge separation will be at A and greater than r..

—_—

State B, KE =10,
E= Uﬂ
s Figure 1.19  Vibrations of atoms in the salid.
il : We cansider for simplicity o poir of oloms.
: -h‘i'l‘—.'fi" State A Total snergy is £ = FE + KE, and this is
| G constant fer a pair of vibroting cloms

execufing simple hormonic moficn. At 8 and

C, KE is zeio [atoms are stofionary and obout
State C, KE =0, {5 reverse direcion of ascillation) and PE is
E=U Fraximum,

according to the kinetic molecular theory, atoms are vibrating about their equilibrium
positions with a mean vibrational kinetic energy that increases with the temperature as
kT . At any instant the total energy E of the pair of atoms is U + KE, and this is con-
stant inasmuch as no external forces are being applied. The atoms will be vibrating
about their equilibrium positions, stretching and compressing the bond, as depicted in
Figure 1.19. At positions B and C, I/ is maximum and the KE is zero; the atoms are
stationary and about to reverse their direction of oscillation, Thus at B and C the total
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energy £ = Uy = Uy and the PE has increased from its minimum value I, by an
amount equal to KE. The line BC corresponds to the total energy E. The atoms are
confined to vibrate between B and C, executing simple harmonic motion and hence
maintaining £ = U + KE = constanl.

But the PE curve Uir) is asymmetric, Ulr) 15 broader in the » > r, region. Thus,
the atoms spend more time in the v = r, region, that is, more time stretching the bond
than compressing the bond {with respect to the equilibrivm length ). The average
separation corresponds to point A,

rov = 3(rg +rc)

which is clearly greater than r,. As the temperature increases, KE increases, the total
energy E increases, and the atoms vibrate between wider extremes of the Uir) curve,
between B’ and C'. The new average separation at A" is now greater than that at
Arrae = ry. Thus as the temperature increases, the average separation between the
atoms also increases, which leads to the phenomenon of thermal expansion. If the PE
curve were symmetric, then there would be no thermal expansion as the atoms would
spend equal times inthe r < r, and r = r, regions.

When the temperature increases by a small amount 8T, the energy per atom in-
creases by Cuem 8T where Cuum 15 the heat capacity per atom (molar heat capacity
divided by N ;). If Cyom 8T is large, then the line B'C" in Figure 118 will be higher up
on the energy curve and the average separatien A’ will therefore be larger, Thus, the
increase &ry, in the average separation is proportional to 87 If the total length L, is
made up of ¥ atoms, L, = Nry,, then the change 4L in L, is proportional to & 8T or
L, 8T The proportionality constant is the thermal coefficient of linear expansion, or
simply, thermal expansion coefficient A, which 1s defined as the fractional change in
length per umt temperature,

I &L
A= —» — [1.14]
L, &T

If L, is the original length at temperature T, then the length L at temperature T,

from Equation 1.14, is

L=LJl+MT-T)] [1.15]

We note that A is a material property that depends on the nature of the bond. The
variation of r,, with T in Figure 1.18 depends on the shape of the PE curve Uir). Typ-
ically, A is larger for metallic bonding than for covalent bonding.

We can use a mathematical procedure (known as a Taylor expansion) to describe
the Lfir} versus r curve in terms of its minimum value U, plus correction terms that
depend on the powers of the displacemtent (¢ — r,) fromr,,

Utr) = Upin + azl(r — ro)* + as(r — r) + [1.16]

where a2 and a5 are coefficients that are related to the second and third derivatives of LF
at ry. The term a{r — r,} is missing because dU/dr =0 at r = r, where U = Upy,.
The U/, and aa(r — r,)* terms in Equation 1.16 give a parabola about Uy, whichis a
symmetric curve around r, and therefore does not lead to thermal expansion. The average
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location at any energy on a symmetric curve at r, is always at rp. It is the ga tetm that
gives the expansion because it leads to asymmetry. Thus, A depends on the amount of
asymmetry, that is, a3 /a;. The asymmetric PE curve in Figure 1.18 which has a finite
cubic as term as in Equation 1.16 does not lead to a perfect simple harmonic (sinu-
soidal) vibration about r, because the restoring force is not proportional to the dis-
placement alone. Such oscillations are unharmonic, and the PE curve is said to possess
an unharmonicity (terms such as a;). Thermal expansion is an unbharmonic effect.

The thermal expansion coethicient normally depends on the temperature, A = A(7T'),
and typically increases with increasing temperature, except at the lowest temperatures.
We can always expand A(T) about some useful temperature such as T, to obtain a
polynomial series in temperature terms up to the most significant term, usually the T2
containing term. Thus, Equation 1.14 becomes

dL .
100 =
] HIPE
I W
30 4 PET—¥
; 7o
] M_!—In
Cu—a Mu

S
£ Bl g
-Eq 10 = Lh_m
‘g ] Aluming = BV PP
a ] Gaas ,'.:'I“'.-" L
= am® B ‘IT\"
a 34
5 ]
% +
:
|
1
n
L]
L]
0.3 . ————] .
100 200 300 S00 1 (K0 2000 3000

Temperature, K

Figure 1.20 Dependence of the linear thermal expansion coefficient A K™
on lemperature T K] on o leg-log plot.

HDPE, highrdensity polyethylene; PMMA, polymethylmethaerydate jaerydic]; PC,
polycarbonate; PET, polyethylens terephthalate [polyvestar|; fusad silica, 5i0;;
aluming, AlaOs.

1 SOURCE: Doka extrocled from varicus sources including G, A Slock and 5. F. Borlram,
| 7 Apgl Phys., 46, B9, 1975.
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where A, 8, and C are temperature-independent constants, and the expansion is about
T:- To find the total fractional change in the length AL/L, from T, to T, we have to
integrate A( T with respect to temperature from T, to T. We can still employ Equation
1.15 provided that we use a properly defined mean value for the expansion coefficient
from T, 0T,

L=L,1+ T —T)] [1.18)
where L= gk Jp MT) AT [1.19]

Figure 1.20 shows the temperature dependence of 2 for various materials. In very gen-
eral terms, except at very low (typically below 100 K} and very high temperatures
(near the melting temperature), for most metals A does not depend strongly on the tem-
perature; many engineers take A for a metal to be approximately temperature indepen-
dent. There is & simple relationship between the linear expansion coefficient and the
heat capacity of a material, which is discussed in Chapter 4.
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YOLUME EXPANSION COEFFICIENT  Suppose that the volume of a solid body at temperature RGN

T, is V,. The volume expansion coefticient &y of a solid body characterizes the change in its
volume from V, to V¥ due to a temperature change from T, to T by

V="FWIl +av(T - T [1.201
Show that ey is given by
oy = 3k [1.21]

Aluminum has a density of 2.70 g cm~? at 25 °C. Its thermal expansion coefficient is 24 x
107% *C~", Calculate the density of Al at 350 °C.

SCLUTION

Consider the solid body in the form of a rectangular parallelepiped with sides x,,. ¥,. and z,.
Then at T,

Vo =z, ¥z,
andat T, Vo= el + X ATMF00 4+ 4 ATMz01 + X ATH
= XoYololl + A ATY
that is V= x,0.z0l + 30 AT + 3ATY +23(AT)

We can now substitute for V [rom Bguation 1.20, use V, = x,%,2,. and neglect the
AATY and A*(ATY terms compared with the A AT term (A < 1) to obtain,

V=Wl +3uT - Tl = Vo[l + oo (T — T,)1
Since density o 18 massvolume, volume expansion leads to a densily reduction. Thus,

o or e b
P = gl —a (T = 1))

For Al the density at 350°C is
po= 27001 = 3(24 % 10750350 - 25)] = 2637 gem™?
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MSM OF Si The expansion coefficient of silicon over the temperatre range 120 ‘

| 500 K is given by Okada and Tokumaru (1984) as

Thermal _ E

E‘_{]’)ﬂﬂ.ﬁ':—:m L= ]_?15 " H} h['l i E—ﬂ.?iﬂxlﬂ' (T = ild-l'l + 5543 - lu—l{lr [l.ﬂ] )
‘-'*?'fﬁi‘-'"*’”f of  where ) is in K~ {or*C~ ') and T is in kelvins. At 4 room temperature of 20 “C, the above gives
Si A =251 x 107% K~!, Calculate the fractional change AL /L, in the length L, of the 5i crystal

from 20 to 320 "C, by (o} assuming a constant A equal to the room temperature value and
(h) assuming the above temperaure dependence, Caleulate the mean 2 for this temperature range.

SOLUTION
Assuming a constant we have
AL
e AT — Ty = (250 % 1078 "C 1320 — 20y = 0.753 = 1077 or (LO75%

With a temperature-dependent A(T'),

T
2 =f A1) dr

L. 3
AM+-273 g
= {33255 10751 =@ MBI o5 540 1070 T
204273
The integration can either be done numerically or analytically (both left as an exercise) with the
result that
AL
o= 1.00 = 1077 or 0.1%

which is substantially more than when using a constant X, The mean A over this temperature
range can be found from

AL

=xT ~-T) o 10 = 1077 = X320 — 209
which gives A = 3.33 x 1078 °C~!, A 0.1 percent change in length means that a 1 mm chip
would expand by 1 micron.

1.5 MOLECULAR VELOCITY AND ENERGY
DISTRIBUTION

Although the kinetic theory allows us to determine the root mean square velocity of
the gas molecules, it says nothing about the distribution of velocities. Due to random col-
lisions between the molecules and the walls of the container and between the molecules
themselves, the molecules do not all have the same velocity. The velocity distribution of
molecules can be determined experimentally by the simple scheme illustrated in Figure
1.21. Gas molecules are allowed to escape from a small aperture of a hot oven in which
the substance is vaporized. Two blocking slits allow only those molecules that are moy-
ing along the line through the two slits to pass through, which results in a collimated
beam. This beam is directed toward two rotating disks, which have slightly displaced
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Effusing gas atoms Yelocity selector
Hot oven | Collimating slivs PR

S o T Detector

Rotating disks

Figure 1.21 Schematic diagram of o Sterntype experiment for defermining the distribution of
mclecular speeds,

Lh
X 1ok

Figure 1,22 Moxwel-Bolizmann
distibution of moleculer speeds in
nifragen gas at twa temperatures.
0 ; : : The ordinate is gt/ M av, the frodional
0 500 1000 1500 2000 number of molecules per unit speed
Speed (m/s) interval in (km/s)".

Relative number of molecules
per wnit velocity (skm}

glits. The molecules that pass through the first slit can only pass through the second if
they have a certain speed; that 15, the exact speed at which the second slit lines up with
the first slit, Thus, the two disks act as a speed selector. The speed of rotation of the disks
determines which molecular speeds are allowed to go through, The experiment therefore
measures the number of molecules A N with speeds in the range v to (v + Av).

It is generally convenient to describe the number of molecules 45 with speeds in
a certain range v to (v + dv) by defining a velocity density function », as follows:

aN =n,dv

where n, is the number of molecules per unit velocity that have velocities in the range
v to (v + ). This number represents the velocity distribution among the molecules
and is a function of the molecular velocity n, = n,(v). From the experiment, we can
easily obtain n, by n, = AN/Av at various velocities. Figure 1.22 shows the velocity
density function n, of nitrogen gas at two temperatures. The average (v, ), most prob-
able {v*}, and rms {vps) speeds are marked to show their relative positions. As ex-
pected, these speeds all increase with increasing temperature. From various experi-
ments of the tvpe shown in Figure 1.21, the velocity distribution function n, has been
widely studied and found to obey the following equation:
2

——411"#( i )Eﬁ Eex( ks [1.23]
=8 amkr ) U T T '
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where & 15 the total number of molecules and m is the molecular mass. This is the
Maxwell-Belizmann distribution funetion, which describes the statistics of particle
velocities in thermal equilibrium. The function assumes that the particles do not interact
with each other while in motion and that all the collisions are elastic in the sense that
they involve an exchange of kinetic energy. Figure 1.22 clearly shows that molecules
move around randomly, with a variety of velocities ranging from nearly zero to almost

" infinity. The kinetic theory speaks of their rms value only,

What is the energy distribution of molecules in a gas? In the case of a monatomic
gas, the total energy E is purely translational kinetic energy, so we can use E = imu?,
To relate an energy range dE to a velocity range dv, we have dE = mu dv. Suppose
that n g is the number of atoms per unit yolume per unit energy at an energy £, Then
n g di is the number of atoms with energies in the range E to { E + 4E). These are also
the atoms with velocities in the range v to (v + 4}, because an atom with a velocity v
has an energy £. Thus,

nodf = n, du
ie.

HEg =" (d—v)
£ = gy JE

If we substitute for n, and (du/dE), we obtain the expression for ng as a function

of £
2 B ke E
= _N[— | EYexp[—— 1.24
HE= e (kT) P( H) L

Thus, the total intermal energy is distnbuted among the atoms according to
the Maxwell-Boltzmann distribution in Eguation 1.24. The exponential factor
exp(—E/kT) is called the Boltzmann factor. Atoms have widely differing kinetic en-
ergies, but a mean energy of %kT. Figure 1.23 shows the Maxwell-Bollzmann energy
distribution among the gas atoms in a tank at two temperatures. As the temperature
increases, the distribution extends to higher energies. The area under the curve is the
total number of molecules, which remains the same for a closed container.

Equation 1.24 represents the energy distribution among the & gas atoms at any time.
Since the atoms are continually colliding and exchanging energies, the energy of one

Figure 1,23 Energy distribution of gas
molecubes at twa different tem perahures,
The shaded area shows the number of
molecules that have energies greatar than
E4. Thiz areo dep&nds _=.fr13ng|}r an the
femperalure a5 Erxpl: -Es KT

L.

Average KEat T,

Number of atoms per unit energy, a,
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atom will sometimes be small and sometimes be large, but averaged over a long time,
this enerpy will be %k]’ as long as all the gas atoms are in thermal equilibrivm (i.e., the
temperature is the same everywhere in the pas), Thus, we can also use Equation 1.24
represent all possible energies an atom can acquire over a long penod. There are a total
of N atoms, and e dE of them have energies in the range E to (E + dE). Thus,

F‘!EflrE

Probability of energy being in E to (E + 4FE) = [1.25]

When the probability in Equation 1.25 is integrated (i.e., summed) for all energies
(E = 0 to oc), the result is unity, because the atom must have an energy somewhere in
the range of zero to infinity,

What happens 10 the Maxwell-Boltzmann energy distribution law in Equation 1.24
when the lotal energy is not simply translational kinetic energy”? What happens when we
do not have a monatomic gas? Suppose that the total energy of a molecule (which may
simply be an atorn) in a system of N molecules has vibrational and rotational kinetic en-
ergy contributions, as well as potential energy due to intermolecular interactions. In all
cases, the number of Tnolecules per unit energy # ¢ turns out to contain the Boltzmann fac-
tor, and the energy distribution obeys what is called the Boltzmann energy distribution:

Hr &

= c exp(-— ) [1.24]
where F is the total energy (KE + PE), N is the total number of molecules in the sys-
tem, and C is a constant that relates to the specific system (g.g., 2 monatomic gas or a
liquid), The constant C may depend on the energy E, as in Equation 1.24, but not as
strongly as the exponential term. Equation 1.26 is the probability per unit energy that
a molecule in a given system has an energy E. Put differently, (ng 4& )N is the fraction
of molecules in a small energy range E to £ + 4E.
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MEAN AND RM5 SPEEDS OF MOLECULES  Given the Maxwell-Boltzmann distribution law
for the velocities of molecules in a gas, derve expressions for the mean speed (v, ), most prob-
able speed (u*), and rms velocity {v.) of the molecules and calculate the corresponding val-
ues for 4 pas of noninteracting clectrons.

SOLUTION

The number of molecules with speeds in the range v to (v + Jdv) is

1z F

m miu
aV = n,dv =4; N( ) i (——)d
R au T kT 1 exp T EH

By definition, then, the mean speed is given by

_JwaN _ fun.dv BT

fdaNv = [n,do T

Vo =

where the integration 15 over all speeds (v = 0 to o¢). The mean square veloecity is given by
—  [eidN  Jutagdv T
Jav = [n,de = m

vF =

EXAMPLE 1.10

Mean speed
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so the rms velocity is

where n, /N is (he probability per unil speed that 8 molecule has a speed in the range » 0
(1 4+ du), Differentiating n, with respect to v and setting this to zero, dr, /dv = 0, gives the po-
sition of the peak of n, versus v, and thus the most probable speed v*,

12
o = [?LT}
e

Substituting m = 9.1 » 1077 kg for electrons and using T = 300 K, we find v* =
95 3kms', v, = 108 km s~', and v, = 117 km 57!, all of which are close in value. We
often use the term thermal veloeity to describe the mean speed of particles due to their thermal
random motion. Also, the integrations shown are nol trivial and they involve substitution and
integration by parts.

1.6 HEAT, THERMAL FLUCTUATIONS, AND NOISE

Generally, thermal equilibrium between two objects implies that they have the same
temperature, where temperature (from the kinetic theory) is a measure of the mean
linetic energy of the molecules. Consider a solid in a monatomic gas atmosphere such
as He gas, as depicted in Figure 1.24, Both the gas and the solid are at the same temper-
atum The gas molecules move around randomly, with 2 mean kinetic energy given
hy Imu? = kT, where m is the mass of the gas mn]ec:ule We also know that the atoms
in ﬂ'IE salid vibrate with a mean kinetic energy given I:r}' IMVI= 1'.f:"i"" where M is the
miass of the solid atom and ¥ is the velocity of vibration. The gas mnlen,ule-: will collide
with the atoms on the surface of the golid and will thus exchange energy with those solid
atoms. Since both are at the same temperature, the solid atoms and gas molecules
have the same mean kinetic energy, which means that over a long time, there will be no
net transfer of energy from one to the ather, This is bagically what we mean by thermal
equilibrium,

If, on the other hand, the solid is hotter than the gas, Toyg = Tg, and thus
L =M VI —m 2, then when an average gas molecule and an average solid atom collide,

Solid Figure V.24 3olid in equilibrium in air,

G During collisions between the gos and solid oloms,
'Q' s kinatic enangy is axd'lan—gad.
¢ @ atnm
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Figure 1.25 Fluchucfions of o mass ahached to a spring, due to
random bombardment by alr melaculas.

energy will be transferred from the solid atom to the gas molecule. As many more gas
molecules collide with solid atoms, more and more energy will be transferred, until the
mean kinetic energy of atoms in each substance is the same and they reach the same
temperature: the bodies have equilibrated. The amount of energy transferred from the
kinetic energy of the atoms in the hot solid to the kinetic energy of the gas molecules
is called heat. Heat represents the energy transfer from the hot body to the cold body
by virtue of the random motions and collisions of the atoms and molecules.

Although, over a long time, the energy transferred between two systems in thermal
equilibrium is certainly zero, this does not preclude a net energy transfer from one w0
the other at one instant, For example, at any one instant, an average solid atom may be
hit by a fast gas molecule with a speed at the far end of the Maxwell-Boltzmann dis-
tribution. There will then be a transfer of energy from the pas molecule to the solid
atom, At another instant, a slow gas molecule hits the solid, and the reverse is true,
Thus, although the mean energy transferred from one atom to the other is zero, the in-
stantaneous value of this energy is not zero and varies randomly about zero.

Ax an example, consider a small mass attached to a spring, as illustrated in Fig-
ure 1.25. The gas or air molecules will bombard and exchange energy with the solid
atoms, Some air molecules will be fast and some will be slow, which means that there
will be an instantaneous exchange of energy. Consequently, the spring will be com-
pressed when the bombarding air molecules are fast (more energetic) and extended
when they are less energetic. This leads to a mechanical fluctuation of the mass about
its equilibrium position, as depicted in Figure 1.23. These fluctvations make the mea-
surement of the exact position of the mass uncertain, and it is futile to try to measure
the position more accurately than these fluctvations permit.

If the mass m compresses the spring by Ax, then at time r, the energy stored as po-
tential energy in the spring is

PE(1) = %K{ﬁsz [1.27]
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where X is the spring constant. At a later instant, this energy will be returned to the
gas by the spring. The spring will continue to fluctuate because of the fluctuations in
the velocity of the bombarding air molecules. Over a long pened, the average value of
PE will be the same as KE and, by virtue of the Maxwell equipartition of energy theo-
rem, it will be given by

%Kﬂ.{u}z= -;-kT [1.28]
Thus, the rms value of the fluctuations of the mass about its equilibrium position is
(Ax)ms = JE [1.29]

K

To understand the origin of electrical noise, for example, we consider the thermal
fluctuations in the instantaneous local electron concentration in a conductor, such as
that shown in Figure 1.26. Because of fluctuations in the electron concentration at any
one instant, end A of the conductor can become more negative with respect to end B,
which will give rise to a voltage across the conductor. This fluctuation in the electron
concentration is due to more electrons at that instant moving toward end A than toward
B. At a later instant, the situation reverses and mote electrons move toward B than
toward A, resulting in end B becoming mote negative and leading to a reversal of the
voltage between A and B. Clearly. there will therefore be voltage fluctuations across
the conductor, even though the mean voltage across il over a long period is always
Zero. If the conductor is connected to an amplifier, these voltage fluctuations will be
amplified and recorded as noise at the output. This noise corrupts the actual signal at
the amplifier input and is obviously undesirable. Az engineers, we have to know how
to calculate the mapgnitude of this noise. Although the mean voltage due to thermal
fluctuations is zero, the rms value is not. The average voltage from a power outlet is
zero, but the rms value is 120 V. We uge the rms value to calculate the amount of aver-
age power available.

