Chapter 8 Solid States
8-1 Crystalline and Amorphous Solids
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Two-dimensional representation of BaO4. (a) Amorphous BxO0s exhibits only short-range
order. (b Crystalline B,y exhibits long-range order as well

Crystal: Crystalline solids exhibit long-range order.

Amorphous Solid: Crystalline solids exhibit short-range order.
Crystal defects:

Vacancy:

S

Interstitial impurity:

Substitution:
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Antisite defect:

Edge dislocation: Skew dislocation:
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Lattice: A periodical structure of atoms. Due to the periodicity of the lattice, we have

e(F + R) = &(F) . Furthermore, &(~F) = &(F) and there exist several axes and planes

of symmetry.

Translation vector: R =a,a, +a,d, + a,8,, Where «a,, a,, a,=0,+1,+2, +3,....

r=0a+2b+1c
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Primitive cell: The parallel hexagonal region composed of &, &,, and &,.

Wigner-Seitz cell: The region bounded by bisecting line of two adjacent atoms.

Reciprocal lattice: The Fourier domain of original lattice by optical diffraction or
electron beam diffraction.
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Reciprocal lattice primitive vectors: b, =a*, b, =b*, and b, =¢*.

Translation vector in the reciprocal lattice: G= ,3151 + ﬂzBZ + ﬂ353 . where
ﬂl’ ﬂ21 ﬂ3:0, il, 12, 13,
Cef+R)=¢(f), .e(f) = Z:é(cﬁ;)eié'F =&(f+R) = Zg(é)eié-(m‘e)

¢ G

= Bragg’s diffraction law: G-R =2nz . It implies EJ. -8, = 276; .
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Square lattice and its reciprocal lattice Hexagonal(triangular) lattice and its reciprocal lattice

Square lattice 3] = aF t=?1 =2 /aF
fg = ayf Eg = 2w lai

Triangular lattice | @ = ad by = 2w fa (% — v3/3 §)
s = (£ 4+ v35) | b2 = 2n/a 2373 5

Table Definition of @ and & vectors for square and triangular {or hexagonal) lattice.

Brillouin Zones: Wigner-Seitz cells in the reciprocal lattice.
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Band diagram: Describe the relation between the energy and the momentum.

In quantum mechanics, the energy of n photons is Eghoton=nhv=nha (ocw or v),
the energy of n phonons is Ephonon=(n+1/2)hv = (n+1/2)he, where h is the Plank’s
constant, v is the frequency, 7#=h/2z, and w=2nv. The downward transition of an
electron between energy levels or bands may emit photons or phonons. The upward
transition between energy levels or bands can absorb photons or phonons.

On the other hand, quantum mechanics shows that the momentum of an electron
is p=my=h/A = hk o« k, where k=2m/)\ is the wavenumber of matter wave.

We can depict the relation of the energy E (or ®) of electrons in a crystal versus
k (or p). It is called E-k diagram or band diagram.



Eg. Two examples of band diagrams.
Direct bandgap: Eg. GaAs, GaxAl;.x As.

Energy

conduction band

valence band

k
The downward transition of an electron in a crystal of the direct bandgap can emit
photons. (. Ak=/Ap=0, .". no variation in lattice momentum. All loss of energy due

to downward transition must become radiation of photons).
Indirect bandgap: Eg. Crystalline Si.
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The downward transition of an electron in a crystal of the indirect bandgap can not
emit photons, but it can cause lattice vibration and then generate heat or acoustic
waves, etc. ("." Ak#0, i. e., /Ap#0, There exists variation in lattice momentum. The
loss of energy due to downward transition can become phonon radiation).

8-2 lonic Crystals

/ é Cs*
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: The face-centered cubic stucture of The body-centered cubic structure
MaCl. The coordination number (the number of of CsCl The coordination mimber is &
nearest neighbors about each ion) is 6.
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lonic bonds: lonic bonds between the atoms of two elements can be form when one

atom becomes positive ion and the other element has a high electro affinity.
2

The Coulomb energy of ionic crystal is Vcoulomb=—a and the potential energy

Are,r
: : B . B e B
due to repulsive force is Vigp=—-, .". Total V=—« +—
r' dresr "
P
"." At equilibrium, V is the minimum, .". dV/dr=0=B=—"2—
4rgyn

2

= Lattice energy is V=— ae

&N
Eg. In a NaCl crystal, the equilibrium distance ro between ions is 0.281nm. Find
the cohesive energy in NaCl.

@a- 1) , Where average n~9.
n

ae?

a- 1) =-1.27x10"8J=-7.96eV

(Sol.) «=1.748, n~9, V=—
4re,n n

Eg. (a) The total potential energy in an ionic crystal is given by the equation:

2
U=—a 4e +En. Please show graphically the potential energy of this equation
TEN T

and explain the origin of these two terms. (b) Please calculate the value of the
constant n for the NaCl molecule. (The binding energy of this molecule is 7.95

eV/molecule. The equilibrium distance between Na® and CI ions is 2.82\ and

Madelung constant for the NaCl crystal is a=1.75. [& K EHF]

8-3 Covalent Crystals

Covalent bonds: Shared electrons results in the strongest bonds.