Consider a conductor of resistance RB. To derive the noise voltage generated by R
we place a capacitor C across this conductor, as in Figure 1.27, and we assume that both
are at the same temperature; they are in thermal equilibrium. The capacitor is placed as
a convenient device to obtain or derive the noise voltage generated by R. It should be
emphasized that C itself does not contribute to the source of the fluctuations (it gener-
ates no noise) but is inserted into the circuit to impose a finite bandwidth over which we
will calculate the noise voltage. The reason is that all practical electric circuits have
some kind of bandwidth, and the noise voltage we will derive depends on this band-
width. Even if we remove the capacitor, there will stil] be stray capacitances; and if we
short the conductor, the shorting wires will have some inductance that will also impose
4 bandwidth. As we mentioned previously, thermal fluctuations in the conductor give
rise to voltage fluctuations across R. There is only so much average energy available in
these thermal fluctuations, and this is the energy that is used to charge and discharge the
external capacitor C. The voltage across the capacitor depends on how much energy
that can be stored on it, which in turn depends on the thermal fluctuations in the con-
duetor. Charging a capacitor to a voltage v implies that an energy E = 1 Cv? is stored on
the capacitor. The mean stored energy £ in a thermal equilibrium system can only be
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1T, according to the Maxwell energy equipartition theorem. Thus E(¢), the mean en-
ergy stored on C due to thermal fluctuations, is given by

E() = LCu(r? = LT

We see that the mean square voltage across the capacitor is given by

(1)? A (1.30]
L5 e R -
C

[nierestingly, the rms noise voltage across an RC network seems to be independent
of the resistance. However, the origin of the noise voltage arises from the electron fluc-
tuations in the conductor and we must somehow reexpress Equation 1.30 to reflect this
fact: that is, we must relate the electrical fluctuations to K.

The voltage fluctuations across the network will have many sinusoidal components,
but only those below the cutoff frequency of the R C network will contribute to the mean
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square voltage (that is, we effectively have a low-pass filter). If £ is the bandwidth of the
RC network.® then B8 = 1/(27RC) and we can eliminate C in Bquation 1,30 to obtain

vir)? = 2xkTRE

This is the key equation for calculating the mean square noise voltage from a re-
sistor over a bandwidth B. A more rigorous derivation makes the numerical factor 4
rather than 2. For a network with a bandwidth &, the rms noise voltage is therefore

U = ¥ 4ETRE ]

Equation 1.31 is known as the Johnson resistor noise equation, and it sets the
lower limit of the magnitude of small signals that can be amplified. Note that Equa-
tion 1.31 basically tells us the rms value of the voltage fluctuations within a given
bandwidth (B} and not the origin and spectrum (noise voltage vs. frequency) of the
noise. The origin of noise is attributed to the random motions of electrons in the
conductor (resistor), and Equation 1.31 is the fundamental description of electrical
flucmarions; thart is, the fluctnations in the conductor’s instantaneous local electron
concentration that charges and discharges the capacitor. To determine the rms noise
voliage across a network with an impedance Z(fw), all we have o do is find the real
part of Z, which represents the resistive part, and vse this for £ in Equation 1.31. |

MNOISE IN AN RIC CIRCUIT  Maost radio receivers have a tuned parallel-resonant circuit, which
conzists of an inductor £, eapacitor ©, and resistance R in parallel. Suppose L is 100 pH; C is
1001 pF; and &, the equivalent resistance due (o the input resistance of the amplifier and (o the
loss in the coil {coil resistance plus ferrite losses), is about 200 k5. What is the minimom rms
radio signal that can be detected?

SOLUTION

Consider the bandwidth of this twuned £LC cireuit, which can be found in any electrical engi-
neering lexibook:
_f

o

where f, = 1/[2x+ LC] is the resonant frequency and @ = 27 f,C R is the quality factor, Sub-
stituting for L, €, and R, we get, f, = 107/2x = 1.6 » 10° Hz and ¢ = 200, which gives
B = 107 /|27 (200)] Hz, or 8 kHz. The nns noise voltage is

Vs = [4ETRETY? = [401.38 x 1075 T K~'300 K200 = 10° 218 x 10° Hz)*?
=51=x107%Y or 5.1 uVv

This rms voltage iz within a bandwidth of 8 kHz centered at 1.6 MHz. This last informa-
tion is totally absent in Equation 1.31. If we attempt to use

'
Ve = [?}

| # A low-pass filer allows oll signal frequencies vp to the cutoff frequancy B to poss. B is 1,/[20RC).

B
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we get

- [u_as * 10-2 T K-1{300 K)
e 100 x 10-" F

172

However, Equation 1.30 was derived using the RC circuit in Figore 1,27, whereas we now
have am LCR circuit. The cormect approach uses Equation 1.31, which is generally valid, and the
appropriate bandwidth 8,
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1.7 THERMALLY ACTIVATED PROCESSES

1.7.1  ARRHENIUS RATE EQUATION

Many physical and chemical processes strongly depend on temperature and exhibit what
is called an Arrhenius type behavior, in which the rate of change is proportional to
exp{— £,/ kT, where E 4 18 a charactenistic energy parameter applicable to the particular
process. For example, when we store food in the refrigerator, we are effectively vsing the
Amhenius rate equation; cooling the food diminishes the rate of decay. Processes that ex-
hibit an Arrhenius type temperature dependence are referred to as thermally activated.

For an intuitive understanding of a thermally activated process, consider a vertical fil-
ing cabinet that stands in equlibrium, with its center of mass at A, as sketched in Figure
1.28. Tilting the cabinet left or right increases the potential energy PE and requires exter-
nal work. If we could supply this energy, we could move the cabinet over its edge and lay
it flat, where its PE would be lower than at A, Clearly, since the PE at B is lower, thisisa
more stable position than A, Further, in going from A to B, we had to overcome a poten-
tial energy barrier of amount E 4, which corresponds to the cabinet standing on its edge
with the center of mass at the highest point at A*. To topple the cabinet, we must first pro-
vide energy” equal 1o E 4 to take the center of mass to A*, from which point the cabinet,
with the slightest encouragement, will fall spontaneously to B to attain the lowest PE. At
the end of the whole tilting process, the internal energy change for the cabinet, AL, is due
to the change in the PE (=mgh) from A to B, which is nepative; B has lower PE than A,

Suppose, for example, a person with an average energy less than £, tries to topple
the cabinet. Like everyvone else, that person experiences energy fluctuations as a result
of interactions with the environment (e.g., what type of day the person had}). During
one of those high-energy periods, he can topple the cabinet, even though most of the
time he cannot do so because his average energy is less then E 4. The rate at which the
cabinet is toppled depends on the number of times (frequency) the person tries and
the probability that he possesses energy greater than £ .

As an example of a thermally activated process, consider the diffusion of impu-
rity atoms in a solid, one of which is depicted in Figure 1.29. In this example, the
impurity atom is at an interatomic void A in the crystal, called an Interstitial site. For
the impurity atom to move from A to a neighboring void B, the atom must push the
host neighbors apart as it moves across. This requires energy in much the same way

* hecording %o the conservotien of snergy principle, the incraasa in the PE from A ko 4* must come from the
waarncl work,
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Figure 1.28 Tilfing a filing cabinet from LX) = PE = mgh
state A ko its edge in state A" requires an en- 1 Instable (activated state)
ergy Fa. Metastable

After reaching A*, the cabinet sponfanecusly
drops to the stable position B. The PE of state
B is lower than A, and therefore stata B is Stable
maore stable than A,

T T T > X
X4 Xar Ap
Swstem coordinate, X = Position of center of mass

& B
°~ U= PE(x)
Figure 1.29 Diffusion of an i
interstifial impurity alom in o crystal Ay
from one void to o neighbering
The impurity atom at position A
mus possess an energy Eato push 1y = Uy
the hos! atoms eway and move % »X
int the neighboring void at B, Displacement

as does toppling the filing cabinet. There is a potential energy barrier £, to the mo-
tion of this atom from A to B.

Both the host and the impurity atoms in the solid vibrate about their equilibrium po-
sitions, with a distribution of energies, and they also continually exchange energies,
which leads to energy fluctuations. In thermal equilibrivm, at any instant, we can expect
the energy distribution of the atoms to obey the Boltzmann distribution law (see Equa-
tion 1.26). The average kinetic energy per atom is vibrational and is 2& T, which will not
allow the impurity simply to overcome the PE barrier E 4, becanse typically E, = %kT.

The rate of jump, called the diffusion, of the impurity from A to B depends on two
factors. The first is the number of times the atom tries to go over the potential barrier,
which is the vibrational frequency v, in the AB direction. The second factor is the prob-
ability that the atom has sufficient energy to overcome the PE barrier. Only during those
times when the atom has an energy greater than the potential energy barrier
Ey= Uy — Uy will it jump across from A to B. During this diffusion process, the
atom attains an activated state, labeled A* in Figure 1.29, with an energy E4 above
L/ 4, s0 the crystal internal energy is higher than I'y. E 4 is called the activation energy.
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Suppose there are & impurity atoms, At any instant, according to the Boltzmann
distribution, # ; 4 E of these will have kinetic energies in the range £ to (£ + dE), s0
the probability that an impurity atom has an energy £ greater than E4 is

Number of impuriries with £ = E4

Probability (£ = Eu) = - —
Total number of impurities

N

where 4 is a dimensionless constant that has only a weak temperature dependence.
The rate of jumps, jumps per seconds, or simply the frequency of jumps # from void
to void is

Fils Rar
# = (Frequency of attempt along AB)(Probabilityof £ = E,4) m‘;;ﬁ:{f
E e
= Auv,exp (__"') Ey=Ux — Uy [1.39] activated
kT pHICESS

Equation 1.32 describes the rate of a thermally activated process, for which in-
creasing the temperature causes more atoms to be energetic and hence results in more
Jumps over the potential barmier. Equation 1.32 is the well-known Arrhenius rate
equation and is generally valid for a vast pumber of transformations, both chemical
and physical,

1.72 Arvomic DIFFUSION AND THE DIFrFusIioN COEFFICIENT

Consider the motion of the impurity atom in Figure 1.29. For simplicity, assume a two-
dimensional crystal in the plane of the paper, as in Figore 1.30. The impurity atom has
four neighboring voids into which it can jump. If & is the angle with respect o the
x axis, then these voids are at directions # = (°, 90", 180", and 270", as depicted in
Figure 1.30. Each jump is in a random direction along one of these four angles. As the
impurity atom jumps from void to void, it leaves its original location at O, and after &
jumps, after time ¢, it has been displaced from O 1o O

Let a be the closest void-to-void separation. Each jump results in a displacement
along x which is equal to a cos #, with ¢ = 0°,%90°, 180", or 270°. Thus, each jump

o
After N jumps
8= 80F ¥
o L
ﬂn1w'q—+—a-n" T_,_x ¥
a
8=270° K
O

Figure 1.30 An impurity atem has four site choices for diffusion to a neighboring interstitiol vacaney.
Aftar M jumps, fhe impurity atom would have been disploced from the original position ot &,
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results in a displacement along x which can be a, 0, —a, or (), corresponding to the four
possibilitics. Afier N jumps, the mean displacement alomg x will be close to zero, just
as the mean voltage of the ac voltage from a power outlet is zero, even though it has an
rms value of 120 V. We therefore consider the sguare of the displacernents. The total
square displacement, denoted X2, is
h aluuslﬁ'; + a® cos® i e = a’ cusiﬁ',-,-

Clearly, # = 907 and 270° give cos*# = 0. Of all N jumps, J—,_,N are 8 =0 and

180", each of which gives cos® 8 = 1. Thus,

There will be a similar expression for ¥2, which means that after N jumps, the
total square distance L? from O to O' in Figure 1.30 is

=X+ vy =d'N
The rate of jumping (frequency of jumps) is given by Equation 1.32

E
# =uv,dexp T

s0 the time per jump is 1 /¢, Time ¢ for & jumps is N/#. Thus, N = ¢ and
L} = a*ft = 2D¢ [1.33]
where, by definition, D = %azﬁ, which 15 a constant that depends on the diffusion

process, as well as the lemperature, by virtue of #, This constant is generally called the
diffusion coefficient. Substituting for ¥, we find

1- E
D= Eazt.'pﬁ axp(w —A)

kT
ot

Ea
D= D,exp|— E [1.34]

where 1, is a constant. The root square displacement L in time ¢, from Equarnon 1.33,
is given by L = [2D11"?, Since L? is evaluated from X and ¥?, L is known as the
root mean square (rms) displacement,

The preceding specific example considered the diffusion of an impurity in a void
between atoms in a crystal; this is a simple way to visualize the diffusion process. An
impurity, indeed any atom, at a regular atomic site in the crystal can also diffuse around
by various other mechanisms, For example, such an impurity can simultanecusly ex-
change places with a neighbor. But, more significantly, if a neighboring atomic site has
a vacancy that has been left by a missing host atom, then the impurity can simply jump
into this vacancy. (Vacancies in crystals are explained in detail in Section 1.9.1; for the
present, they simply correspond to missing atoms in the crystal.) The activation energy
E 4 in Equation 1.34 is a measure of the difficulty of the diffusion process. It may be as
simple as the energy (or work) required for an impurity atom to deform (or strain) the
crystal around it as it jumps from one interstitial site to a neighboring interstitial site, as
in Figure 1.2%; or it may be more complicated, for example, involving vacancy creation.
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Various 5i semiconductor devices are fabricated by doping a single 5i crystal with
impurities (dopants) at high temperatures. For example, doping the 5i crystal with
phosphorus (P) gives the crysial a higher electrical conductivity, The P atoms subsii-
tute directly for Si atoms in the crystal. These dopants migrate from high to low dopant
concentration regions in the crystal by diffusion, which occurs efficiently only at sof-
ficiently high temperatores.
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DIFFUSKON OF DOPANTS IN SIMCON  The diffusion coefficient of P atoms i the 5i crystal
follows Equation 1.34 with 22, = 10,5 cm® 57! and £, = 3.69 ¢¥. What is the diffusion coef-
ficient at a temperature of 1100 °C at which dopants such as PP are diffused into 51 to fabricate
varous devices? What is the rms distance diffused by P atoms in 5 minutes? Estimale, as an
order of magnitude, how many jumps the P atom makes in 1 second if you take the jump dis-
tance to be roughly the mean interatomic separation, ~ 0.27 nm.

SOLUTION
From Equation 1.34,

E, e i {3.69eV)(1.602 x 10-"TeV~!)
D=D,expl ——— | = (l0.5cm" s ") exp| — - |
kT (1381 = 102 T K- ")(1100 + 273 K)

=30x 10 %em? 5"
The rms distance £ diffused in a tme r = Smin = § x 60 seconds is
L=v20i=[203.0 % 107 em®s )5 x 608" = 1.3 x 10~%cm o 13 pm

Equation 1.33 was derived for a lwo-dimensional crystal as in Figure 1,30, and for an impurity
diffusion. Nonetheless, we can still use it to estimate how many jumps a P atom makes in
1 second. From Equation 1,33, £ % 2D /fa® 22 2030 x 100 "m?s ")/(0.27 x 107" m)* = 823
jumps per second. It takes roughly | ms to make one jump. It 1s lelt as an exercise w show thal
at rooim temperature it will take a P atom 10% years to make a jump! (Scientists and engineers
know how to use thermally activated processes.)

EXAMPLE 1.12

1.8 THE CRYSTALLINE STATE

1.8.1 TvPES OF CRYSTALS

A crystalline solid is a solid in which the atoms bond with each other in a regular pat-
tern to form a periodic collection (or array) of atoms, as shown for the copper crystal
in Figure 1.31. The most important property of a crystal is periodicity, which leads to
what is termed long-range order. In a crystal, the local bonding geometry is repeated
many times at regular intervals, to produce a periodic array of atoms that consfitutes
the crystal structure. The location of each atom is well known by virtue of peniodicity.
There is therefore a long-range order, since we can always predict the atomic arrange-
ment anywhere in the crystal. Nearly all metals, many ceramics and semiconductors,
and various polymers are crystalline solids in the sense that the atoms or molecules are
positioned on a periodic array of points in space.
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1a) The cr}rsh:ﬂ structure af Coppar which is facecentared cubic {FCC). Tha atoms ara pr:rs.iFicnad af welldefined sites
arranged periodically, and there is a longronge order in the crystal.

ib) An FCC unit cell with closspocked spheres,

ic) Reduced-sphere representation of the FCC unit call,

Examples: Ag, Al, Au, Ca, Cu, »Fe (=912 °C), Ni, Pd, P1, Eh,

All erystals can be described in terms of a Jattice and a basis.'” A lattice is an infi-
nite periodic array of geometric points in space, without any atoms. When we place an
identical group of atoms {or molecules), called a basis, at each lattice point, we obtain
the actual crystal structure. The crystal 1s thus a lattice plus a basis at each lattice
point. In the copper crystal in Figure 1.31a, each lattice point has one Cu atom and the
basis is a single Cu atom. As apparent from Figure 1.31a, the lattice of the copper crys-
tal has cubic symmetry and is one of many possible lattices.

Since the crystal is essentially a periodic repetition of a small volume (or cell) of
atoms in three dimensions, it is useful to identify the repeating vnit so that the crystal
properties can be described through this vnit. The unit cell is the most convenient
small cell in the crystal structure that carries the properties of the crystal. The repeti-
tion of the unit cell in three dimensions generates the whole crystal structure, as is ap-
parent in Figure 1.31a for the copper crystal.

The unit cell of the copper crystal is cubic with Cu atoms at its comers and one Cu
atom at the center of each face, as indicated in Figure 1.31b. The unit cell of Cu is thus
said to have a face-centered cubic (FCC) structure, The Cu atoms are shared with
neighboring unit cells. Effectively, then, only one-eighth of a corner atom is in the unit
cell and one-half of the face-centered atom belongs to the unit cell, as shown in Fig-
ure 1.31b. This means there are effectively four atoms in the unit cell. The lenggh of the
cubic unit cell is termed the latéice parameter o of the crystal structure. For Cu, for
example, a is 0.362 nm, whereas the radius £ of the Cu atom in the crystal is 0.128 nm.

1T Laties is o purely Imaglinary geometrle concept whess only requirement ls that the Tnfinlte aray of points has
?:rindicin.r. In mary informal discussions, the term loftice or crystal loflice is vsed 1o maan the cryssal sructure itsef.
asa concepls are further developed in Section 1,13 under Additional Topics.
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Figure 1.32 Body-centered cubic (BCC) crysial
shructure.

{o] & BCC unif call with closs-packed hard sphares
representing the Fe afoms,

(b} A reduced-sphere unit cell.
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Laver B
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Figure 1.33 The hexagonal close-packed [HCP| erystal structire.

|o] The hexogonal close-packed (HCF} structure. A collection of marny Zn otoms, Color difference distinguishes layers
I{sh:n:k5|.

{El The stocking sequance of closely packed layers is ABAB.

{c] A unit cell with reduced spharas.

{d] The smallest unit cell with reduced spharas.

Assurming the Cu atoms are spheres that touch each other, we can geometrically relate
a and R, For clarity, it 18 often more convenient to draw the unit cell with the spheres
reduced, as in Figure 1.31c.

The FCC crystal structure of Cu is known as a close-packed crystal structure
because the Cu atoms are packed as closely as possible, as is apparent in Figure 1.31a
and b. The volume of the FCC unit cell is 74 percent full of atoms, which is the maxi-
mum packing possible with identical spheres. By comparison, iron has a body-
centered cubic (BCC) erystal structure and its unit cell is shown in Figure 1.32. The
BCC wnit cell has Fe atoms at its comners and one Fe atom at the center of the cell. The
volume of the BCC unit cell is 68 percent full of atoms, which is lower than the max-
imum possible packing,

The FCC crystal structure is only one way to pack the atoms as closely as possible.
For example. in zine, the atoms are arranged as closely as possible in a hexapgonal sym-
metry, to form the hexagonal close-packed (HCP) structure shown in Figure 1.33a
This structure corresponds to packing spheres as closely as possible first as one layer A,
as shown in Figure 1.33b, You can visualize this by arranging six pennies as closely as
possible on a table top. On top of layer A we can place an identical layer B, with the
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Figure 1.38 The diamond unit cell Figure 1.35 The zine blende (ZnS)
which is cubic. The cell has eight cubic crystal structure.
qloms, Many important compaund crysials have
Gray 5n |e-5n) and the slemental the zinc blends structure. Examples:
serniconductors Ge and Si have fhis Alds, Gats, GaP. Gasb, InAs, InP.
crystal sfructure. ISk, Zn3, Znla.

spheres taking up the voids on layer A, as depicted in Figure 1.33b. The third layer can
be placed on top of B and lined up with laver A, The stacking sequence is therefore
ABAB. ... A unit cell for the HCP structure is shown in Figure 1.33¢, which shows
that this is not a cubic structure. The unit cell shown, although convenient, is not the
smallest unit cell. The smallest unit cell for the HCP structure is shown in Figure 1.33d
and is called the hexagonal unit cell. The repetition of this unit cell will generate the
whole HCP structure. The atomic packing density in the HCP erystal structure is 74 per-
cent, which is the same as that in the FCC structure.

Covalently bonded solids, such as silicon and germaniom, have a diamond crystal
structure brought about by the directional nature of the covalent bond, as shown in
Figure 1.34 (sec also Figure 1.6). The rigid local bonding geometry of four 5i-5i
bonds in the tetrahedral configuration forces the atoms to form what is called the
diamond cubie crystal structure. The unit cell in this case can be identified with the
cubic structure. Although there are atoms at each corner and at the center of each face,
indicating an FCC-like structure, there are four atoms within the cell as well. Thos,
there are eight atoms in the unit cell. The diamond unit cell can actually be described
in terms of an FCC lattice (a geometric arrangement of points) with each lattice point
having a basis of two 51 atoms. If we place the two Si atoms at each site appropriately,
for example, one right at the lattice point, and the other displaced from it by a quarter
lattice distance a /4 along the cube edges, we can easily generate the diamond unit cell.
In the copper crystal, each FCC lattice point has one Cu atom, whereas in the Si crys-
tal each lattice point has two Si atoms; thus there are 4 x 2 = 8 atoms in the diamond
unit cell.

In the GaAs crystal, as in the silicon crystal, each atom forms four directional
bonds with its neighbors, The unit cell looks like a diamond cubic, as indicated in
Figure 1.35 but with the Ga and As atoms alternating positions. This unit cell is termed
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Ratio of radii = 1 Ratio of radii = 0.75

Unit cell

Mearest neighbors =6  Nearest neighbors =4 A rwo-dimensional crystal of
pennies and quartars

Figure 1.386 Focking of cains on a table fop fo build a two-dimensional crystal.

the zinc blende structure after ZnS, which has this type of unit cell. Many important
compound semiconductors have this crystal structure, GaAs being the most commonly
known. The zinc blende unit cell can also be described in terms of a fundamental FCC
lattice and a basis that has two atoms, Zn and 8 (or Ga and As). For example, we can
place one £n at each lattice point and one S atom displaced from the Zn by a/4 along
the cube edges. '

In ionic solids, the cations {e.g., Na®) and the anions (C17) attract each other
nondirectionally. The crystal structure depends on how closely the opposite ions can be
brought together and how the same ions can best avoid each other while maintaining
long-range order, or maintaining symmetry. These depend on the relative charge and
relative size per ion,

To demonstrate the importance of the size effect in two dimensions, consider iden-
tical coins, say pennies (1-cent coins), At most, we can make six pennies touch one
penny, as shown in Figure 1.36. On the other hand, if we use quarters'' (25-cent coins)
to touch one penny, at most only five quarters can do so. However, this arrangement
cannot be extended to the construction of a two-dimensional crystal with penodicity.
To fulfill the long-range symmetry requirement for crystals, we can only use four quar-
ters to touch the penny and thereby build a two-dimensional “penny—quarter” crystal,
which is shown in the figure. In the two-dimensional crystal, 4 penny has four quarters
as nearest neighbors; similarly, a quarter has four pennies as nearest neighbors. A con-
venient unit cell is a square cell with one-quarter of a penny at each corner and a full
penny at the center (as shown in the figure).

The three-dimensional equivalent of the unit cell of the penny—quarter crystal is the
NaCl unit ¢ell shown in Figure 1.37. The Na* ion is about half the size of the Cl1~ ion,
which permits six nearest neighbors while maintaining long-range order. The repetition
of this unit cell in three dimensions generates the whole WaCl crystal, which was de-
picted in Figure 1.9b.

A similar unit cell with Na™ and CI~ interchanged is also possible and equally
convenient. We can therefore describe the whole crystal with two interpenetrating FCC

1 Althaugh many are familiar with the United States coinegs, any twa cains with o size ratio of about 0,75 woald
wrk m.rluﬁme Samme,
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Figure 1.37 A possible reduced Figure 1,38 A possible reducedsphere
sphere unit cell far the NaCl [rock saly unit cefl for the CsCl erystal,

crystal. An alternative unit cell mey hove Cst and
An altemative unit cell may have Ma* I interchanged. Examples: CsCl, CsBr,
and CI™ interchanged, Examples: Cel, TICL, TIBr, T

AgCl, CaO, CsF, LiF, LiCl, NaF, NaCl,

KF, KCl, Mg,

unit cells, each having uppoﬁitelyrcharged ions at the comners and face centers. Many
ionic solids have the rock salt (NaCl) crystal structure.

When the cation and anions have equal charges and are about the same size, as
in the CsCl crystal, the unit cell is called the CsCl structure, which is shown in
Figure 1.38. Each cation is surrounded by eight anions (and vice versa), which are at

Table 1.3 Properties of soma imparant crystal struciures

aand B Mumher of Atomic
Crystal (K is the Radius Coordination  Afoms per Packing
Structure of the Atem) MNumhber (CN) Umit Cell Factor Examples
Simple cubic a=21R i 1 052 o metals (Excepl Po)
BCC a=13L £ p] .64 Many metals: e-Fe, Cr, Mo, W
FCC u=2L 12 .} 0.74 Many metals: Ag, Au, Cu, Bt
HCE a=1IR 12 2 0,74 Many metals: Co, Mg, T3, Zn
¢ = 1635z
Diamond a= ”-. 4 8 .34 Covalent solids:
¥ Diamond, Ge, 3i, a-50
Finc blende 4 . 0,34 Many covalent and fonic solids,
Muny compound semicanductors.,
7n%, GaAs, GaSh, InAs. InSh
Mal’l fy 4 pations 0.67 lonic solids such as MaCl, ApCL
LiF, Mgl Cally
4 anions (Mall) Tnnic packing factor depends on
yelative sizes of ons.
CeCl L 1 cation Tonic solids such as CsCL CsBr, Csl

1 unicd
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the comers of a cube. This is not a true BCC unit cell because the atoms at various
BCC lattice points are different. (As discussed in Section 1.13, CsCl bas a simple cubic
lattice with a basis that has one C1- ion and one Na* ion.)

Table 1.3 summarizes some of the important properties of the main crystal struc-

tures considered in this section.
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THE COPPER (FCC) CRYSTAL Consider the FCC unit cell of the copper crystal shown in
Figure 1.39,

a,
b

How many atoms are there per unit cell?
If R is the radius of the Cu atom, show that the |attice parameter a is given by a = R2+/2,
Calculate the atomic packing factor (APF) defined by

Volume of atoms in unit cell
APF =

Volume of unit cell

Calculate the atomic concentration (number of atoms per unit volume) in Cu and the den-
sity of the crystal given that the atomic'mass of Cu is 63.53 g mol™! and the radius of the
Cu atorn is 0,128 nm.

SOLUTION

There are four atoms per unit cell. The Cu atom at each corner is shared with eight other
adjoining unit cells. Each Cu atom at the face center is shared with the neighboring unit
cell. Thus, the number of atoms in the unit cell = 8 comers L% atom | + 6 faces ":I atoms ) =
4 atoms,

Consider the unit cell shown in Figure 1.39 and one of the cubic faces. The face is a square
of side g and the diagonal is «/a* + a* ora~'2. The diagonal has one atom at the center of
diameter 2R, which touches two atoms Centered at the comers, The diagonal, going from
comer i comer, is therefore ® + 2R + K. Thus, 4R = av'2 and @ = 4R {2 = R242.
Therefore, a = (.3620 om.

(Mumber of atoms in unit cell) = (Volume of atom)
Valume of unit cell

APF =

s 3 ik =
a’ (R242)3

302422

Figure 1.3% The FCC unit cell.

The atomic radius is £ and the loftice

—_— ;-Ilh of an atom
parameter 15 @,

— Half of an atom

EXAMPLE 1.13
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. In general. if there are x atoms in the unit cell, the atomic concentration is

Mumber of atoms in unit cell x
Mg = —
* Volume of unil cell al
Thus, for Cu
4

=843 x 10% ¢m™?

Hyp =

T (03620 % 10-7 cm)®

There are x atoms in the unit cell, and each atom has a mass of M, /N, grams. The density

15
o Mu)
_Massufa]lmmsiuunitcell_x Ny
- Volume of unit cell - at
M ; vy SN : —
—_— s naMy (843 % 105 em™)(63.55 g mol™') —89gem

N, 6022 = 107 mol -t
The expression p = (n, My )/ N4 1s independent of the erystal structure.

1.8.2 CrysTaL DMRECTIONS AND PLANES

There can be a number of possibilities for choosing a unit cell for a given crystal struc-
ture, as is apparent in Figure 1.33c and d for the HCP crystal. As a convention, we gen-
erally represent the geometry of the unit cell as a parallelepiped with sides a, b,and ¢
and angles «, £, and y, as depicted in Figore 1.40a. The sides a, b, and ¢ and angles
w, A, and 3 are referred to as t]Fc lattice parameters. To establish a reference frame
and to apply three-dimensional geometry, we insert an xyz coordinate system. The
£, y. and z axes follow the edges of the parallelepiped and the origin is at the lower-
left rear corner of the cell. The unit cell extends along the x axis from 0 to a, along ¥
from 0 to b, and along 7 from Qtoc.

For Cu and Fe, the unit-cell geometry has a = b =c, a0 = f = y =907, and
cubic symmetry. For Zn, the unit cell has hexagonal geometry, with o = b % ¢,
o= f =90 and y = 120°, as shown in Figure 1.33d.

In explaining crystal properties, we must frequently specify a direction in a crys-
tal, or a particular plane of atoms. Many properties, for example, the elastic modulus,
electrical resistivity, magnetic susceptibility, etc., are directional within the crystal. We
use the convention described here for labeling crystal directions based on three-
dimensional geometry.

All parallel vectors have the same indices. Therefore, the direction to be labeled
can be moved to pass through the origin of the unit cell. As an example, Figure 1.40h
shows a direction whose indices are to be determined. A point P on the vector can be
expressed by the coordinates x,,, ¥, 2., where x,,, v,, and z,, are projections from point
P onto the x, v, and ; axes, respectively, as shown in Figure 1.40b, 1tis generally con-
venient to place P where the line cuts a surface (though this is not necessary). We can
express these coordinates in terms of the lattice parameters a, b, and ¢, respectively,
We then have three coordinates, say xp, v, and z;, for point P in terms of a, b, and ¢,
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Figure 1.40

For example, if
| bl
I’u::h Yor Zo arec —i,. 0, -C
’ 2 2

then P is at

I ie : 1 1
I Y1 24 33

We then multiply or divide these nombers until we have the smallest integers (which
may include 0). If we call these integers &, », and w, then the direction is written in square
brackets without commas as [wew]. If any integer is a negative number, we use a bar on
top of that integer. For the particular direction in Figure 1.40b, we therefore have [121].
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Some of the important directions in & cubic lattice are shown in Figure 1. 40¢. For
example, the x, y, and ; directions in the cube are [100], [010], and [001], as shown.
Reversing a direction simply changes the sign of each index. The negative x, y, and z
directions are [100], [010], and [001], respectively.

Certain directions in the crystal are equivalent because the differences between
them are based only on our arbitrary decision for labeling x, v, and z directions. For
example, [100] and [010] are different simply because of the way in which we labeled
the x and v axes. Indeed, directional properties of a material {e.g., elastic modulus,
and dielectric susceptibility) along the edge of the cube [100] are invariably the same
as along the other edges, for example, [010] and [001]. All of these directions along
the edges of the cube constitute 4 family of directions, which is any set of directions
considered to be equivalent. We label a family of directions, for example, [100], [010],
[O01], ..., by using a common notation, triangular brackets. Thus, (100} represents
the family of six directions, [100], [010], [001], [100], [010], and [00 ] in & cubic crys="
tal. Similarly, the family of diagonal directions in the cube, shown in Figure 1.40c, is
denoted {1113,

We also frequently need to describe a particular plane in a crystal. Figure 1.41
shows a general unit cell with a plane to be labeled. We use the following convention,
called the Miller indices of a plane, for this purpose.

We take the intercepts x,,, v, and z, of the planc on the x, ¥, and 7 axes, respec-
tively. If the plane passes through the origin, we can use another convenient parallel
plane, or simply shift the origin to another point. All planes that have been shifted by
a lattice parameter have identical Miller indices,

We express the intercepts x.., ¥,. and z, in terms of the lattice parameters 2, &, and
¢, respectively, to obtain x), vy, and 7. We then invert these numbers. Taking the rec-
iprocals, we obtain

1 1 1

A1 2 ; ;
We then clear all fractions, without reducing to lowest integers, to obtain a set of
integers, say k, &, and £, We then put these integers into parentheses, without commas,
that is, (hk£), For the plane in Figure |.41a, we have

Intercepts x,, ¥, and z, are %a. 15, and oz ¢,
]
Er

Reciprocals 1/x;, 1/y;, and 1/z; are 174, 1/1, 1 joo = 2,1, 0.

Intercepts xy, ¥, and z;, in terms of a, b, and ¢, are 3, 1, and so.

This set of numbers does not have fractions, so it is not necessary to clear frac-
tions. Hence, the Miller indices (h&£) are (210).

If there is a negative integer due to a negative intercept, a bar is placed across the
top of the integer. Also, if parallel planes differ only by a shift that involves a multiple
number of lattice parameters, then these planes may be assigned the same Miller
indices. For example, the plane (010} is the xz plane that cuts the v axis at —b. If we
shift the plane along y by two lattice parameters {2b), it will cut the y axis at & and
the Miller indices will become (010). In terms of the unit cell, the (010) plane is the
same as the ((110) plane, as shown in Figure 1.41b. Note that not all parallel planes are
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(b} Various phanes in the cubic latfice.

Figure 1.41 Lobeling of crystal planes and typical examples in the cubic latice.

identical. Planes can have the same Miller indices only if they are separated by a mul-
tiple of the lattice parameter. For example, the {010} plane is not identical to the (020}
plane, even though they are geometrically parallel. In terms of the unit cell, plane (010)
is a face of the unit cell cutting the y axis at &, whereas (020 is a plane that is halfway
inside the unit cell, cutting the v axis at 14, The planes contain different numbers of
atoms. The {020) plane cannot be shifted by the lattice parameter b 1o coincide with
plane (010).

It is apparent from Figure 1.41b that in the case of the cubic crystal, the [hk£]
direction is always perpendicular to the (hk£) plane.

Certain planes in the crystal belong to a family of planes because their indices dif-
fer only as a consequence of the arbitrary choice of axis labels. For example, the in-
dices of the (100) plane become (0107 if we switch the x and y axes. All the (10X},

39



CHAPTER 1 + ELEMENTARY MATERIALS SXE[ENEE CONCEPTS
(010}, and (001) planes. and hence the paraﬁel (100}, (010), (001) planes, form a fam-
ily of planes, conveniently denoted by curly brackets as {100].

Frequently we need to know the number of atoms per unit area on a given plane
{h&t). For example, if the surface concentration of atoms is high on ong plane, then
that plane may encourage oxide growth more rapidly than another plane where there
are less atoms per unit area. Planar concentration of atoms is the number of atoms
per unit area, that is, the surface concentration of atoms, on a given plane in the crys-
tal. Among the {100}, (110}, and {111}, planes in FCC crystals, the most densely
packed planes, those with the highest planar concentration, are {111} planes and the
least densely packed are {110].

MILLER INDICES AND PLAMAR COMCEMTRATION  Consider the plane shown in Figure 1.42a,
which passes through cne side of a face and the center of an opposite face in the FCC lattice. The
plane passes through the origin at the lower-left rear comer. We therefore shift the origin to say
point O° at the lower-right rear corner of the unit cell. In terms of a, the plane cuts the x, ¥, and
T AXes at oo, —1, ;' respectively. We take the reciprocals o obtain, 0, =1, 2. Therefore, the
Miller indices are (012).

To calevlate the planar concentration fg., on a given (hE£} plane, we consider 1 bound
area A of the (kkf) plane within the unit cell as in Figure 1.42b. Only atoms whose centers lie
on A are involved in e For each atom, we then evaluate what portion of the atomic cross
section (g cirele in two dimensions) cut by the plane (Ak£) is contained within A. Consider the
Cu FOC crystal with a = 0.3620 nm.

The (100) plane comesponds ta a cube face and has an area A = «®. There is one full
atom at the center; that is, the (100) plane cuts through one full atom, one full cirele in two
dimensions, al the face center as in Figure 1.42b, However, not all corner atoms are within 4,
Only a guarter of a circle is within the bound area A in Figure 1.42h.

Number of atoms in 4 = (4 comers) x [i al.lrrn] + | atom at face center = 2

-

FCC unit cell ,L (012)

O 1: A _ﬂ :\: =
i '.r D 0 =¥
2./ {b) (100} plone {e) (110] plane
le) [072) plane

Figure 1.42 The (012} plane and planar concentratians in an FCC erystal.
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Planar concentration n, o, of (100} is

AN+ 2 2

& -1

" = = e = — = ]5.3 atams nm
b a? a® (03620 x 10~ m)?

Consider the (110) plane as in Figure 1.42c. The number of atoms in the area A =
ia}a+'2) defined by two face diagonals and two cube sides is

(4 corners) x (§ atom} + (2 face diagonals) » (} atom at diagonal center) = 2
Planar concentration on (110} is
45 +2(1) 2
n = = = 10.8 atoms nm™*
A (a)(av'2) a2

Similar for the (111) plane, #,,,;; is 17.0 atoms nm . Clearly the (111 planes are the most
and (110} planes are the least densely packed among the (100), (110, and {111} planes,

o1

7

1.8.3 ALLOTROPY AND CARBON

Certain substances can have more than one crystal strocture, iron being one of the best-
known examples. This characteristic is termed polymorphism or allotropy. Below
12 *C, iron has the BCC structure and is called «-Fe. Between 912 “C and 1400 “C,
iron has the FCC structure and is called y-Fe. Above 1400 “C, iron again has the BCC
structure and is called -Fe. Since iron has more than one crystal structore, it is called
polymorphic. Each iron crystal structure is an allotrope or a polymorph.

The allotropes of iron are all metals. Farthermore, one allotrope changes to another at
a well-defined temperature called a tramsition temperature, which in this case is 912 °C.

Many substances have allotropes that exhibit widely different properties. More-
over, for some polymorphic substances, the transformation from one allotrope to
another cannot be achieved by a change of temperature, but requires the application of
pressure, as in the transformation of graphite to diamond.

Carbon has three important crystalline allotropes: diamond, graphite, and the
newly discovered buckminsterfullerene. These crystal structures are shown in Fig-
gre 1.43a, b and ¢, respectively, and their properties are summarized in Table 1.4.
Graphite is the carbon form that is stable at room temperature. Diamond is the stable
form at very high pressures. Once formed, diamond continues to exist at atmospheric
pressures and below about 900 °C, because the transformation rate of diamond to
graphite is virtually zero under these conditions, Graphite and diamond have widely
diffaring properties, which lead to diverse applications, For example, graphite is an
electrical conductor, whereds diamond is an insulator. Diamond is the hardest sub-
stance known. On the other hand, the carbon layers in graphite can readily slide over
each other under shear stresses, because the layers are only held together by weak
secondary bonds (van der Waals bonds), This is the reason for graphite’s lubricating
properties.

Buckminsterfullerene is another polymorph of carbon. In the buckminsterfullerene
molecule (called the “buckyball™), 60 carbon atoms bond with each other to form a
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The FOC unit cell of the Buckminsterfullerene (C o} molecule (the

Buckminsterfullerene crystal. Each “buckyball” molecule)
lattice: point has 2 C, molecule

Il Buckminsterfullerene

Figure 1.43 The three allotropes of corbon,

perfect soccer ball-type molecule. The Cgp molecule bas 12 pentagons and 20 hexa-
gons joined together to form a spherical molecule, with each C atom at a corner, as
depicted in Figure 1.43c. The molecules are produced in the laboratory by a carbon arc
in a partial atmosphere of an inert gas (He), they are also found in the scot of partial
combustion. The crystal form of buckminsterfullerene bas the FCC structure, with
gach Cg molecule occupying a lattice point and being held together by van der Waals
forces, as shown in Figure 1.43c. The Buckminsterfullerene crystal is a semiconductor,
and its compounds with alkali metals, such as KaCsp, exhibit superconductivity at low
temperatures (below 18 K). Mechanically, it is a soft material.

Diamond, graphite, and the fullerene crystals are not the only crystalline
allotropes of carbon, and neither are they the only structural forms of carbon. For
example, lonsdaleite, which is another crystalline allotrope, is hexagonal diamond
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in which each C atom covalently bonds to four neighbors, as in diamond, but the
crystal stracture has hexagonal symmetry. (It forms from graphite on meteors when
the meteors impact the Earth: currently it is only found in Arizona.) Amaorphous
carbon has no crystal structure {no long-range order), so it is not 4 crystalline
allotrope, but many scientists define it as a form or phase of carbon, or as a struc-
tural “allotrope.™ The recently discovered carbon nanotubes are thio and long
carbon tubes, perhaps 10 to 100 microns long but only several nanometers in diam-
eter, hence the name nanotube. They are tubes made from rolling a graphite sheet
into a tube and then capping the ends with hemispherical buckyballs. The carbon
tube is really a single macromolecule Tather than a crystal in its traditional sense'?;
it is a structural form of carbon. Carbon nanotubes have many interesting and
remarkable properties and offer much potential for various applications in electron-
ics; the most topical currently being carbon nanotube field emission devices.
(Chapter 4 has an example.)

12t is possibhe to dafina a unit cell on the surfaca of a carbon nanombe and cpply various erystalline concapts, as
some sciendists have done. To dote, hewsver, there seems to be ne sirgle crystal of carben nanotubes in the some
wary that there is o fullerene erystal in which the Cop malecules are bonded to form an FCC sructure,
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1.9 CRYSTALLINE DEFECTS AND THEIR
SIGNIFICANCE

By bringing all the atoms together to try to form a perfect crystal, we lower the total
potential energy of the atoms as much as possible for that particular structure. What
happens when the crystal is grown from a liquid or vapor; do you always get a perfect
crystal? What happens when the temperature is raised”? What happens when impurities
are added ta the solid?

There is no such thing as a perfect crystal, We must therefore understand the types
of defects that can exist in a given crystal structure, Quite often, key mechanical and
electrical properties are controlled by these defects.

1.9.1 PoinT DEFECTS: VACANCIES AND IMPURITIES

Above the absolute zero temperature, all crystals have atomic vacancies or atoms
missing from lattice sites in the crystal structure. The vacancies exist as a requirsment
of thermal equilibrium and are called thermodynamic defects. Vacancies introdube
disorder into the crystal by upsetting the perfect periodicity of atomic arrangements.

We know from the kinetic molecular theory that all the atoms in a crystal vibrate
about their equilibrium positions with a distribution of energies, a distribution that closely
resembles the Boltzmann distribution. At some instant, there may be one atom with suffi-
cient energy to break its bonds and jump to an adjoining site on the surface, as depicted in
Fipure 1.44. This leaves a vacancy behind, just below the surface. This vacancy can then
diffuse into the bulk of the crystal, becanse a neighboring atom can diffuse into it.

This latter process of vacancy creation has been shown to be a sequence of events
in Figure 1.44. Suppose that E, is the average energy required to create such a
vacancy. Then only a fraction, exp{— E,/&T), of all the atoms in the crystal can have

00000 C#5bo ogé%o 003Ho
50000 0060060 OFd3E 36000
00000 00000 00000 0F000
00000 00000 00000 00080

QOO0 OO0 OO0 OooDO
{a) Perfect cryshal [b) &n energetic [e} Am atom in the Id] Atomic diffusions
without vacancies otom at the surface bulk diffuses ro fill couse the vocancy to

breaks bonds and the vacancy thereby diffuse into the bulk.
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Figure 1.45 Point defects in the crysial struchure,
The regions around the point defect become distorted; the lattice becomes stained.

sufficient energy to create vacancies. If the number of atoms per unit volume in the
crystal is ', then the vacancy concentration n, is given by!?

E,
ny, =N &xp(—k:r) [1.35]

At all temperatures above absolute zero, there will always be an equilibriom con-
centration of vacancies, as dictated by Equation 1.35. Although we considered only
one possible vacancy creation process in Figure 1.44 there are other processes that also
create vacancies. Furthermore, we have shown the vacancy to be the same size in the
lattice as the missing atom, which is not entirely true. The neighboring atoms around a
vacancy close in to take up some of the slack, as shown in Figure 1.45a. This means
that the crystal lattice around the vacancy is distorted from the perfect arrangement
over & few atomic dimensions. The vacancy volume i therefore smaller than the vol-
ume of the missing atom.

Vacancies are only one type of point defect in a crystal structure, Point defects
generally involve lattice changes or distortions of a few atomic distances, as depicted in
Figure 1,45, The erystal structure may contain impurities, either naturally or as a con-
sequence of intentional addition, as in the case of silicon crystals grown for microelec-
tronics. If the impurity atom substitutes directly for the host atom, the result is called a
substitutional impurity and the resulting erystal structure is that of a substitutional
solid solution, as shown in Figure 1.45b and ¢. When a 5i crystal is “doped”™ with small
amounts of arsenic (As) atoms, the As atoms substitute directly for the Si atoms in the
i crystal; that is, the arsenic atoms are substitutional impurities, The impurity atom
can also place itself in an interstitial site, that is, in a void between the host atoms, as

W The praper derivation of the vacancy concentration irvalves considering thermodynemics and equilibrium
coneepds. n the ochuol thermadynamic sopression, the preexporeniol ferm in Egqueation 1.35 is ned unity but o faclor
that depands on the change in the entropy of the crystal upon vaconey creation. For nearly alt graciical purposas
Equation 1.35 s sufficiend.

Equilibrinm
concentration
of vacancies
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Figure 1.48 Poini defects in ionic crystals,

carbon does in the BCC iron crystal. In that case, the impurity is called an interstitial
impurity, as shown in Figure 1.45d.

In general, the impurity atom will have both a different valency and a different
size. It will therefore distort the lattice around it. For example, if a substitutional im-
purity atom is larger than the host atom, the neighboring host atoms will be pushed
away, as i Figure 1.45b. The crystal region around an impurity is therefore dis-
torted from the perfect periodicity and the lattice is said to be strained around a
point defect. A smaller substitutional impurity atom will pull in the neighboring
atoms, as in Figure 1.45¢. Typically, interstitial impurities tend to be small atoms
compared to the host atoms, a typical example being the small carbon atom in the
BCC iron crystal.

In an ionic crystal, such as NaCl, which consists of anions (C17) and cations
(Na™), one commaon type of defect is called a Schottky defect. This involves a miss-
ing cation—anion pair (which may have migrated to the surface), so the neutrality is
maintained, as indicated in Figure 1.46a. These Schottky defects are responsible for
the major optical and electrical properties of alkali halide crystals. Another type of de-
fect in the 1ome erystal is the Frenkel defect, which occurs when a host ion is dis-
placed inlo an interstitial position, leaving a vacaney at 118 original site. The interstitial
ion and the vacancy pair constitute the Frenkel defect, as identified in Figure 1.46a.
For the AgCl crystal, which has predominantly Frenkel defects, an Ag™ is in an inter-
stitial position. The concentration of such Frenkel defects is given by Equation 1.35,
with an appropriate defect creation energy Egup. instead of E,.

Iomic erystals can also have substitutional and interstitial impurities that become
ionized in the lattice. Overall, the ionic crystal must be neutral, Suppose that an Mgt
ion substitutes for an Na™ ion in the NaCl crystal, as depicted in Figure 1.46b. Since
the overall crystal must be neutral, either one Nat ion is missing somewhere in the
crystal, or an additional C1~ ion exists in the crystal, Similarly, when a doubly charged
negative ion, such as 0%, substitutes for C1—, there must either be an additional cation
(usually in an interstitial site} or a missing C1™ somewhere in order to maintain charge
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newtrality in the crystal. The most likely type of defect depends on the composition of
the ionic solid and the relative sizes and charges of the ions.

VACANCY CONCENTRATION IMN A METAL The energy of formation of a vacancy in the alu-
minum crystal is about (.70 eV. Calculate the fractional concentration of vacancies in Al at
room temperature, 300 K, and very close to its melting temperature 660 “C. What 1s the vacancy
concentration at 660 “C given that the atomic concentration in Al is about 6.0 » 10% cm =7

SOLUTION

Using Equation 1.33, the fractional concentration of vacancies are as follows:

ALI00°C,
"y E,’ (0.70 V(1.6 = 107" Je¥ ™
N =“p(_ﬁ_, - [_ (1,38 x 10-P JK"]{:HJ[TE'}
= 1.7 x 10-12
ALBED °C or 933 K,
m ' E..} (0.70 eVI(1.6 x 10777 JTev-'y !
N ﬂp(“ kr) [" (138 x 10~ ] K~ '}933 K) 1
= 1.7 »x 10-°

That is, almost 1 in 6000 atomic sites is 2 vacancy. The atomic concentration & in Al is about
6.0 = 10% cm~*, which means that the vacancy concentration ., at 660 °C is

n=E0x 102 em NI Tx 107 =10x% 10" em™

The mean vacancy separation (on the order of n}'/*) at 660 “C is therefore roughly 5 nm. The
mean Alomic separation in Al is ~0.3 am (~ N3, so the mean separation belween vacancies
is only about 20) atomic separations! (A more accurate version of Equation 1.35, with an en-
tropy term, shows that the vacancy concentration is even higher than the estimate in this exam-
ple.) The increase in the linear thermal expansion coefficient of a metal with temperature near
s melting temperafure, as shown for Mo in Figure 1,20, has been atributed to the generation
of vacancies in the crystal.

YACANCY CONCENTRATION IN A SEMICONDUCTOR  The energy of vacancy formation in the m
Ge crystal is about 2,2 eV, Calenlate the fractional concentration of vacancies in Ge at 938 °C, just
below its melting temperamre. What is the vacancy concentration given that the atomic mass M,
and density o of Ge are 72.64 ¢ mol™' and 5.32 g em™*, respectively? Neglect the change in the
density with iemperature which is small compared with other approximations in Equation 1.35.

SOLUTION

Using Equation 1.34, the fractional concentration of vacancies at 338 *Cor 1211 K is

ny ( ) [ (2.2eV)(1.6 x 10°" JeV ™Yy
—=exp|—— | =exp |-
N NTEE P8 = 1072 7K (1211 K)

which is orders of magnitude less than that for Al at its melting temperature in Example 1.15;
vacaneies in covalent ervstals cost much more energy than those in metals.

} =70 107"
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The number of Ge atoms per unit volume is
N 5.32 “*A.022 < 108 1!
Wis i{f‘ o/ BPe B Ti{fﬂ E:;_I BIA ) i % 107 G
iy L

s that at 938 °C,

=44 x 0¥ e W70 % 1070 =31 % 10" em™3

Only 1 in 10° atoms is a vacancy.

1.9.2 Line DeFECTS: EDGE AND SCREW DISLOCATIONS

A line defect is formed in a crystal when an atomic plane terminates within the crystal
instead of passing all the way to the end of the crystal, as depicted in Figure 1.47a. The
edge of this short plane of atoms is therefore like a line running inside the crystal. The
planes neighboring (i.e., above) this short plane are dislocated (displaced) with respect
to those below the line. We therefore call this type of defect an edge dislocation and
use an inverted T symbol. The vertical line corresponds to the half-plane of atoms in
the crystal, as illustrated in Figure 1.47a. It is clear that the atoms around the disloca-
tion line have been effectively displaced from their perfect-crystal equilibrium posi-
tions, which results in atoms being out of registry above and below the dislocation. The
atoms above the dislocation line are pushed together, whereas those below it are pulled
apart, so there are regions of compression and tension above and below the dislocation
ling, respectively, as depicted by the shaded region around the dislocation line in Fig-
ure 1.47b. Therefore, around a dislocation line, we have a strain field due o the
stretching or compressing of bonds.

The energy required to create a dislocation is typically in the order of 100 eV per
nin of dislocation line. On the other hand, it takes only a few eV to form a point defect,

iR

Compression

Tension

v

— Edge dislocation line

{o) Dislocation is a line defect. The dislocation [b] Around the dislocation there is a strain field os
shown runs into the paper. the atomic bonds have been compressed above
ond strelched balow the dislocotion line.

Figure 1.47 Dislocofion in o crystal, This is a line defect, which is occompaonied by lanice distorfion and hence a
battice seain around it
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which 18 a few nanotneters in dimension. In other words, forming 2 number of point
defects is energetically more favorable than forming a dislocation, Dislocations are not
aguilibrium defects. They normally arise when the crystal is deformed by stress, or
when the crystal is actually being grown.

Another type of dislocation is the serew dislocation, which is essentially a shearing
of one portion of the erystal with respect to another, by one atomic distance, as illustrated
in Figure 1.48a. The displacement occurs on either side of the screw dislocation line.
The circular arrow around the line symbolizes the screw dislocation. As we move away
from the dislocation line, the atoms in the upper portion become more oul of registry
with those below; at the edge of the crystal, this displacement 15 one atomic distance, as
illustrated in Figure 1.48b,

Both edge and screw dislocations are generally created by stresses resulting from
thermal and mechanical processing. A line defect is not necessarily either a pure edge
or a pure screw dislocation; it can be a mixture, as depicted in Figure 1.49, Screw dis-
locations frequently occur during crystal growth, which involves atomic stacking on
the surface of a crystal. Such dislocations aid crystallization by providing an additional
“sdge” to which the incoming atoms can attach, as illustrated in Figure 1.50. To
explain, if an atom arrives at the surface of a perfect crystal, it can only attach to one
atom in the plane below. However, if there is a screw dislocation, the incoming atom
can attach to an edge and thereby form more bonds; hence, it can lower its potential
energy more than anywhere else on the surface. With incoming atoms attaching to the
edges, the growth occurs spirally around the screw dislocation, and the final crystal
surface reflects this spiral growth geometry.

The phenomenon of plastic or permanent deformation of a4 metal depends
totally on the presence and motions of dislocations, as discussed in elementary books
on the mechanical properties of materials. In the case of electrical properties of metals,
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we will see in Chapter 2 that dislocations increase the resistivity of materials, cause
significant leakage current in a pr junction, and give nse to unwanted noise in varions
semiconductor devices. Fortunately, the oceurrence of dislocations in semiconductor
crystals can be controlled and nearly eliminated. In a metal interconnection line on a
chip, there may be an average of 10°-10F dislocation lines per mm? of crystal, whereas
a silicon crystal wafer that is carefully grown may typically have only 1 dislocation
line per mm? of crystal.

1.9.3 Pranar DErFECTS: GRAIN BOUNDARIES

Many materials are polycrystalline; that is, they are composed of many small crys-
tals oriented in different directions. In fact, the growth of a flawless single crystal
from what is called the melt (liquid) requires special skills, in addition to scientific
knowledge. When a liquid is cooled to below its freezing temperature, solidifica-
tion does not occur at every point; rather, it occurs at certain sites called nucled,
which are small crystal-like structures containing perhaps 50 to 100 atoms. Figure
1.51a to ¢ depicts a typical solidification process from the melt. The liquid atoms
adjacent to a nucleus diffuse into the nucleus, thereby causing it to grow in size to
become a small crystal, or a crystallite, called a grain. Since the nuclei are ran-
domly oriented when they are formed, the grains have random crystallographic
orientations during crystallite prowth. As the liquid between the grains is con-
sumed, some grains meet and obstruct each other. At the end of solidification, there-
fore, the whole structure has grains with irreguolar shapes and orientations, as shown
in Figure 1.51c.

It is apparent from Figure 1.51c that in contrast to a single crystal, a polycrys-
talline material has grain boundaries where differently oriented crystals meet. As indi-
cated in Figure 1.52, the atoms at the grain boundaries obviously cannot follow their
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Solidification of a polycrystalling solid from the melt. Far simplicity, cubes represent atoms.

Foreign impurnty
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Figure 1.52 The grain boundaries have broken bonds, voids, vacancies,
sirained bonds, and interstifialype atoms,

The strechire of the grain boundary is disordered, and the atoms in the grain
boundories have higher ensrgies than those within the grains.

natural bonding habits, because the crystal orientation suddenly changes across the
boundary. Therefore, there are both voids at the grain boundary and stretched and bro-
ken bonds. In addition, in this region, there are misplaced atoms that do not follow the
crystalline pattern on either side of the boundary. Consequently, the grain boundary
represents a high-energy region per atom with respect to the energy per atom within
the bulk of the grains themselves. The atoms can diffuse more easily along a grain
boundary because (a) less bonds need to be broken due to the presence of voids and
{b) the bonds are strained and easily broken anyway. In many polycrystalline materi-
als, impurities therefore tend to congregate in the grain boundary region. We generally
refer to the atomic arrangement in the grain boundaty region as being disordered due
to the presence of the voids and misplaced atoms.
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Since the energy of an atom at the grain boundary is preater than that of an
atom within the grain, these grain boundaries are nonequilibrium defects; conse-
quently, they try to reduce in size to give the whole structure a lower potential en-
ergy. At or around room temperature, the atomic diffusion process is slow; thus, the
reduction in the grain boundary is insignificant, At elevated temperatures, however,
atomic diffusion allows big grains to grow, at the expense of small grains, which
leads to grain coarsening {grain growth) and hence to a reduction in the grain
boundary area.

Mechanical engineers have learned to control the grain size, and hence the me-
chanical properties of metals to suit their needs, through various thermal treatment cy-
cles. For electrical engineers. the grain boundaries become important when designing
electronic devices based on polysilicon or any polyerystalline semiconductor. For
example, in highly polycrystalline materials, particularly thin-film semiconductors
{e.g., polysilicon), the resistivity is invariably determined by polycrystallinity, or grain
size, of the material, as discussed in Chapter 2.

194 CRYSTAL SURFACES AND SURFACE PROPERTIES

In describing crystal structures, we assume that the periodicity extends to infinity
which means that the regular array of atoms is not interrupted anywhere by the pres-
ence of real surfaces of the material. In practice, we know that all substances have real
surfaces. When the crystal lattice is abruptly terminated by a surface, the atoms at the
surface cannot fulfill their bonding requirements as illustrated in Figure 1.33. For sim-
plicity, the figure shows a 5i crystal schematically sketched in two dimensions where
each atom in the bulk of the crystal has four covalent bonds, each covalent bond

. Reconstucted  Absorbesd
Dangling boml surface oXygen " H, ﬁ

Surface — . *
Surface atoms i @-ﬁi
Bulk crystal

Q ' Qﬁ . 5*.*0 &

Figure 1,53 At the surfoce of o hypothetical two-dimensional crystal, the atoms cannct fulfill
their bonding requirerants and therefore have broken, or dangling, bonds.

Some of the surface atoms bond with each other; the surface becomes reconstructed. The surface
can have physisorbed ond chemisorbed atoms.
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having two electrons.'* The atoms at the surface are left with dangling bonds, bonds
that are half full, only having one eleciron. These dangling bonds are looking for atoms
to which they can bond. Two neighboring surface atoms can share each other’s dan-
gling bond electrons, that is, form a surface bond with each other, This bonding be-
tween surface atoms causes a slight displacement of the surface atoms and leads (o a
surface that has been reconstructed.

Atoms from the environment can also bond with the atoms on the crystal surface.
For example, a hydropen atom can be captured by a dangling bond at the surface o
form a chemical bond as a result of which hydrogen becomes absorbed. Primary
bonding of foreign atoms to a crystal surface is called chemisorption. The H atom in
Figure 1.533 forms a covalent bond with a 51 atom and hence becomes chemisorbed.
However, the H.0 molecule cannot form a covalent bond, but, becanse of hydrogen
bonding, it can form a secondary bond with a surface 51 atom and become adsorbed,
Secondary bonding of foreign atoms or molecules to a crystal surface is called
physisorption ( physical adsorption). Water molecules in the air can readily become
adsorbed at the surface of a crystal. Although the figure also shows a physisorbed H;
molecule as an example, this normally occurs at very low lemperatures where crystal
vibrations are oo weak to gquickly dislodge the H: molecule, It should be remarked
that in many cases, atoms or molecules from the environment become adsorbed at the
surface for only a certain period of time; they have a certain sticking or dwell time. For
example, al room temperature, inert gases stick to a metal surface only for a duration
of the order of microseconds, which is extremely long compared with the vibrational
period of the crystal atoms (~107"? seconds). A dangling bond can capture a free
electron from the environment if one is available in its vicinity. The same idea applies
to a dangling bond at a grain boundary as in Figure 1.52.

At sufficiently high temperatures, some of the absorbed foreign surface atoms can
diffuse into the crystal volume to become bulk impurities. Many substances have a nat-
ural oxide layer on the surface that starts with the chemical bonding of oxvgen atoms to
the surface atoms and the subsequent growth of the oxide layer. For example, aluminum
surfaces always have a thin aluminum oxide layer. In addition, the surface of the oxide
often has adsorbed organic species of atoms usually from machining and handling. The
surface condition of a 5i crystal wafer in microelectronics is normally controlled by first
etching the surface and then oxidizing it at a high temperature to form a 5i0; passivat-
ing layer on the crystal surface. This oxide laver is an excellent barrier against the dif-
fusion of impurity atoms into the crystal. (It is also an excellent electrical insulator. )

Figure 1.53 shows only some of the possibilities at the surface of a crystal, Gener-
ally the surface structure depends greatly on the mode of surface formation, which
invariably involves thermal and mechanical processing, and previous environmental
history. One visualization of a crystal surface is based on the terrace-ledge-kink
model, the socalled Kossel model, as illustrated in Figure 1.54, The surface has
ledges, kinks, and various imperfections such as holes and dislocations, as well as
impurities which can diffuse to and from the surface. The dimensions of the various im-
perfections {e. 2., the step size) depend on the process that generated the surface.

| 14 Mt all pnssibiliiiﬂs showmn in Figum 1.53 ccewr in prul:,ring-_; thesir occurrences dupnﬂr] S 1|'¢ ,:-rEPmuEun methad
of the crystal.



1.9 CRYSTALLINE DEFECTS AND THEIR SIGNIFICANCE

i'.‘i*
1!.

Atom on
surface .

.

-
-
k]

..ri »
[ P

‘. i dislocation
Amomic QITangamanis on a recansirched [] T | Fhum 1.59 T}rpicu”}.r, ad Er}'ﬁml Eulhm I"H]S I'I"Iﬂl'l}" '}"Pﬂs ﬂf
surfocm of & 5i cryshol os seen by o swrfoce imparfec!ians, such as steps, |ECIE-E$| kinks, crevices, holes, and
funneling microscopa. dislocotions,
SOURCE: 'ECII..II‘|I=5:||' af Eur|u|g|| In!.1rumunls,
Inec.

1.9.5 STOICHIOMETRY, NONSTOICHIOMETRY, AND DEFECT STRUCTURES

Stoichiometric compounds are those that have an integer ratio of atoms, for exam-
ple, as in CaF, where two F atoms bond with one Ca atom. Similarly, in the compound
Zn0, if there is one O atom for every Zn atom, the compound is stoichiometric, as
schematically illustrated in Figure 1.55a. Since there are equal numbers of 0~ anions
and Zn®* cations, the crystal overall is neutral. It is also possible to have a nonstoi-
chiometric Zn() in which there is excess rinc, This may result if, for example, there i3
insufficient oxygen during the preparation of the compound. The Zn®* ion has a radius
of 0,074 nm, which is about 1.9 times smaller than the O0°~ anion (radius of 0.14 nm),
s0 it is much easier for a Zn** ion (o enter an interstitial site than the O°~ ion or the Zn
atom itself, which has a radivs of (0,133 nm. Excess Zn atoms therefore occupy
interstitial sites as Zn** cations. Even though the excess zinc atoms are still jonized
within the crystal, their lost electrons cannot be taken by oxygen atoms, which are all
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[a) Steichiometric ZnO crystal with {b} Nanstoichiometric Zn crystal with
equal number of anions and excess In in interstitial sites as Zn?*
cations and no free eledrons citions

Figure 1.55 Stoichiometry and nonstoichiomedry and the resulting defect structure.
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(" anions, as indicated in Figure 1.55b. Thus, the nonstoichiometric ZnO with excess
Zn has Zn** cations in interstitial sites and mobile electrons within the crystal, which
can contribute to the conduction of electricity, Overall, the crystal is neutral, as the
number of Zn** ions is equal to the number of 07 ions plus two electrons from each
excess Zn. The structure shown in Figure 1.55b is a defect strueture, since it deviates
from the stoichiometry,

1.10 SINGLE-CRYSTAL CZOCHRALSKI GROWTH

The fabrication of discrete and integrated circuit (IC) solid-state devices requires semi-
conductor crystals with impurity concentrations as low as possible and crystals that
contain very few imperfections. A number of laboratory techniques are available for
growing high-purity semiconductor erystals. Generally, they invelve either solidifica-
tion from the melt or condensation of atoms from the vapor phase. The initial process
in IC fabrication requires large single-crystal wafers that are typically 15 cm in diam-
eter and (0.6 mm thick. These wafers are cut from a long, cylindrical single 5i crystal
(typically, 1-2 m in length).

Large, single Si crystals for 1C fabrication are often grown by the Czochralski
method, which involves growing a single-crystal ingot from the melt, using solidifi-
cation on & seed crystal, as schematically illustrated in Figure 1.56a. Molten 5i is held
in a gquartz (crystalline 5i0;) crucible in a graphite susceptor, which is either heated by

Argon gas
Full shait

(1M
st Flane
i S
PRSI * Cut wafer
Graphite | Single-crystal Si ingot (about 2 m)
SUKCEFHOT Aallem g
" g r 778
Grophite —
resistanse J-llﬂ{]l ]
healer = \ Direction
l’ i Ground edge or flat
To pump s outlel
|k} The crystallographic orientation of the silicon
(e} Schematic illustration of the growth of ingot is marked by grounding a flat, The ingst can
a single-cryshal 5i ingel by the Crochralski be as long as 2 m. Wafers ore cul using a roetoting annulo
technique. diamond saw. Typical wofer thickness is 0.6-0.7 mm.

Figure 1.56
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Silicon ingot being pulled from tha malt in a

Czochrals i crystal drcvenar,

I SOURCE: Cowrtesy of MEMC Elacirenic
M.ul'lzriuls, Inc,

a graphite resistance heater or by a radio frequency induction coil (a process called RF
heating).'* A small dislocation-free crystal, called a seed, is lowered to touch the melt
and then slowly pulled out of the melt; a crystal grows by solidifving on the seed crys-
tal. The seed is rotated during the pulling stage, to obtain a cylindrical ingot. To sup-
press evaporation from the melt and prevent oxidation, argon gas is passed through the
SyStem.

Initially, as the crystal is withdrawn, its cross-sectional area increases; it then
reaches a constant value determined by the temperature gradients, heat losses, and the
rate of pull. As the melt solidifies on the crystal, heat of fusion is released and must be
conducted away; otherwise, it will raise the temperature of the crystal and remelt it
The area of the melt—crystal interface determines the rate at which this heat can be con-
ducted away through the crystal, wheteas the rate of pull determines the rate at which
latent heat is released. Although the analysis is not a simple one, it is clear that o ob-
tain an ingot with a large cross-sectional area, the pull speed must be slow. Typical
growth rates are a few millimeters per minute,

The sizes and diameters of crystals grown by the Ceochralski method are obviously
limited by the equipment, though crystals 2030 cm in diameter and 1-2 m in length are
routinely grown for the IC fabrication industry. Also, the crystal orientation of the seed
and its flatness with melt surface are important engineering requirements, For example,
for very large scale integration (VLSI), the seed iz placed with its (1(d}) plane flat to the
melt, so that the axis of the cylindrical ingot is along the [100] direction,

Following growth, the 5i ingot is usually ground to a specified diameter. Using
X-ray diffraction, the crystal orientation is identified and either a flat or an edge is
ground along the ingot, as shown in Figure 1.56b. Subsequently, the ingot is cut into
thin wafers by a rotating annular diamond saw, To remove any damage to the wafer
surfaces caused by sawing and obtain flat, paralle] surfaces, the wafers are lapped
{ground flat with alumina powder and glycerine), chemically etched, and then pol-
ished. The wafers are then used in IC fabrication, usually as a substrate for the growth
of a thin layer of crystal from the vapor phase.

The Czochralski techmique is also used for growing Ge, GaAs, and InP single crys-
tals, though each case has its own particular requirements. The main drawback of the
Czochralski technigue is that the final Si crystal inevitably contains oxygen impurities
dissolved from the quartz crucible,

| 5 The indused edd}- currends in the graphite give rise ko g hugring of the graphite susceptor,
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1.11  GLASSES AND AMORPHOUS SEMICONDUCTORS

1.11.1 GLASSES AND AMORPHOUS SOLIDS

A characteristic property of the crysial structure is its periodicity and degree of sym-
metry. For each atom, the number of neighbors and their exact orientations are well
defined, otherwise, the periodicity would be lost. There is therefore a long-range
order resulting from strict adherence to a well-defined bond lengih and relative bond
angle {or exact orientation of neighbors). Figure 1.57a schematically illustrates the
presence of a clear, long-range order in a hypothetical two-dimensional crystal, Tak-
ing an arbitrary origin, we can predict the position of each atom anywhere in the crys.
tal. We can perhaps use this to represent crystalling Si0s (silicon dioxide), for exam.
ple, in two dimensions. In reality, a 81 atom bonds with four oxygen atoms to form a
tetrahedron, and the tetrahedra are linked at the comers to create a three-dimensional
crystal structure.

Not all solids exhibit crystallinity. Many substances exist in a noncrystalline or
amorphous form, due to their method of formation. For example, 510 can have an
amorphous structure, as illustrated schematically in two dimensions in Figure 1.57h. In
the amorphous phase, Si0; is called vitreous silica, a form of glass, which has wide
engineering applications, including optical fibers. The structure shown in the figure for
vitreous silica is essentially that of a frozen liquid, or a supercooled liquid. Vitreous
silica is indeed readily obtained by cooling the melt,

Many amorphous solids are formed by rapidly cooling or quenching the hguid to
temperatures where the atomic motions are so slugpish that crystallization 15 virtually
halted. (The cooling rate is measured relative to the crystallization rate, which depends
on atomic diffusion.) We refer to these solids as glasses. In the liquid state, the atoms |

o Silicon (or arsenic) atoem O Oxygen (or selenium) atom

{ah A crystalline solid reminiscent of [k An amorphous solid reminiscent of
erystalline 50, (density = 2.6 g cm*3) vitreous silic (Si0y] cooled fram the melt
{density = 2,27 g cm™)

Figure 1,57 Crystalline and amerghaus siructures illustroted schematicatly in we
dimensions.
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have sufficient kinetic energy to break and make bonds frequently and to bend and twist
their bonds. There are bond angle variations, as well as rotations of various atoms around
bonds (bond twisting). Thus, the bonding geometry around each atom is not necessar-
ily identical to that of other atoms, which leads to the loss of long-range order and the
formation of an amorphous structure, as illustrated in Figure 1.57b for the same mater-
ial in Figure 1.57a. We may view Figure 1.57b as a snapshot of the structure of a liguid.
As we move away from a reference atom, after the first and perhaps the second neigh-
bors, random bending and twisting of the bonds is sufficient to destroy long-range order.
The amorphous structure therefore lacks the long-range order of the crystalline state.

To reach the glassy state, the temperature is rapidly dropped well below the melt-
ing temperature where the atomic diffusion processes needed for arranging the atoms
into a crystalline structure are infinitely slow on the time scale of the observation. The
liquid struocture thus becomes frozen. Figure 1.57b shows that for an amorphous strue-
ture, the coordination of each atom is well defined, becanse each atom must satisfy
its chemical bonding requirement, but the whole structure lacks long-range order.
Therefore, there is only a short-range order in an amorphous solid. The structute is a
continaous random neiwork of atoms (often called a CEN model of an amorphous
solid). As a consequence of the lack of long-range order, amorphous materials do not
possess such crystalline imperfections as grain boundaries and dislocations, which is a
distinct advantage in certain engineering applications.

Whether a liquid forms a glass or a crystal structure on cooling depends on a com-
bination of factors, such as the nature of the chemical bond between the atoms or mol-
ecules, the viscosity of the liguid (which determines how easily the atoms move), the
rate of conling, and the temperature relative to the melting temperature. For example,
the oxides 8i0s, B204, GeD;, and P10 have directional bonds that are a mixture of co-
valent and ionic bonds and the liquid is highly viscous. These oxides readily form
glasses on cooling from the melt. On the other hand, it is virtually impossible to
quench a pure metal, such as copper, from the melt, bypass crystallization, and form a
glass. The metallic bonding is due to an electron gas permeating the space between the
copper ions, and that bonding is nondirectional, which means that on cooling, copper
ions are readily (and hence, quickly) shifted with respect to each other to form the
crystal. There are, however, a number of metal-metal (CugsZrss) and metal-metalloid
allovs (FespBan, PdanSizg} that form glasses if quenched at ultrahigh cocling rates of
10°-10% *C 5. In practice, such cooling rates are achieved by squirting a thin jet of
the molten metal against a fast-rotating, cooled copper cylinder. On impact, the melt is
frozen within a few milliseconds, producing a long ribbon of metallic glass. The
process is known as melt spinning and is depicted in Figure 1.58.

Many solids used in various applications have an amorphous structure. The ordi-
nary window glass {5104y g{NayO)p 2 and the majoricy of glassware are common exam-
ples. Vitreous silica (5i0s) mixed with germania (GeOs) is used extensively in optical
fibers. The insulating oxide layer grown on the 5i wafer during IC fabrication is the
amorphous form of 50, Some intermetallic alloys, such as FegzBga, can be rapidly
quenched from the liquid (as shown in Figure 1.58) to obtain a glassy metal used in low-
loss transformer cores. Arsenic triselenide, As;Ses, has a crystal structure that resembles
the two-dimensional sketch in Figure 1.57a, where an As atom (valency IIT) bonds with
three Se atoms, and a Se atom (valency V1) bonds with two As atoms. In the amorphous
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Figure 1.58 It is possible to rapidly talt spinning involwes squirfing o jet of molten matal onto a
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giassy metal ribbon which is a few microns in mickness. The
process produces roughly 1 te 2 kilometers of ribbon per minute,
| SOURCE: Photo courtesy of the Estate of Fritz Gara,

b}rpa.s.s.l'ng cr'_.-*sfaﬂs'mﬁnn, ond ﬁ:urming a
glassy mefal commenly called a metallic
glass.

The process is colled melt spinning.

phase, this crystal structure looks like the sketch in Figure 1.57b, in which the bonding
requirements are only locally satisfied. The crystal can be prepared by condensation
from the vapor phase, or by cooling the melt. The vapor-grown films of amorphous
As:8es are used in some photoconductor drums in the photocopying industry.

1.11.2 CRYSTALLINE AND AMORPHOUS SILICON

A silicon atom in the silicon erystal forms foor tetrahedrally oriented, covalent bonds
with four neighbors, and the repetition of thiz exact bonding geometry with a well-
defined bond length and angle leads to the diamond structure shown in Figure 1.6, A
simplified two-dimensional sketch of the Si crystal is shown in Figure 1.59. The crys-
tal has a clear long-range order. Single crystals of Si are commercially grown by the
Czochralski crystal pulling technique,

=~ Itis also possible to grow amorphous silicon, denoted by a-5i, by the condensa-
tion of Si vapor onto a solid surface, called a substrate. For example, an electron
beam is used to vaporize a silicon target in 2 vacuum; the Si vapor then condenses on
a metallic substrate to form a thin layer of solid noncrystalline silicon. The technigques
which is schematically depicted in Figure 1.60, is referred to as electron beam
deposition. The structure of amorphous 8i (a-8i) lacks the long-range order of
crystalline Si (c-8i), even though each 5i atorn in a-8i, on average, prefers (o bond
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with four neighbors, The difference is thal the relative angles between the 5i-5i
honds in a-Si deviate considerably from those in the crystal, which obey a strict
geometry. Therefore, as we move away from a reference atom in a-Si, eventually the
periodicity for generating the crystalline structure is totally lost, as illustrated
schematically in Figure 1.59. Furthermore, because the 5i—-Si bonds do not follow the
equilibrium geometry, the bonds are strained and some are even missing, simply be-
cause the formation of a bond causes substantial bond bending. Consequently, the
-u-5i structure has many voids and incomplete bonds, or dangling bonds, as schemat-

ically depicted in Figure 1.5%,

Ome way to reduce the density of dangling bonds is simply to terminate a dangling
bond using hydrogen. Since hydrogen only has one electron, it can attach itself to a
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gling bond. The structure resulting from hy-
ydrogenated amorphous Si {a-Si:H).
such as a-Si:H solar cells, are based on 4.5 being de-

posited with H to obtain a-Si:H, in which the hydrogen concentration is typically 10 at.%

(atomic %). The process i

nvoly

es the decomposition of silane gas, SiHy, in an electrical

plasma in a vacuum chamber. Called plasma-enhanced chemical yapor deposition
illustrated schematically in Figure 1.61. The silane £as mole-

(PECVD), the process is

cules are dissociated in the plasma, and the Si and

H atoms then condense onto a sub-

strate to form a film of a-3i:H. If the substrate termperature is too hot, the atoms on the
substrate surface will have sufficient kinetic energy, and hence the atomic mobility, to
a polycrystalline structure, Typically, the substrate temperatine

onent themselves o form

i§ ~250 °C. The advantage of a-Si-H is that it can
plications as photovoltaic cells, flat panel thin-fil
photoconductor drums used in some
properties of crystalline and

Table 1.5 Crystalline and amarpheus silicon

be grown on large areas, for such ap=
m transistor (TFT) displays, and the
photocopying machines. Table 1.5 summarizes the
amorphous silicon, in terms of structure and applications,

Crystalline §1 (c-Si)

Amorphons Si (a-55)

Hydrogensted a-8i (a-Si:H)

Structure Diamend cuhbic.

Typical preparation Crochralski technique.

Density {g o= 2.33
Electronic Discrere and integruted
applications electronic devices.

Shert-range arder only. On average,
cach 8i covalently bonds with four
Siwoms,

Haz microvaids and dangling bodds.

Electron beam evaporation of S,

About 3-10¥% less dense.
MNone

Short-range order only.
Structure typically contains
10% H, Hydrogen atoms
passivute dangling bonds and
relieve strain ffom bonds.
Chemical vagor depaosition
of silane gas by RF plasme.
About 139 1css dense,
Large-aren electronic devices sucl
a8 solar cells, flat pael displays,
and some photoconductar drames
used in photncopying,
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1.12  SOLID SOLUTIONS AND TWO-PHASE SOLIDS

1121 ISOMORPHOUS SOLID SOLUTIONS: ISOMORPHOUS ALLOYS

A phase of a material has the same composition, structure, and properties everywhere,
g0 it is 8 homogeneous portion of the chemical system under consideration. In a given
chemical system, one phase may be in contact with another phase. For example, at (0°C,
iced water will have solid and liguid phases in contact. Each phase, ice and water, has a
distinct structure.

A bartender knows that aleohol and water are totally miscible, she can dilute
whisky with as moch water as she ikes. When the two liguids are mixed, the molecules
are randomly mixed with each other and the whole liguid is a homogenous mixtore of
the molecules. The liquid therefore has one phase; the properties of the liguid are the
same everywhere. The same is not frue when we try to mix water and oil. The mixture
consists of two distinctly separate phases, il and water, in contact, Each phase has a
different composition, even though both are liguids,

Many sohds are a homogeneous rmxture of two types of separate atoms. For ex-
ample, when nickel atoms are added to copper, Ni atoms substitute directly for the Cu
atoms, and the resulting solid is a solld solution, as depicted in Figure 1.62a. The
structure remains an FCC crystal whatever the amount of Ni we add, from 100% Cu to
1005 Ni. The solid is & homogenous mixture of Cu and N1 atoms, with the same struc-
ture everywhere in the solid solution, which is called an isomorphous solid solution.
The atorns in the majority make up the solvent, whereas the atoms in the minonty are
the solute, which is dissolved in the solvent, For a Cu—Ni alloy with a Ni content of
less than 30 at.%, copper is the solvent and nickel is the solute.

The substitution of solute atoms for solvent atoms at various lattice sites of the
solvent can be either random (disordered) or ordered. The two cases are schematically
illustrated in Figure 1.62a and b, respectively. In many solid solutions, the substitution
is random, but for certain compositions, the substitution becomes ordered. There is a

la} Disordered suhstihdional ib} Ordered subshitutional i) Interstitial salid solubion.
solid solution. Example: solid scluficn. Exomple: Exomple: Small number of C
Cu-Ni alloys |{100} planes| Cu—Zn dllay of compasition aboms in FCC Fe {owstenile].

50% Cu=50% Zn. {{110] planes) {{100] planes)

Figure 1.62 5olid solutions can be discrdered substivfional, erdered substitufional, and interstitial
subsfittional.

Only ane phase within the alloy has the some compasition, shuciure, and properties everywhere.
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distinct ordenng of atoms around each solute atom such that the crystal structure re-
sembles that of a compound, For example, @' brass has the composition 50 at.% Cu-
30 at. % Zn. Each Zn atom is surmmounded by eight Cu atoms and vice versa, as depicted
in two dimensions in Figure 1.62b, The structure is that of a metallic compound be-
tween Cu and Zn.

Another type of solid solution is the interstitial solid solution, in which solute
atoms occupy interstitial sites, or voids between atoms, in the crystal, Figure 1.62c
shows an example in which a small number of carbon atoms have been dissolved in a
¥ -iron crystal (FCC) at high temperatures.

1.12.2 PHASE DIAGRAMS: Cu-Ni AND OTHER ISOMORPHOUS ALLOYS

The Cu—Ni alloy is isomorphous. Unlike pure copper or pure nickel, when a Co—Ni
alloy melts, its melting temperature is not well defined. The alloy melts over a range of
temperatures in which both the liquid and the solid coexist as a heterogeneous mixture,
It is therefore instructive to know the phases that exist in a chemical system at various
temperatures as a function of composition, and this need leads to the use of pha_ée
diagrams.

Suppose we take a crucible of molten copper and allow it to cool. Above its meli-
ing temperature {1083 *C), there is only the liguid phase. The temperature drops with
tire, as shown in Figure 1.63a, until at the melting or fusion temperature at point Ly
when copper crystals begin to nuecleate (solidify} in the crucible. During solidification,
the wemperature remains constant. As long as we have both the liquid and solid phases
coexisting, the temperature remains constant at 1083 °C. During this time, heat is
given off as the Cu atoms in the melt attach themselves to the Cu crystals. This heat
is called the heat of fusion. Once all the liguid has solidified (point 5;), the tempera-
ture begins to drop as the solid cools. There is therefore a sharp melting temperature
for copper, at 1083 °C.

If we were to cool pure nickel from its melt, we would observe a behavior similar
to that of pure copper, with a well-defined melting temperature at 1453 *C.

Now suppose we cool the melt of a Cu—Ni alloy with a composition'® of 80 wt.%
Cu and 20 wt.% Ni. In the melt, the two species of atoms are totally miscible, and
there is only a single liquid phase. As the cooling proceeds, we reach the temperature
1195 =C, identified as point Ly in Figure 1.63a, where the first erystals of Cu-Ni
alloy begin to appear. In this case, however, the temperature does not remain con-
stant until the liquid is solidified, but continues to drop. Thus, there 15 no single melt-
ing temperature, but a range of temperatures-over-ahich both the liguid and the sohid
phases coexist in a heterogeneous mixture. We find that when the temperature
reaches 1130 °C, corresponding to point S;;, all the liquid has solidified. Below
1130 *C, we have a single-phase solid that is an isomorphous solid solution of Cu and
Ni. If we repeat these experiments for other compositions, we find a similar behavior;
that is, freezing occurs over a transition temperature range. The beginning and end

| "l matarials science, wa genarally prafer s give allay compasition in wi.3%, which hancafarth will simgply be %.
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Figure 1.83 Sclidification of on isomarphous alloy such as Cu-Mi.
la) Typical cooling curves.
Ib) The phose dingrom marking the regions of existence for the phases.

of solidification, at points L and S, respectively, depend on the specific composition
of the alloy.

To characterize the freezing or melting behavior of other compositions of Cu-Ni
alloys, we can plot the temperaturgs for the beginning and end of solidification ver-
sus the composition and identify those temperature regions where various phases
exist, as shown in Figure 1.63b. When we join all the points corresponding to the be-
ginning of freezing, that 1s, all the L poinis, we obtain what is called the liguidus
curve. For any given composition, only the liguid phase can exist above the liguidus
curve. If we join all the points where the liquid has totally solidified, that is, all the
5 points, we have a curve called the solidus eurve, At any temperature and compo-
sition below the solidus curve, we can only have the solid phase, The region between

85
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the liquidus and solidus curves marks where a heterogeneous mixture of hquid and
sohid phases exists.

Let’s follow the cooling behavior of the 0% Cu-20% Ni alloy from the melt at
1300 °C down to the solid state at 1000 °C, as shown in Figure 1.64. The vertical
dashed line sl 20% Ni represents the overall composition of the alloy (the whaole *
chemical systern) and the cooling process coresponds to movement down this dashed
line, starting from the liquid phase at Ly,

When the Cu-Ni alloy begins to solidify at 1195 °C, at point L, the first solid that
forms is richer in Ni content. The only solid that can exist at this temperature has
a composition 5, which has a greater Ni content than the liquid, as shown in Fig-
ure 1.64. Intuitively, we can see this by noting that Cu, the component with the Tower
melting temperature, prefers to remain in the liguid, whereas Ni, which has a higher
melting temperature, prefers to remain in the solid. When the temperature drops fur-
ther, say to 1160 °C (indicated by X in the figure), the alloy is a heterogeneous mixture
of liguid and solid. At this temperature, the only solid that can coexist with the liquid
has a composition 4;. The liquid has the composition L;. Since the liquid has lost some
of its Ni atoms, the liquid composition is less than that at L;. The liquidus and solidus
curves therefore give the compositions of the liquid and solid phases coexisting in the
heterogeneous mixtare during melting.

At 1160 °C, the overall composition of the alloy (the whole chemical system) is
still 20% Ni and is represented by point X in the phase diagram. When the temperature
reaches 1130 °C, nearly all the liquid has been solidified. The solid has the composi-
tion Si, which is 20% Ni, as we expect since the whole alloy is almost all solid. The
last drops of the liquid in the alloy have the composition Lz, since at this temperature,
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Toble 1.6 Phase in the 80% Cu-20% Mi isomorphous olloy

Temperuture, " C Phases Composition Amount

1300 Liguid only L4 = 20% Ni 1005

11495 Liguid and solid L= 20% MNi 100t
& = 36%: M1 First solid appears

L1160 Liguid and solid La=13% M 53.5%
S = 24% MNi Hi. T%

1130 Liquid and solid Ly = 7% Ni The last liquid drop
52 = 20%: Ni 100%

1050 Solid only Su = 20%: Ni 1080155

only the liquid with this composition can coexist with the solid at 5,. Table 1.6 sum-
marizes the phases and their compositions, as observed during the cooling process
depicted in Figure |.04. By convention, all solid phases that can exist are labeled
by different Greek letters, Since we can only have one solid phase, this is labeled the
w-phase,

During the solidification process depicted in Figure 1.64, the solid composition
changes from 5, to 5; to 51, We tacitly assume that the cooling is sufficiently slow
allow time for atomic diffusion to change the composition of the whole solid. There-
fore, the phase diagram in Figore 1.63b, which assumes near equilibrium conditions
during cooling, is termed an equilibrium phase diagram. If the cooling is fast, there
will be limited time for atomic diffusion in the solid phase, and the resulting solid
will have a composition variation. The inner core will correspond to the solidification
at 5) and will be Ni rich. Since the solidification occurs quickly, the Ni atoms do not
have time to diffuse out from the inner core to allow the composition in the solid w
change from 5, to §: 10 5i. Thus, the outer region, the final solidificanon, will be Mi
deficient (or Cu rich); its composition is not 55 but less, because 55 is the average com-
position in the whole solid. The solid structure will be cored, as depicted in Figure
1.63. The cooling process is then said to have occurred under nonequilibrium condi-
tions, which leads to a segregation of the elements in the grains. Under nonequilibrium
cooling conditions we cannot gquantitatively use the equilibrium phase diagram in Fig-
ure 1.63b. The dizgram can only serve as a quahitative guide,

The amounts of liquid and solid in the mixture can be determined from the phase di-
agram using the lever rule, which is based on the fact that the total mass of the alloy

Last solidification Figure 1.858 Segragafion in a grain due to rapid
Mi deticient cooling |monequilibrium cooling).
Cu rich

- -If'-'-
‘¢ ¥~ Firat solidification
(5,1 Ni rich

™ Girain houndary



ga

Lever riles

CHAPTER 1 » EiLEMmENTARY MATERIALS SCIENCE CONCEPTS

remains the same throughout the entire cooling process. Let W, and Wy be the weight
{or mass) fraction of the liquid and solid phases in the alloy mixture. The composi-
tions of the liquid and solid are denoted as €, and Cs, respectively. The overall
composition of the alloy 15 denoted Cyy, which is the overall weight fraction of Niin the
alloy.

If we take the alloy to have a weight of unity, then the conservation of mass means
that

WL+W5=I

Further, the weight fraction of Ni in both the liguid and solid must add up to the com-
position Cp of Ni in the whole alloy, or

W + CeWs = 0

We can substitute for Wy in the above equation to find the weight fraction of the
liquid and then that of the solid phase, as follows:
w, . CimCo

_Co-Ci
L Y

A A

and W [1.34]

To apply Equation 1,36, we first draw a line (called a tie line) from L; to 5z cor-
responding to Cp and Cs. as shown in Figure 1.64. The line represents a “horizontal
lever™ and point X at Cp at this temperature is the lever's fulcrum. The lengths of the
lever arms from the fulcrum to the liquidus and solidus corves are (Cp — C;p) and
{Cs — Cg), respectively. The lever must be balanced by the weights W; and Wy at-
tached to the ends. The total length of the lever is (Cy — Cp). At 1160 °C, Cp = (.13
(139 Ni) and Cs = 0.28 (28% Ni), so the weight fraction of the liquid phase is

_ Cs=Cop  0.28-020

s 2 —0.533 53.3%
Cs—C.  0.28-0.13 =

Wy

Similarly, the weight fraction of the solid phase is | — 0.533 or 0.467.

1.1223 ZoONE REFINING AND PURE S1LICON CRYSTALS

Zone refining is used for the production of high-punty crystals. Silicon, for example,
has a high melting temperature, so any impurities present in the crystal decrease the
melting temperature, This 15 similar to the depression of the melting temperature of
pure Mi by the addition of Cu, as shown by the right-hand side of Figure 1.63b, We can
represent the phase diagram of Si with small impurities as shown in Figure 1.66. Con-
sider what happens if we have 4 rod of the sobd and we melt only the left end by ap-
plying heat locally (using RF heating, tor example). At the same time, we move the
melted zone toward the nght by moving the heater, We therefore melt the solid at A
and refreeze it at B, as shown in Figure 1.67a.

The solid has an impurity concentration of Cgp; when it melts at A, the melt ini-
tially also has the same concentration Cy = Cp. However, at temperature Ty, the melt
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begins to solidify. At the start of solidification the solid that freezes has a composition
Cg, which is considerably less than Cg, as is apparent in Figure 1.66. The cooling at B
oceurs rapidly, so the concentration Cp cannot adjust to the equilibrium value at the
end of freezing. Thus, the solid that freezes at B has a lower concentration of impuri-
ties. The impurities have been pushed out of the solid at B and into the melt, whose im-
purity concentration increases from €, to Cp.

Next, refreezing at B', shown in Figure 1.67b, occurs at a lower temperature Ty,
because the melt concentration Cy is now greater than Cp. The solid that freezes at B’
has the concentration Cg, shown in Figure 1.66, which is greater than Cp but less than
Cp. As the melted zone is floated toward the right, the melt that is solidified at 8, 8',
etc., has a higher and higher impurity concentration, until its impurity content reaches
that of the impure solid, at which point the concentration remains at Cp. When the
melted zone approaches the far right where the freezing is halted, the impurities in the
final melt appear in the last frozen region at the far right. The resulting impurity con-
centration profile is schematically depicted in Figure 1.67c. The region of impurity
concentration below Cy, is the zone refined section of the rod. The zone refining proce-
dure can be repeated again, starting from the left toward the right, to reduce the impu-
rity concentration even lower. The impurity concentration profile after many passes
is sketched in Figure 1.67d. Although the profile is nonuniform, doe to the segregation
effect, the impurity concentrations in the zone refined section may be as low as a factor
of 1075

1.124 BmaRrY EUTECTIC PHASE D1AGRAMS AND Phb—Sn SOLDERS

[ ]

When we dissolve salt in water, we obtain a brine solution. If we continue to add more
salt, we eventually reach the solubility limit of salt in the solution, and the excess salt
remains as a solid at the bottom of the container. We then have two coexisting phases:
brine (liquid solution) and salt (solid), as shown in Figure 1.68. The solubility limit of
one component in another in a mixture is represented by a solvus curve shown
schematically in Figure 1.68 for salt in brine. In the solid state, there are many ele-
ments that can only be dissolved in small amounts in another solid.

Lead in the solid phase has an PCC crystal structure, and tin has a BCT (body-
centered tetragonal) structure. Although the two elements are totally miscible in any

Figure 1.68 “We con onby dissolve so much salt in
bring [solution of salt in water),

Eveniually we reoch the solubility imit at X5, which
dep-enrds an the temparabure. IF we add mare salt, than
the excess salt deas not disselve and coexists wilh the { ‘
Erina. Post X5 we have bwo phases, brineg [solution| ond L . e
salt Jsofid]. L

Temperature
S
|
£ g
T OB

-

W% salt
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Figure 1.89 The equilibrium phase diagram of the Pb=5n alloy.

The micrastructuras on the left show the obserations of various paints during the cocling of o $0%
PE—15% Sn From the melt |:||an the dashed line |I|'|a ovaroll al'lny composifion remains constant at
10% Sn).

proportion when melted, this is not 2o in the solid state, We can only dissolve so much
En in golid Ph, and vice versa. We quickly reach the solubility limit, and the resulting
solid 15 a mixture of two distinetly different solid phases. One solid phase, labeled «,
1% Pb rich and has the FCC structure with some 5t atoms dissolved in the crystal. The
amount of Sn dissolved in o is given by the solvus curve of 8n in o at that temperatore,
The other phase, labeled g, is Sn rich and has the BCT structure with some Pb atoms
dissolved in it. The amount of Pb dissolved in 8§ is given by the solvus carve of Ph in
f at that temperature,

The existence of various phases and their compositions as a function of tem-
perature are given by the equilibrium phase diagram for the Pb—Sn alloy, shown in
Figure 1.69, This is called an equilibrium eutectic phase diagram. The liquidus
and solidus curves, as usual, mark the borders for the liquid and solid phases. Be-
tween the liguidus and solidus curves, we have g heterogeneous mixture of melt
and solid. Unlike the Cu=Ni case, the melting temperature of both elements here
is depressed with alloying. The liguidus and solidus curves thus decrease from
both ends, starting at A and B. They meet at a point E, called the eatectic point,
al 61.9% Sn and 183 °C. This point has a special significance: No liquid can
exist below this temperature, so 183 °C is the lowest melting temperature of the
alloy.
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In addition, we mwst insert the solvus curves at both the Pb and 3o ends Lo mark
the extent of solid-state solubility and hence identify the two-phase solid region. The
solvos curve for the solubility limit of Sn in Pb meets the solidus curve at point C,
19.2% Sn. Similarly, the solubility limit of Pb in Sn meets the solvus curve at D. A
characteristic feature of this phase diagram is that CD is a straight line through E at
183 *C. Below 183 “C, between the two solvus curves, we have a solid with two
phases, « and A. This is identified as « + 8 in the diagram.

The usefulness of such a phase diagram is best understood by examining the phase
transformations and microstructures during the cooling of a melt of a given composi-
tion alloy. Consider a 90% Pb-10% Sn alloy being cooled from the melt at 350 °C
{point L) where there is only one phase, the liquid phase. At point M, 315 °C, few nu-
clei of the «-phase appear in the liquid. The composition of the «-phase is given by the
solidus curve at 315 "C and is about 5% Sn. At point &, 290 °C, there is more o-phase
in the mixture. The compositions of the liquid and a-phases ate given respectively by
the liquidus and solidus curves at 220 °C. At point 3, 275 °C, all liguid has been solid-
ified into the «-phase, which then has the composition 10% Sn.

Between M and O, the alloy is a coexistent mixture of the liguid phase (melt) and
the solid «-phase. At point P, 175 °C, we still have only the o-phase. When we reach
the solvus curve at point O, 140 "C, we can no lonper keep all the Sn dissolved in the
w-phase, as we have reached the solubility limit of 50 in «. Some of the Sn atoms must
diffuse out from the «-phase: they do so by forming & second solid phase, which is the
g-phase. The p-phase nucleates within the a-phase (nusually at the grain boundaries,
where atomic diffusion occurs readily). The A-phase will contain as much dissolved
Pb as is allowed by the solubility of Pb in the f-phase, which is given by the solvus
curve on the 5o side and marked as point ', about 98% Sn. Thus, the microstructure
is now a mixture of the o and § phases.

As cooling proceeds, the two phases continue to coexist, but their relative propor-
tions chanpe. At R, 50 °C, the alloy is a mixture of the e-phase given by R'(4% Sn) and
the B-phase given by R"(99% 5Sn). The relative amounts of o and 8 phases are given
by the lever rule. Figure 1.69 illustrates the microstructure of the 90% Pb-10%
Sn alloy as it is cooled.

An interesting phenomenon can be observed when we cool an alloy of the eu-
tectic composition 38.1% Pb—61.9% Sn from the melt. The cooling process and the
observed microstructures are illustrated in Figure 1.70; the microstructures are on
the right. The temperature—time profile is also depicted in Figure 1.70. At point L,
350 °C, the alloy is all liquid; as it cools, its temperature drops until point E at
183 *C. At E, the temperature remains constant and a solid phase nucleates within
the melt. With time, the amount of solid grows until all the liguid is solidified and the
temperature begins to drop again, This behavior is much like that of a pure element,
for which melting occurs at a well-defined temperature. This behavior only occurs
for the eutectic composition (61.9% Sn), because this is the composition at which the
liquidus and solidus curves meet at one temperature. Generally, the liguid with the
eutectic composition will solidify through the entectic transformation at the eutec-
tic temperature, or

Leios sn — Dioom sa + Porsese  (183°0) [1.37]
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temperature ot 183 C.

The sclid has the special eutectic structure. The alloy with the com position §0% Pb—-40% Sn when solidified is o mixture

of primary & and eutectic salid.

The solid that forms from the eutectic solidification has a special microstructure,
consisting of alternating plates, or lamellae, of ¢ and f# phases, as shown in Fig-
ure 1.70. This is called the eutectic microstructure {or entectic solid). The formation
of a Pb-rich o-phase and an So-rich #-phase from the 61.9% Sn liquid requires the
redistribution of the two types of atoms by aromic diffusion, Atomic diffusions are eas-
ier in the liquid than in the solid. The formation of a solid with altermating o and g lay-
ers allows the Pb and Sn atoms to diffuse in the liquid without having to move over
long distances. The eutectic structure is not a phase itself, but a mixture of the two
phases, o and §.

When cooled from the melt, an alloy with a composition between 19.2% 5n and
61.9%: Sn solidifies into a mixture of ¢-phase and a eutectic solid (a mixture of o and
f phases). Consider the cooling of an alloy with a composition of 4% Sn, starting
from the liquid phase L at 350 "C, as shown in Figure 1.70. At point M (235 °C), the
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first solid, the o-phase, nucleates. Its composition is about 15% Sn. At &, 210 °C, the
alloy is a mixture of liguid, compesition 50% 5o, and «-phase, composition 15% Sn.
The composition of the liquid thus moves along the liquidus line from M toward E.
Ax 183 *C, the liquid has the composition 61.9% Sn, or the eutectic composition, and
therefore undergoes the eutectic transformation indicated in Equation 1.37. There is
still -phase in the alloy, but its composition is now 19.2% Sn; it does not take part in
the eutectic transformation of the liquid. During the eutectic ransformation, the tem-
perature remains constant. When all the liquid has been solidified, we bave a mixture
of the preexisting «-phase, called primary o (or proeutectic o), and the newly
formed eutectic solid. The final microstructure is shown in Figure 1.70 and consists of
a primary o and a eutectic solid; therefore, two solid phases, ¢ and 8, coexist,

During cooling between points M and @, the alloy 60% Pb—40% Sn is a mixture
of melt and o-phase, and it exhibits plastic-like characteristics while solidifying. Fur-
ther, the temperature range for the solidification is about 183 “C to 2335 °C, or about
50 “C. Such an alloy is preferable for such uses as soldering wiped joints to join
pipes together, giving the plumber sufficient play for adjusting and wiping the joint,
On the other hand, a solder with the eutectic composition (commercially, this is 40%
Pb—60% Sn solder, which is close to the eutectic) has the lowest melting temperature
and solidifies quickly. The liquid also has good wetting properties. Therefore, 40%
Pb—60% Sn is widely vused for soldering semiconductor devices, where good wetting
and minimal exposure to high temperature are required.

EXAMPLE 1.17

THE 60% Pb—40% 5n ALLOY Cogsider the solidification of the 60% Pb-40% Sn alloy. What
arc the phases, compositions, and weight fractions of various phases cxisting in the alloy at
250°C, 210°C, 183, 5 °C (just above 183 *C), and 1825 "C { just below 183 "C)?

SOLUTION

We again refer to the phase diagram in Figure 1.70 to identify which phases exist at what tem-
peratures. At250°C, we only have the liquid phase. At 210°C, point A, the liquid and the «-phase
are in eguilibrivm. The composition of the g-phase is given by the solidus line; at 210 °C,
C, = 18% 3n. The composition of the liquid is given by the liquidus line; at 210°C, €, = 50%
Sn. To find the weight fraction of o the alloy, we use the lever rule,

_ L —Cp _ 50— 40
O —-Cy S0—18
From W, + W, = |, we obtain the weight fraction of the liquid phase, W, =1 — 0.313 =0.687.

At 1835 °C, point O, the composition of the «-phase is 19.2% Sn corresponding to ©

and that of the Liguid is 61.9% Sn comesponding o £, The liquid therefore has the entectic
composition, The weight fractions are

C.—Ca 61.9 — 40
W, = = = 0.513
Cr— L, &1.9 — 19.2

Wp =1—-0.513 = 0.487

As expected, the amount of «-phase increases during soclidification; at the same time, its
composition changes along the solidus curve, Just above 183 “C, about half the alloy is the solid
a-phase and the other half is liquid with the eutectic composition, Thus, on solidification, the liguid

W,

= L3113
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Table 1.7 The 60% Pb-40% 5n olloy

Temperature ("C)  Phases  Composilon  Mass(g)  Microstruciure and Comment

250 A 40% S 100
235 L )% Sn 104y The [irst solid (o-phase) nucleates in the
o 15% Sn 0 Tiguid.
210 L 301% Sn 6.7 Mixture of lguid and @ phases. More solid
o 18% Sn 33 forms. Compositions change.
183.5 L 651.9% Sn 48.7 Liguid has the entectic compasition,
o 19.2% Sn 513
182.5 i 19.2% 50 T34 Lotectic (o and # phases) und primary
i F7 3% 5n 2660 a-phase.

| Assuma mass of tha alloy is 100 g,

undergoes the cutectic transformation and forms the eutcetic solid. Just below 183 =C, therefore,
the microstructure is the primary e-phase and the eutectic solid, Stated differently, below 183 °C,
the & and # phases coexist, and # is in the eutectic stucmre. The weight fraction of the eutectic
phase 15 the same as that of the liquid just above 183 “C, from which it was formed. The weight
fractions of o and A in the whole alloy are given by the lever rule applied at point P, or

_Ca=Co _ 91.5-40
CCp—Cu  97.5-192
_Co~Ca _ 40-19.2
T Cp-C, W5-192

The microstructurs at room temperature will be much like that just below 183 °C, at which
the alloy is a rwo phase solid becanse atomic diffusions in the solid will not be sufficienty fast

to allow the compositions to change. Table 1.7 summarizes the phases that exist in this alloy at
vHrious temperatures,

W, = 0.734

= 0.266

Wa
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An infinite periodic array of geometric points in space defines a space lattice or sim-
ply o lattice, Strictly, a lattice does not contain any atoms or molecules because it is
simply an imaginary array of geometric points. A two-dimensional simple sguare
lattice is shown in Figure 1.71a. In three dimensions, Figure 1.71a would correspond
to the simple cubic (SC} lattice. The actual crystal is obtained from the lattice by plac-
ing an identical group of atoms {or molecules) at each lattice point. The identical group
of atoms is called the basls of the crystal structure. Thus, conceptually, as illustrated in
Figure 1.71ato ¢,

Crystal = Lattice + Basis



Lattice
(al
Figure 1.71

CHAPTER 1 » ELEMENTARY MATERIALS SCIENCE CONCEPTS

Crystal
a . . . . . .' Basis
o e o Q placement in
.« Basis ® ® ® & @ wic
® o o © o ©.0)
- . + & — . . . . . II.- - Y
e o o o ; i
ot e @ . .'" o
a i ° l
o000 0 :
Unit cell Unit cell
b] &3] (dl

(o) A simple square latfice. The wnit cell is o square with o side o.

(b} Basis has twa atoms.

{c) Crystal = Laftica + Basis. The unit cell is o simple square with hwo atoms.
{d) Placement of basis atoms in the eryshal unit cell.

The unit cell of the two-dimensional lattice in Figure 1.71a is a square which is
characterized by the length a of one of the sides; a is called a lattice parameter, A
given lattice can generate different parterns of atoms depending on the basis. The lat-
tice in Figure 1.71a with the two-atom basis in Figure 1.71b produces the crystal in
Figure 1.71c. Although the latter crystal appears as a body-centered square (similar to
BCC in three dimensions), it is nonetheless a simple square lattice with two atoms
comprising the basis. Suppose that the basis bad only one atom; then the crystal would
appear as the simple square lattice in Figure 1.71a (with each point now being an
atom). The paiterns in Figure 1.71a and ¢ are different but the underlying lattice is the
same. Because they have the same lattice, the two crystals would have certain identi-
cal symmetries. For example, for both crystals, a rotation by 90° about a lattice point
would produce the same crystal structure.

To fully characterize the crystal, we also have to specify the locations of the basis
atoms in the unit cell as in Figure 1.71d. By convention, we place a Cartesian coordi-
nate system at the rear-left corner of the unit cell with the » and y axes along the square
edges. We indicate the coordinates (x;, y;} of each fth atom in terms of the lattice
parameters along x and y. Thas, the atoms in the unit cell in Figure 1.71d are at (0, 0)
and at (lgf %}. The CsClunit cell in Figure 1.38 appears as BCC, but it can be described
by a SC lattice and a basis that has one CI~ ion and one Cs* ion. The ions in the SC
unit cell are located at (0, 0, 0) and at the cell center at (2, 3, ). Similarly, the NaCl
crystal in Figure 1.37 is an FCC lattice with a basis of Na™ and C1~ ions.

The diamond anit cell of silicon is an FCC lattice with two Si atoms constituting
the basis. The two Si atoms are placed at (0, 0, 0) and (4, , 4). Most of the important
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M-V compound semiconductors such as GaAs, AlAs, [nAs, InP, etc., which are
widely used in numerous optoelectronic devices, have the zine blende (Zn8) umit cell.
The zinc blende unit cell consists of an FCC lattice and a basis that has the Zn and S
atoms placed at (0, 0, 0) and (4, 1, 3), respectively.

We generally represent the geometry of the unit cell of a lattice as a parallelepiped
with sides a, b, c and angles @, 8, y as depicted in Figure 1.40q. In the case of copper
and iron, the geometry of the unit cell hasa = b =c, 0 = § = p = 90°, and cubic

Unit Cell Geometry

Cuhic system

a=k=r

== ¥= 0=

Many metals, Al, Cu, Fe, Ph. Many

.
t'?mm:“ and'sexdiconduciors; NaCl, CeCl, Simple cubic Body-centerad Face-centered
LiF, 5i, Cahs cubic clbic
Tetragonal system
a=hEr Simple Buody-centened
a=f=y=9F tetragonal [ tetragonal
In, Sn, barium titanate, TiCk i
| ]
Orthorhombic system — p
a#hze
a=zf=y=s NP &
5, U, PI, Ga (= 3°C), iodine, cementite - /
(Fe4 C). sodinm sulfate
Simple Body-centered Bage-centered Face-ventered
orthorhombic orthorhombic onhorhombic orthachombic
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Figure 1.72 The seven crystal systems (unitcel] geometries) and fourteen Bravais lattices,
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symmetry, For Zn, the unit cell has hexagonal geometry witha = b £ c,a = g = 90°, |
and y = 120° as shown in Figure 1.33d. Based on different lattice parameters, there are
seven possible distinet unit-cell geometries, which we call crystal systems each with a
particular distinct symmetry, The seven crystal systems are depicted in Figure 1.72 with
typical examples. We are already familiar with the cubic and hexagonal systems. The
seven crystal systems only categonize the unit cells based on the geometry of the unit
cell and not in terms of the symmetry and periodicity of the lattice points. (One should ¢
not confuse the unit-cell geometry with the lattice, which is a periodic array of points.)
[n the cubic systern, for example, there are three possible distinct lattices corresponding |
e 8C, BCC, and FCC which are shown in Figure 1.72. All three have the same cubic '
geometrya =b =cande = 4 =y = 90°,

Many distinctly different lattices, or distinct patterns of points, exist in three
dimensions. There are 14 distinct lattices whose unit cells have one of the zeven
peometries as indicated in Figure 1.72. Each of these is called a Bravais lattice. The
copper crystal, for example, has the FCC Bravais lattice, but arsenic, antimony, and bis-
muth crystals have the rhombohbedral Bravais lattice. Tin's unit cell belongs o the |
tetragonal crystal system, and its crystal lattice is a body-centered tetragonal (BCT), '
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DEFINING TERMS

Activated state is the state that occurs temporarily
during a transformation or reaction when the reactant
atoms or molecules come together to form a particular
arrangement  (intermediate between reactants and
products) that has a higher potential energy than the re-
actants, The poiential energy barmier between the acti-
vated state and the reactants is the activation energy.

Activation energy is the potential energy harrier
against the formation of a product. In other words, it is
the minimum energy that the reactant atom or mole-
cule must have to be able to reach the activated stare
and henge form a product.

Amorphous solid is a solid that exhibits no crys-
talline sructure or long-range order. It only possesses a



shor-range order in the sense that the nearest neigh-
hors of an atom are well defined by virtue of chemical
honding requirements.,

Anion is an atom that has gained negative charge by
viriue of accepting one or more electrons, Usually,
stoms of nonmetallic elements can gain electrons cas-
ily 40 become anions. Anions become attracted to the
anode (positive terminal) in ionic conduction. Typical
anions are the halogen ions F~, C1, Br™, and [™,

Atomic mass (or relative atomic mass or atomic
weight) M, of an element is the average atomic mass,
in atomic mass units {amu), of all the naturally occur-
ring isotopes of the element. Atomic masses are listed
in the Perindic Table. The amount of an elcment that
has 6.022 » 10** atoms (the Avogadro number of
atoms) has a mass in grams equal to the atomic mass.

Atomic mass unit {amu) is a convenient mass mea-
surement equal to one-twelfth of the mass of a newtral
carbon atom that has a mass number of A = 12 (6 pro-
tons and & neutronz). It has been found that amu =
L.66054 = 1077 kg, which is equivalent to 107/ N,
where &, 15 Avogadro's number.

Atomic packing factor (APF) is the fraction of val-
ume actually occupied by atoms in a crstal,

Avogadra's number (&) is the number of atoms in
exactly 12 g of carbon-12. It s 6.022 s 10%. Since
glomic mass 18 defined as one-twelfth of the mass of
the carbon-12 awem, the &, number of atoms of any
substance has 4 mass equal to the atomic mass My, in
grams,

Basis represents an atom, a molecule, or a collection
of atoms, that is placed at each lattice point 1o generale
the true crystal structure of a substance, All crystals are
thought of as a lattice with each point cecupied by a
basis.

Bond energy or binding energy 1s the work {or én-
ergy) néeded (o separate two atoms infinitely [rom
their equilibrivm separation in the melecule or solid.

Bulk modulus £ is volume stress (pressure) needed
per vmil elastic volume stain and 15 defined by
P =—KA, where p is the applied volume stress (pres-
sure) and A is the volume strain. £ indicates the extent
o which & body can be reversibly (and hence elasti-
cally) deformed in volume by an applied pressure,
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Catlon 1% an atom that has ganed positive charge by
virlue of losing one or more electrons. Usually, metal
atoms can lose electrons easily 10 become cations.
Cations become attracted 1o the cathode (negative ter-
minal) in 1onic conduction, as in gaseous discharge,
The alkali metals, Li, Na, K, ..., easily lose (heir va-
lence electron 1o become cations, Li', Nat, K¥, ...

Coordination number 15 the number of nearesi
neighbors around a given atom in the crystal.

Covalent bond is the shanng of a pair of valence
clectrons between two atoms. For example, in Ha, the
two hydrogen atoms share their electrons, so that each
has a closed shell.

Crystal is a three-dimensional peniodic arrangement
of atoms, molecules, or 1ons, A charactenstic property
of the crystal structure is its periodicity and a degree of
symmetry. For each atom, the number of neighbors and
their exact orientations are well defined; otherwise the
periodicity will be lost. Therefore, a long-range order
results from strict adherence to a well-defined bond
length and relative bond angle (that is, exact onicnta-
tion of neighbors).

+ Crystallization is a process by which crystals of a sub-
stance are formed from another phase of that substance.
Examples are solidification just below the fusion tem-
perature from the melt, or condensation of the molecules
from the vapor phase onto a substrate. The crystalliza-
tion process initially requires the formation of small
crystal nuclei, which contain a limited number {perhaps
WF-10" of atoms or molecutes of the substance.
Following nucleation, the nuclel grow by atomic diffu-
sion from the melt or vapor.

Diffusion is the migration of atoms by virtue of their
random thermal motions,

Iyitfusion coefficient is a measure of the rate at
which atoms diffuse. The rate depends on the nature of
the diffusion process and is typically temperature de-
pendent. The diffusion coefficient is defined as the
magnitude of diffusion flux per unit concentration
gradient,

Dislocation is a line imperfection within a crystal that
extends over many atomic distances.

Edge dislocation is a line imperfection within a crys-
tal that ocours when an additional, short plane of atoms
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does not extend as far as its neighbors. The edge of this
shor plane constitutes a line of atoms where the bond-
ing is irregular, that is, a line of imperfection called an
edge dislocation.

Elastic moduolus or Young's modules (1) is a mea-
sure of the ease with which a solid can be elastically
deformed. The greater ¥ is, the more difficult it is to
deform the solid elastically. When a solid of length £ is
subjected to a tensile stress o (force per unit area), the
solid will extend elastically by an amount §¢ where
S£/¢ is the strain £. Stress and strain are related by
g = Yg, 50 Y is the stress needed per unit elastic strain.

Electric dipole moment is formed when a positive
charge + ¢ is separated from a negative charge — @ of
equal magnitvde, Even though the net charge is zero,
there is nonetheless an electric dipele moment formed
by the two charges — @ and + ¢ being separated by a
finite distance, Just as two charges exent a Coulombig
torce on each other, two dipoles also exert an electro-
static force on each other that depends on the separa-
tion of dipoles and their relative onentation,

Electron affinity represents the energy that is needed
to add an electron to a neutral atom to create a negative
ion (anfer). When an electron is added to Cl to form
C17, energy is actually released.

Electronegativity is a relative measure of the ability
of an atom to attract the electrons in a bond it forms
with another atom. The Pauling scale of electronega-
tiviry assigna an electronegativity value (a pure num-
bearh X to varicns elements, the highest being 4 for F,
and the lowest values being for the alkali metal atoms,
for which X are less than 1. The difference X, — X5
in the electronegativities of two atoms A and B iz a
measure of the polar or ionic chasacter of the bond
A—F berween A and B. A molecule A-8 would be
polar, that is, possess a dipole moment, if X4 and X g
are different.

Equilibrium between two systems requires mechani-
cal, thermal, and chemical equilibrium. Mechanical
equilibrium means that the pressure should be the same
in the two systems, so that one does not expand al the
expense of the other. Thermal equilibrivm implies that
both have the same temperature. Equilibrium within a
single-phase substance (e.g.. steam only or hydrogen
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gas only) implies uniform prescure and temperature
within the system.

Equilibrium state of a system is the state in which
the pressure and temperature in the system are uniform
throughout. We say that the system possesses mechan-
ical and thermal equilibrivm.

Eutectic composition is an alloy composition of two
elements that results in the lowest melting temperature
compared to any other composition. A eutectic solid has
a structure that is a mixmre of two phases. The eutectic
structure is usually special, such as alternating lamellae.

Face-centered cubic (FCC) lattice is a cubic lattice
that has one lattice point at each corner of a cube and
one at the center of each face, If there is a chemical
species (atom of a molecule) at each lattice point, then
the structure is an FCC crystal structure,

Frenkel defect is an icnic crystal imperfection that
occurs when an ion moves into an interstitial site,
thereby creating 4 vacancy in its original site, The im-
perfection is therefore a pair of point defects.

Grain is an individual crystal within a polycrystalline
material. Within a grain, the crystal stcture and ori-
entation are the same everywhere and the crystal is ori-
ented in one direction only.

Grain houndary is a surface region between differ-
ently oriented, adjacent grain crystals. The grain bound-.
ary contains a lattice mismatch hetween adjacent prains.

Heat is the amount of energy transferred from one sys-
temn to another {or between the system and its surround-
ings} as a result of a temperature difference. Heat is nota
new form of energy, but rather the mansfer of energy
from ¢ne bidy 10 another by virme of the random meo-
tions of their molecules, When a hot body is in contact
with a cold body, energy is lransferred from the hot body
to the cold one. The energy that 15 transferred is the ex-
cess mean kinetic energy of (he molecules in the hot
body. Molecules in the hot body have a higher mean ki-
netic energy and vibrate more violently. As a result of the
collisions between the molecules, there i a net transfer
of energy (heat) from the hot body to the cold one, until
the molecules in both bodies have the same mean kinetic
energy, that is, until their temperatures become equal,

Heat capacity at constant volume is the increase in the
total energy E of the system per degree increase in the



temperature of the system with the volume remaining
constant: C = (A E /3T 1. Thus, the heat added to the
system does no mechanical work due o0 a volume
change but increases the internal energy. Molar heat
capacity is the heat capacity for 1 mole of a substance,
Specific heat capacity is the heat capacity per unif mass,

Interstitial site (interstice) is an unoccupied space
between the atoms (or ions, or molecules) o a crystal,

Ionization energy is the energy required to remove an
electron from 4 neutral atom; normally the most ocuter
electron that has the least binding energy to the nuclens
is removed to ionize an atom.

Isomorpbuous describes a stucture that is the same
everywhere (from ise, uniform, and merphology,
structure).

Isotropic substance is a material that has the same
property in all directions.

Kinetic molecular theory assumes that the atoms and
molecules of all substances (gases, liquids, and solids)
above absolute zero of temperature are in constant
mation, Monatomic molecules (e g, He, Ne) in a gas
eahibit constamt and ratdom translatonal motion,
whereas the atoms in a solid exhibil consiant vibra-
tional motion,

Lattice is aregular array of points in space with a dis-
cernible periodicity, There are 14 distinet lattices pos-
sible in three-dimensional space. When an atom or
molecule is placed at each lattice point, the resulting
repular structure is a crystal structure.

Lattice parameters are (a) the lengths of the sides of
the unit cell, and (k) the angles between the sides.

Mechanical work is qualitatively defined as the en-
ergy expended in displacing a constant force through a
distance, When a force F is moved a distance dx, work
done dW = F - o, When we lift a body such as an
apple of mass m (100 g) by a distance k (1 m), we do
work by an amount F Ax = mgh (1 1, which is then
stored as the gravitational potential energy of the
hody. We have transferred energy from ourselves to
the potential energy of the body by exchanging energy
with it in the form of work, Farther, in lifting the apple,
the molecules have been displaced in orderly fashion,
all upwards, Work therefore involves an orderly dis-
placement of atoms and molecules of a substance in
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complete contrast {0 heat. When the volume V of a
substance changes by 4V when the pressure is P, the
mechanical work involved is P gV and is called the
PV work,

Metallic bonding is the binding of metal atoms in a
crystal through the airaction between the positive
metal ions and the mobile valence electrens in the
crystal. The valence electrons permeate the space be-
tween the ions,

Miller indices (#k¢} are indices that conveniently
identify parallel planes in a crystal. Consider a plane
with the intercepts, x,. ¥,. and 7|, in terms of lattice
parameters @, b, and ¢, (For 4 plane passing through
the origin, we shift the origin or use a parallel plane.)
Then, (4%} are obtained by taking the reciprocals of
X1, ¥, and 2, and clearing all fractions.

Miscihility of rwo substances is a measure of the mu-
tual solubility of those two substances when they are in
the same phase, such as liguid.

Mole of a substance is that amount of the substance
that contains N, number of atoms (or molecules),
where ¥, is Avogadre’s number (6.023 x 10%). One
mole of a substance has a mass equal o its atomic
(molecular) mass, in grams, For example, 1 mole of
copper containg 6.023 x 107 aoms and has a mass of
63.55 g,

Phase of a system is a homogeneous portion of the
chemical system that has the same composition, strue-
ture, and properties everywhers, In 4 given chemical
system, une phase may be in contact with another phase
of the system. For example, iced water at 0 “C will have
solid and liguid phases in contact. Each phase, solid ice
and liquid water, has a distinet structure.

Phase diagram is a temperature versus composition
diagram in which the exizstence and coexistence of var-
ious phases are identified by regions and lines. Be-
tween the liguidus and solidus lines, for example, the
material is a heterogeneous mixture of the liguid and
solid phases.

Planar concentration of atoms is the number of
atoms per unit area on a given (kk£) plane in a cryseal.
Polarization is the separation of positive and negative
charges in a system, which results in a net electric di-
pole moment,
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FPolymorphism or allotropy is a material arcribure
that allows the material to possess more than one crys-
tal structure. Each possible crystal structure is called a
polymorph. Generally, the soucmre of the polymorph
depends on the temperamire and pressure, as well as on
the method of preparation of the solid. {For example,
diamond can be prepared from graphite by the applica-
tion of very high pressures.)

Primary bond is a strong interatomic bond, typically
greater then 1 eV/atom, that involves ionic, covalent, or
metallic bonding.

Property is a system characteristic or an attribute that
we can measure. Pressure, volume, temperature, mass,
energy, electrical resistivity, magnetization, polarization,
and color are all properties of matter, Properties such as
pressure, volume, and temperature can only be aftributed
tor a system of many particles {which we treat as a con-
tinuuam). Note that heat and work are not properties of a
substance; instead, they represent energy transfers in-
volved in producing changes in the properties,
Saturated solution is a solution that has the maximum
possible amount of soluie dissolved in a given amount
of solvent at a specified emperature and pressure.
Schottky defect is an ionic crystal imperfection that
oceurs when a pair of 1ons is missing, that 15, when
there 15 a calon and annon Pair vacancy.

Screw dislocation is a crystal defect that occurs when
one portion of 3 perfect crystal is twisted or skewed with
respect o another porlion on only one side of 4 line,
Secondary bond is a weak bend, typically less than
0.1 eV/atom, which is due to dipele—dipole interac-
tions between the atoms or molecules.

Solid solution is & homogeneous crystalline phase
that containg two or more chemical components.

Solute is the minor chemical component of a selution;
the component that is usually added in small amounts
to a solvent to form a solution.
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Solvent is the major chemical component of g solution,

Stoichiometric compounds are compounds with an
integer ratio of atoms, as in CaF,, in which two fluo-
rine atoms bond with one calcium atom.

Straln s a relative measure of the deformation a ma-
terial exhibits under an applied stress, Under an ap-
plied tensile (or compressive) stress, strain £ is the
change in the length per unit original length, When a
shear siress 15 applied, the deformation involves a
shear angle. Shear strain is the tangent of the shear
angle that is developed by the application of the shear-
ing stress. Volume strain A is the change in the vol-
ume per unit oniginal volume.,

Stress is force per unit area, When the applied force
F is perpendicular 1o the area A, stress o = FJA s
either tensile or compressive, If the applied lorce is
tangential to the area, then siress 15 shesr stress,
T = F/A.

Thermal expansion is the change in the length or vol-
umne of & substance due 1o a change in the lemperature,
Lincar coefficient of thermal expansion i is the
fractional change in the length per unit temperaturc
change or AL/SL, = A AT. Yolume coeflicient of ex-
pansion oy 15 the fractional change in the volume per
unil temperature change; oy = 34,

Unit cell is the most convenient small cell in a crystal
structure that carries the characteristics of the crystal.
The repetition of the unit cell in three dimensions
generates the whole crystal structure.

Yacancy is a point defect in a crystal, where a nor-
mally cecupied lattice site is missing an atom.
Yalence electrons are the electrons in the outer shell
of an atom. Since they are the farthest away {rom the
nucleus, they are the first electrons involved in atom-
lo-alom inleraclions,

Young's modulus see elastic modnlus.

QUESTIONS AND PROBLEMS

1.1 WVirial theorem  The Li wtormn has a oucleus with a 43¢ positive charge, which is surrounded by o Tull
|z shell with two electrons, and a single valence electron in the ouater 2r subshell. The atomic radius of
the Li atom is about 0,17 nm, Using the Virial theorem, and assuming that the valence electron sees the
nuclear +3e shielded by the two 15 elecirons, that is, u net charge of +¢, estimate the wnization enecgy
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of Li (the energy required to free the 2y electron), Compare this value with the experimental value of
5.39 eV, Suppose thut the sotual nucleur churge seen by the valence electron is not +¢ but a little higher,
say +1.25¢, due to the imperfect shielding provided by the closed 1g shell. What would be the new ion-
ization energy? What is your conclusion?

Atomiv mass und molar fractions

a.  Consider 1 multicomponent alloy containing & elements. If wy. wy. ..., awy are the weight frac-
tions of components 1,2, ..., ¥ in the alloy and My, My, ... My are the respective atomic
masses of the elements, show (hat the atomic fraction of the fth component is given by

I.l.l.',l'."lvif"
= Wy
My My My

& Suppose that a substance (compound or an alloy) is composed of N elements, A, 8. C.... and
that we know thelr atoemic (or molar) frctions f4.ng. 0o, ... Show thet the weight frections
W4, WE. We, .. are given by

na My
W4 =
naMy +npMp+npke+.0.
nyMg
wy =
oMo +ngMe +ncMe 40

¢, Consider the semiconductiing I-V1 compound cadrmium selenide, CdSe. Given the slomic musses
of Cd and Se, find the weight fractions of Cd and Sc in the compound and grams of Cd and S
needed to make 100 grams of CdSe,

d A Se-Te-P glass alloy has the compesition 77 wi.'% Se, 20 wi% Te, and 3 wi.% P Given their
atomic masses, whot are the stomic fractions of Mc*annz.ﬁtu:um':’

The covalent hand  Consider the Hz molecale in a simple way as two touching H atoms, as depicted

in Figure 1.73, Does (hiz astangement have a lower energy than two seporated H atoms? Suppose that

electrons totally correlate their motions so that they move to avoid each other as in the snapshot in Fig-
ure 1,73, The radius #, of the hydrogen atom i3 0.0522 nm. The electrostatic potential eneegy of two
charges @ and Q' separated by a distance F is given by {3 Oa/idre.r), Using the vicial theorem as io

Example 1.1 consider the following:

a.  Calculate the total electrostatic potential energy PE of all the charges when they are armanged as
shown in Figore 1,73, Tn evaluating the PE of the whale collection of charges you must congider all
pitirs of charges and. at the same time, avoid double counting of interactions between the: same padr
of charges. The totul PE is the sum of the following: electron [ interacting with the protom at a dis-
tance s on the deft, peaton at F; on the right, and electron 2 at a distance 2r, + electron 2 interact-
ing with & proton at 7, sod another proton at 3r, + two protons, sepurated by 2r, . interacting with
each other. Is this configuration energetically favorable?

A (Fiven that in the isolated H atom the PE is 2 = [—13.6 eV ), calculate the change in PE in going from
two isolated H atoms to the Hz molecule, Using the vinal theover, find the change in the total enacgy
and henee the covalent bond enerpy. How does this compare with the experimental value of 4.51 2¥7

Muackeus Mucleus

BN o

] L

Figure 1.73 A simplified view of the covelent bond in Ha.
Hydrogen Hydrogen A snopshat af one instant,
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1.4

1.6

Ionic bonding and CsCl  The polential energy E per Cs™=-C17 pair within the CsCl crysial depends on
the interionic separation £ in the same fashion as in the KaCl crystal,

E(rj=—¢3—M P [1.38]

dmwior ™

where for CsCL M = L7863, 8 = 1192 x 107 1™ I m% or 7442 « 1077 &V {r.'lm}g.. and m =9, Fiad
the equilibrium separation {r,) of the ions in the crystal and the ionic bonding enercy, that is, the
ionic cohesive energy, and compare the Tatter value to the experimental value of 657 kI mel~L.
Given that the fonization exergy of Cs 15 3.89 eV and the electron affinity of Cl (enerpy released
when an electron is added) is 3.61 ¢V, calcalate the atomic cohesive energy of the CsCl crystal as
Joules per mole,

Madelung constant  If we were tw exarmine the NaCl crystol in three dimensions, we would fnd that
each Nat ion has

G L™ ions ar Aearess neighbors at a distance r
12 Wat ions as second nearest neighbors at 3 distance rﬁ
A CI ions as phird nearest neighbors at a distance r\-"ﬁ
and s0 on. Show that the electrostatic potential encrgy of the Na™ atomn can be written as

v 2
. e_[ﬁ 12 8 1= M

—— iy + et P
dre,r 47 A qme,r

where M, called the Madelung constant, is given by the summation in the square brackets for this par-
peular tonde crystel stoucture (NeCly, Caloulote M for the ficst three lerms amd compare it wdth
M = 17476, its value had we included the higher terms, What is your conclusion’?

Bonding and bulk modvivs  In general, the potential energy £ per atom, or per ion pair, in a crystal
2y i function of interslomic (intenenic) sepacation F cao be wrtllen as the sum of an altzactive PE and 4
repulsive PE, .

B =—%+ 5 [1.39]

where A and A are constants characterizing the attractive PE and B and m are constants characteeiz-
ing the repulsive PE. This energy is minimom when the crystal is in equilibrivm. The magnitude of
the minimum energy and its location r, define the bonding energy and the equilibriom interatomic
(or interionic) separalion, cespectively.

When & pressure £ is epplied to & solid, its ongingd volume ¥, shrinks to ¥ by un amount
AV =V — ¥, The bulk modulus K relates the volume strain A V(1 to the applied pressure P by

AV

P=-—FK
Vi

[1.40]

The balk moduluz & is related ta the encrgy curve. In its simplest form (assuming & simple cobic
woit celly K can be estimmated from Equeation 1.39 by

1 | a*E

where ¢ is a numerical factor, of the order of unity, given by &/ p where p s the number of atoms or ion
pirs in the woat cell and & s o numerical factoe thal celates the cubec woit cell lattice parameter 4, o the
equilibrium interutomic (interionic) separation r, by b = ai,.l’rﬁ.

.  Show that the bond enercy end eguilibrivm separation ure given by

B 1i{m—n)
A
Epympd=—|1— it and o= !

w m Ar
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b, Show that the bulk modulus is given by

An FLT oy -
K= ——im=- or E —
Gerft e Qerd

e, Fora NaCll-type crystal, Ma™ and C1- ions touch along the cube edge so that r, = {d@,/2). Thus,
o =2} and b=2"=8. There are four lon paies in the wnit cell, p=4. Thus,
c=bfp==48/4 =2 Using the valu=s from Example 1.2, calculate the bulk modulus of NaCl.

Van der Waals bonding Below 24.5 K, Ne is a ervstalline solid with an FCC strueture. The inter-
utomic interaction energy per atom cun be written as

[ k2
Efr]=_ze[m.4s(§) ~12.13 (;5) ] (eV/atom)

where ¢ aind & are constants that depend on the polarizability, the mean dipole moment, 2nd the extent
of overlap of core electrons. For cevstalling Ne, £ = 3,121 ® 1077 ¢V and o = 0,274 am.

d. Show that the equilibaum separation belween U awoms 0 an inerl gas crvstal is given by
e = (1.08K]}r . What is the equilibrinm interatomic separation in the Ne crystal?

#. Find the honding energy per stom in solid We.

e Calenlate the density of solid Me (atomic mass = 20.15).

Kinetic molecular theory

a. loaparticutur Ar-ion laser tube the gas pressure duee to Ar stoms s about 0.1 toor at 25 °C when the
laser is off. What is the concentration of Ar atoms per cm” at 25 in this laser? {760 tor = | atm =
1013 x 10° Pa.)

& Inthe He-Ne laser tube He and Ne gases are nuxed and sealed, The wotal pressure P in the gas is
given by contributions arising from He and MNe atoms:

P =Pt Pu.

where Py. and Py, are the porial pressures of He and Ne in the gas mixture, that is, pressures due to

He and MNe pases alone,
Npe (RTY _ Ny [RT
P“*_.vd(v) and P"""N,,(v)

In a purticular He-Ne laser tube the ratio of He ond Ne atoms s 7: 1, and the wotal pressore is abaut | torr
at 22 “ (. Calculate the concentrations of He und MNe atoms in the gas at 22 *C. What 15 the pressure at an
operating, temperature of [30°C7

Kinetic malecular theory Calculate the effective (tms) speeds of the He and Ne atoms in the He-Ne
2as lnser tube at room temperature (300 K).

Kinetic molecular theory and the Ar-lom laser  An argon-ion laser has a laser tube that contains Ar

atoms that produce the laser emission when propecly excited by an elecirical discharge. Suppose that the

gas temperature ingide the tube is 1300 #C (very hot). =, —

a  Calculate the mean speed (1, ) mms velogity (Ve = v'v?), and the rms speed (Ve = o vd)
in one paricular direction of the Ar atoms in the laser twhe, assuming 1300 “C . (See Exam-
ple 1.1}

b, Consider a light source that is emitliog waves and is moving wward an observer, somewhat like a
whistling train moving toward & passenger. If £, is the frequency of the light waves emitted st the
source, then, doe 1o the Doppler effect, the observer measures a higher frequency | that depends on
the velocity va; of the source moving teward the observer and the speed ¢ of light,

_ s
,r'r-,|".-..(l+ E)
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It is the At jons that emit the laser outpat light in the Ar-ion laser. The emission wuvelength 4, = o/ f,
is 5143 nm., Calculate the wavelength A registered by an observer for thase atoms that are moving with
w mean speed v Woward the ohserver. Those atoms that are moving away from the observer will esuli
in # lower observed frequency because va. will be negative. Estimate the width of the wavelengths (the
difference between the longest and shorest wavelengths) eminted by the Ar-ion laser,

¥Yacuom deposition  Consider air as composed of nitrogen molecales Ny

a.  What is the concentration # (number of molecules per onit volume) of Ny molecules at 1 atm and
2707

& Estimate the mean separation between the Nz molecules.

¢, Assume each malecole has 2 finite size that can he represented by a sphere of radius r. Also as-
sume thot £ 15 the mean free path, defined as the mean distance a molecule (ravels before cols
liding with anather maolecule, as illustrated in Figure 1.74a. If we consider the motion of one: [y
iolecule, with all the others statonary, it s appacednt that if the path of the teaveling molecule
crosses the cross-sectional area § = 7(2r)%, thers will be a collision. Since £ is the mean dis-
tance between collisions, there must be at least one stationary molecule within the volume SE,

S=m(2? (a} A molecule moving with a
velocity v ravels a mean distance
Any maolecule with ¢ hetween collisions. Since the
center in § gets hit. cgllision cross-sectional area is 5,
Molecule in the volume 5( there must be at
least one molecule.
Consequently, n(S¢) = 1,

Semiconductor

Evaporated T fw filmy

metul atoms

Ve Haot
(VTN [ —
Wacuwm
pamg
(b} Yacuum deposition of metal

electrodes by thermal evaporation.

Figure 1.74

Walter Houser Brathain |1902-1987], a:-cperimanﬁngb:Hh maefol conkacts on copper oxide {19335
ot Ball Telephare Labs. A vacuum evaparation charmber s vied ta deposir the metal elactrodes.

| SOURCE: Bell Tﬂlﬂphunﬁ luhﬂfﬁll}rih:. :_-nurres:,- AP Emilia Erﬂgr‘é Visual Archives.
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a3 shown io Fipure 1.748. Since n is the concenlration, we must hove r(S€) =1 or
£f=1/(mdr 3.":}. However, this must be corrected for the fact that a1l the molecules are in motion,
which only introduces a numerical factor, so that

I —
204 rn

Assuming a radius r of .1 nom, calculate the mean frec path of Na molecules between collisions at
27 C and | atr.

d.  Assume that an Au film is to be deposited onto the surface of a 8i chip o form metallic interconnec-
tions betwesn various devices. The deposition process s peoecally curtied oul in 3 vacuum chamber
and invalves the condensation of Au atoms from the vapor phase onto the chip surface. Tn one pro-
cedure, & gold wire is weapped around a wngsien filament, which is heared by passing a large current
through the filament (anulopous W the heating of the flament io 2 light bulk) as depicted in Fig-
ure §.74b. The Au wire melts and wets the filament, but as the temperamre of the filament increases,
the gold evaporates to form a vapor. Au atoms from this vapor then condense onto the chip surface,
to solidify and form the metsllic connections. Suppose that the source (filament)-to-substrate (chip)
distance £ is 10 cm. Unless the mean free path of air molecules is mach longer than L, collisions
betwesn the metal atoms and air molecules will prevent the deposiiion of the Au onie the chip sur-
face. Teking the mean free path £ to be LOL, what should be the pressure inside the vacuum system?
{Assume the same » for Au atoms,)

Heat capacity

e Calculare the heat capacity per mole and per gram of Ma gas, neglecting the vibrations of the mole-
cule, How does this compire with the eaperimentad value of 0.743 T g~ K~17

b Caboulate the beat capacity per mole and per gram of OOy pas, neglecting the vibrations of the
malecule. How does this compare with the experimental velue of (.68 1 K-! B 19 Assume that
the CO» molecule is linear (O—C—0) 50 that it has two retational degress of freedom,

¢ Based on the Dulong=Petit rule, calculate the heat c'apacit:.' per mole and per gram of salid silver,
How does this cempare with the saperimental value of 0235 T K- g7

d. Based vn the Dulong—Petit rule, calculate the heat capacity per mole and per gram of the silicon
crystal. How does this compare with the experimental value of (1.71 ) K-l gl

Dulong—Petit atomic heat capacity Express the Dulong—Petit rale for the molar heat capucity as

heat capacity per atom and in the units of ¥ K~ per atom, called the atomic heat capacity. Csl is

an iome crystal used in optical applications thal reguire excellent mirared transmission at very long

wavelengths (up to 55 tm}. It has the CsCl crystal structure with ons Cs* and one [ ion in the unit

cell, Given the density of CsI as 4.51 g cm ™3, calenlate the specific heat capacity of Csl and com-

pare it with the experimental voloe of 0.2 JE~! g, What is your conclusion?

Dulvng—Petil specific heal capacity of alloys and compounds

a. Conswder an alloy A, such as solder, or 4 compound misleral such as MgO, composed of na,
atomic fractions of A, and np, atomic fractions of . (The atomic fraction of A is the same as its
tmolar froction.) Let Ma and Mg be the atomic weights of 4 and 8, in g mol™", The mean atomic
weirht per atom io the olloy or compound is then

M=nsMs+ngMg
Show thas the Dufong—Peiit mile for the specific heat capacity o, leads o
Cr 25

Oy = ==

- JK g
o niMa +npMp 5

b Calcolate the specific heat capacity of Pb—5n solder assuming that its composition is 38 wil.% Pb
and 62 wi. % Sn.
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1.1

. Caleulate the specific heat capacities of Phand Sn individually as o, 4 snd o, p . respectively, and
then caleulate the ¢ Do the alloy using

Cs = Crallg + gy
where wy and wg ure the weight fractions of A (Pb) and 8 (5n) in the alloy (solder). Compane your
result with pare (2). What is your conclusion?

d. ZnSe is an important optical material (used in infrared windows and lenses and high-povwer COy
laser optics) and also an impoctant -V semicondector that can be used o fubricate blue-gresn
laser dicsdes. Caloulate the specific heat capacity of ZnSe, and compare the calculation to the
experimental value of 0,343 T K-! g1,

Thermal expansion

& If & is the thermal expansion eoefficient, show that the therrmal eapansion coefficient for an ures 15
23.. Consider an aluminum square sheet of area 1 em?. If the thermal expansion coefficient of Al at
room temperature (25 C) is about 24 2 109 K=1, at what tempeeature is the perceniage changs
i the area + %7

b A particular incandescent light bulb (100 W, 1200V has o tungsten (W) Glament of length 57.9 cm
und & diameter of 63.5 pm. Calculate the length of the flament at 2300 °C, the approximate oper-
ating temperature of the filament inside the hull, Tha linear expansion coefficient . of W is approx-
imately 4.50 % 1075 K1 at 300 K. How would you improve your caleulation?

Thermal expansion of i The eapansion coefficient of silicon over the temperature range 1201500 K
is given by Okada and Tokumar {1984} as

A= 3725 % 1071 — ¢TI S1240) | 5 548 o 00T
where & 15 in K™ (o °C Yy and T is in kelvins.
a. By eapanding the above function around 20 “C {293 K) show that,
> = 2,5086 % 1078 + (8,663 = 107°HT — 293) — (23839 = 107/1)(T — 203)°
b, The chonge dp in the density due to 1 change §T in the temperature, from Example 1.5, is given by
dp = = pery 8T = —3p,a 6T
Given the density of $ias 2,320 g e~ at 20 °C, calculate the density st 1000 °C by using the full

expression and by using the polynomials expansion of L. What is your conclusion?

Thermal expansion of GaP and Gais

a. GaF has the zrinc blende structure. The linear expansion coefticient in (GaP has heen measured a5
follows: b =4.65 2 1070 K=l ar 300 K; 5.27 « 1075 K~ ar 500 K; 5.97 = 107% K~! at 800 K,
Calculiate the coeflicients, A, B, and C in

dL

T =MD = A4 BT ~T)+ €T - T 4

where T, = 300 K. The lattice constant of GaP, a, at 27 °C 15 0. 545 | nm. Caleulate the [attice con-
stant at 300 “C.
b, The linear expansion ceefficient of Gads over 20 100 K is given by
A=425 % 1078 4 (582 x 10-%)T — (2.82 = 101472

where T is in kelvins, The lattice constant @ sl 300 K is 0.56533 nm. Caleulats the lattics constant
and the density at —4(FC.

Electrical noise Cansider an amplifier with a bandwidth 8 of 3 kHz, corresponding o a cypical
speech bandwidth. Assume the input resistance of the amplifier is | M. What 3s the rms noise velage
ut the input? What will bappen if the bandwidth is doubled to 10 kHz"? What 15 vour conclusion’?
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QUESTIONS AND PROBLEMS

Thermal activation A certain chemical oxidetion process (... 5i0;) has an activation energy of

2 &V atom™1,

a,  Consider the material exposed to pure oxvgen gas at a pressure of | atm at 27 “C. Estimate how
many oxypen moelecules per unit volume will have energies in excess of 2 eV'? (Consider the
numericel integration of Equation 1.24.)

& If the temperature is @00 “C, estimate the oumber of oxygen molecules with ensrpies more than
2 eV, What happens (o this concentration if the pressure is doubled?

Diffusion in Si The diffusion coefficient of boron (B) atoms in a single crysial of 8i has beea
measured eo be 1.5 3 1071 m? 5= o 1000 C and 1.1 5 10-" m? =7 at 1200°C.

& What ig the activation energy for the diffusion of B, in eV /atom?

b What is the precxponential constant D,

¢, What i the rms distance {in micrometers) diffused in 1 hoor by the B atom in the Si crystal at
1200 "C and 1000 “C7

d.  The diffusion coefficient of B in palverystalling 51 has an activation energy of 2.4-2.5 eViatom and
Byo= (15— = 1077 m? 57!, What constitutes the diffusion difference between the single crys-
tal samiple and the polyerysealline sampla?

Diffusion in Si0: The diffwsion coefficient of P atoms o 5i0; has an activation energy
of 2.30 e Vatom and B, = 5.73 = 107" m? 5=, What is the rms distunce diffused in 1 hour by P stoms
in 5i0s at 1200 "CP

BCC and FCC crysials

a. Molybdenum has the BCC crystal structure, a density of 10022 g em™, and an atomic mass of
9594 g mol~'. What is the atomic concentration, luttice parameter @, and atomic redivs of molyb-
denwrn?

b, Gold has the FOC crystal structure, a density of 19.3 g cm™, and an atomic mass of 19697 g
mol™!. What iy the atomic concentrution, lattice paramder g, and stomic cadis of gold?

BLCC and FCC crystals

a  Tungsten (W) has the BCC crystal structure. The radins of the W atom is (. 1371 nm. The atomic
mass of Wiz 183.8 amu (g mol~ '), Calculate the nomber of W atoms per undt volunve and density
of W.

b, Platinom (Pt} has the FCC ervstal structure. The redios of the Ptatom iz 001386 om. The atomic
mazs of Ptis 195,09 amu (g moil‘l). Calculare the namber of Pt atoms per unit volwme and densicy
of Pt.

Planar and surface concentrations Miohiom (Nb) has the BCC crystal with a lattice parameter
a = 0.3284 nm. Find the planar concentrations as the aumber of atoms per nm® of the {1009, (1100, and
{111} planca. Which planc has the most concentration of stoms per enit urea? Sumelimes the number of
loms per unil drea ferce 00 the surface of a crystal is estimated by vsing the relation Ao = H:;'If',,.,
where gy is the concentration of atoms in the bulk. Compare Rene. values with te planar concen-
trations thai you caleubated and comment on the difference. [Wote: The BCC (1117 plane does not cut
through the center atom and the (11 bas one-sixeh of an atom at each cormer,]

Mamond and zinc blende 51 has the dismond and GuAs has the rinc blends coystol structure. Given
the: Iattice parameters of 5i and Gass, ¢ = 0,543 nm and a = (L5635 nm, respectively, and the atomic
musses of 51, Ga, and As as 28,08, 69.73, and 74.92, respectively, calculate the density of 5i and GaAs.
What i the atomic concentration (atoma per wnit volume) in each crystal?

Zinc Mende, NaCl, and CsCl

a, InAs s a I-V semiconductor that has the zinc blende structure with a lattice parameter of QULG06 nm.
Given the atomic masses of o (114.52 ¢ mul_le wivd As (7492 g mol~y, fnd the density.

b, Cdd has the NuCl erystal strecture with a latice parameter of 0.4695 nm., Given the atomic masses
of Cd (112,41 g mel~"} and O (16.00 g mol~—"y, find the density.
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£ KCI has the same crystal structure as NaCl, The lagice parameter 2 of KC is 0.629 nm. The aromic
toasses of K and Clare 39,10 g mol ™! aod 3545 £ mol ™!, respectively. Caleulute the density of KCL,

127 Crystallographic directions and planes  Congsider the cubic erystal system,
. Show that the Yine [RRF] is perpendicular to the (b £) plane,
b, Show that the spacing hetween adjacent (hk£) planes is given by

4a

VHEFE 8T

128 Siand Si0y,

e Ciiven the 5i lartice parameter 2 = 0.343 nm, calculate the number of 5i atoms per unit volume, in
-1
nm -,

b Calculate the number of atoms per m? and pee nm® on the {10049, {110}, end {111} planes in the Si
crystal a5 shown in Figure 1.73. Which planc has the maost number of atoms per unit area’

¢ The dengity of 5iCk is 2.27 g cm =3 _(3iven that its structure is amorphous, calculate the nomhber of
molecules per unit volume, in nm ™, Compare your result with (a) and comment on what bappens
when the surface of an 51 crystal oxidizes. The atomic masses of 51 and O are 2809 amd 16, te-
spectvely.

(100} plane (110) plane (111} plane

Figure 1.75 Diomond cubic crystal siructure and plones,
Determine what partion of a black-colored atom belongs to the plane that is hatched,

1.29 Vacancies in metals

a.  The energy of formation of & vacancy in the copper erystal is about 1 eV, Calculate the con-
centeation of vacancies at room temperature (300 K} and just belaw the melting temperature,
1084 “C. Neglect the chuoge in the density which is small.

b, The following table shows the energies of vacancy formation in vadous metals with close-packed
crystal structures and the melting temperature Ty, - Plot By in eV versos. Ty, in kelvins, and explore
if there is a correlation between o and T,. Scme matecals engineers take £, (0 be very coughly
10 F . Do you think that they are correct? (Justify. )

Metal
Al Ag Au Cn Mg Pt Fh MNi Pd
Crystal FOC RCC FCC FCC HCF  FOC FCC FCC RIC

£, eV 0470076 L0-L1 090098 1-1.28 089 1.3-1.5 030 163172 154185
T 0 ah a2 et 1085 650 176l 328 1455 1555
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QUESTIONS AND PROBLEMS

vacancles in silicon  [n device fabrication, 51 s frequently doped by the ditfusion of imparitics
{dopants) ut high temperatures, Lvpically Q50— 123007 C. The enerpy of vacancy Tonmation io the 51 crvs-
tal is about 3.6 ¢V, What is the equilibriom concentration of vecancies in & 5i crystal at 1000 *C? Ne-
glect the change in the density with remperature which is fess than | percent in this case,

Ph-5n sobder Consider the soldering of two copper components. When the solder melts, it wets both
metal surfaces, If the surfaces are nat clean o have an oxide layer, the molien solder cannnd wet the sur-
faces and the soldering fails. Assume that soldering takes place at 250 ° C, and consider the diffusion of
Sn atomns into the copper (the Sn atom is smaller than the Ph atom and hence diffuses more easily).

2. The diffusion coefficient of Sn in Cu at teo temperatures is £ = 168 x 107" cm® he™! ut 400 °C
and D = 248 = 1077 em?® hr! at 650 °C. Calculate the rms distance diffused by an Sn atom inta
the copper. assuming the cooling peocess lakes [0 seconds.

What should be the composition of the solder if it 15 to begin freecing at 250 °C7
Whit ure the components (phases) in this alboy at 200 “C? What are the compositions of the phases
and their relative weights in the alioy?

d. What is the microstructure of this alloy at 25 *C7 What are weight fractions of the o and f phases
assuming near equiliberum cooling?

Ph-5n solder Consider S0% Pb=50% 5n solder.

&, Sketch the temperature-time profile and the microstruciyre of the alloy at various stages as it is
cooled from the melt,

b At what wmperature does the solid melt?

c.  What is the emperature range over which the alloy iz a mixwre of melt and solid? What is the
structure of the solid?

4. Consider the solder at room temperature following cooling from 182 *C. Assume that the mle of
cooling from 182 *C o room temperature i faster than the atomic diffusion rates needed to change
the compositions of the ¢ and § phases in the solid. Assuming the alloy is 1 kg, calculate the masses
of the follnwing companents in the solid: *

1. The primary «.
2. o in the whole alloy,
3. o in the eutectic solid.
4, & inthe alloy. (Where is the S-phase?)
e Calculate the specific beat of the solder given the atomic masses of Ph (207.2) and Sn (118.71),

Wallar Hauser Brathain [1902-1987), one of the invensors of the
iransisior, looking at o vacuum evaporator wsed for depositing metal film
electrades an semicanduclors (1937

| SOURCE: AIP Emilia Segre Visuol Archives, Brattain Collechon.
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Highly magnified scanning eleciron microscope [SEM) view of
IBMs sindevel copper inerconnect lechnelogy in an integroted
circeit chip, The aluminum in fransissor iMerconnections in o
silican chip has been r\eph:lcud copper that has o higher
canduclivity (by neordy 40%) ond olue a befer ability 1o cary
highar current densifiss without eleciromigration. Lewsr copper
imerconnect resiskanoe mesans higl‘-cr l.puad.-: and lawer BC
canstanis |19%7).

I SCURCE: Courlesy of IBM Corporation

SEM. view of three levels of copper interconnect matallizofion in
[Bi's newr Fosber CAAOS Integrated circuits [1997).
| SOURCE: Couresy of M Corporation.