Eg. Three crystalline structures of carbon: diamond, graphite, and bulkyball.
And a diamond is the hardest material in nature.
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The tetrahedral structure of diamond. Graphite consists of layers of car-

The coordination number is 4. bon atems in hexagomal arrays, with each
atom bonded to three others. The layers are :mm“ il

held together by weak van der Waals forces,  the seams of a so



8-4 Van Der Waal Force and Ketallic Bonds
Van Der Waal Force: The force is a weak and short-range attraction among all
molecules and atoms, due to polar molecules or polarized molecules.

5 The dipole electric field is E=——[2 - 2P°T ¢y ang the
r

- 4re, 1’ s
1 H .
) induced dipole moment is p'=«E. The interaction energy is
— - p2
U=-p' - E= (1+3cos)—
4re, r

And the Van Der Waal’s force=-dU/drecr~”’
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" Inan Ha O molecule, the four pairs of valence elec- The structure of an ice crystal, showing the open
trons around the oxygen atom (six electrons contributed by the hexagonal arrangement of the HoO molecules. There is less or-
O atom and one each by the H atoms) preferentially occupy four der in liquid water, which allows the molecules te be closer to-
regions that form a tetrahedral pattem. Each H,O molecule can gether on the average than they are in ice. Thus the density of
form hydrogen bonds with four other Hy O molecules. ice is less than that of water, and ice floats.

Metallic bond: Metallic ions are surrounded by a gas of free electrons.
Comparison of various bonds:

Tabie Types of Crystalline Solids. The cohesive energy is the work needed to remove an atom (or molecule) from the crystal and so
indicates the strength of the bonds helding it in place.
Typs lanic Conalant Molkzcular Mstallic
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Properties | Hard: high meliing points moy be | Very hard; high melimg points: Salt; low meling and boiling poirts: soluble | Ductile; metallic uster: high electrical and
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corduators i saluion) which 5 an wsulatar)
Example Socham chlonide. Mall Chamend, © Methane, CHy Sochum, Ha
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8-5 Band Theory of Semiconductor Devices
(@) Metal: The conduction band and the valence band
may overlap. (b) Semiconductor: The bandgap between
the conduction band and the valence band is very small.
The electron can be easily excited into the conduction
band to become a free electron. (c) Insulator: The
W\J}Vﬂm‘*b“d bandgap between the conduction band and the valence
() Seniconductor band is very large. The electron is hardly excited into the
5 e conduction band to become a free electron.
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Bandgap theory of diode:

Firvems bae | Pedwrnd him

Fig. (a) No bias: Er(p)=Er(n)

Fig. (b) Reverse bias: Eg(p)>Eg(n), entrance of
electrons becomes more difficult than the case of no
bias. .". Current ceases.

Fig. (c) Forward bias: Eg(p)<Eg(n), entrance of
electrons becomes easier than the case of no bias. ..
Current increases as the forward bias voltage.

Bandgap theory of tunnel diode: The both p- and n-regions of the tunnel diode are
heavily doped. And the depletion region is very narrow.

Fig. (a) No bias: Er(p)=Er(n), electrons tunnel in both direction are equal.

Fig. (b) Small forward bias (From point a—b—c of I-V curve): Electrons tunnel
from n-region to p-region only, because the filled lower part of n-region conduction
band is opposite the empty upper part of the p-region valence band.

Fig. (c) Larger forward bias: The two bands no longer overlap. The tunnel current
therefore cease. From now on the tunnel diode behaves exactly like an ordinary

junction diode.
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Voltage-current
charactenstic of a tunnel diode.
The points a. b, and ¢ correspond
to parts a, b, and ¢ of Fig. 10,33,
The dashed hne mndicates the be-
hawvior of an onrdinary junction
dinde, as n Fig. 1030,
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Bandgap theory of n-p-n transistor:
The transistor is given a forward bias across the
emitter-base junction and a reverse bias across the
d base-collector junction. The emitter is more heavily
] —|I|iF doped than base, so nearly all the current across the
emitter-base junction consists of electrons moving

Ernitter Callector

from left to right.

i o il Fig. (&) No bias: Er(emitter)=Er(base)=Eg(collector)
77777777 f—iv:fm Fig. (b) Small forward bias across the emitter-base
e Ly E;i;::fp o h junction and large reverse bias across the

e base-collector junction:

"." The base is very thin and Ve is small, electrons
can pass through it from the emitter to the collector
without recombining with holes there.

o .". Most of electrons can reach the collector. Once the
electrons arrive at the collector, they lose energy due to collisions. And then they can
not return to base because the potential hill Ve is too high.

Bandgap theory of pin photodiode
The pin photodiode is given a reverse bias across the diode. The intrinsic layer (i) is
lightly n-doped.

The pin Photodiode

Reverse bias
voltage
I |
Phatogenerated |
ehectron
P i n Band gup £, :
Depletion layer Load |
nesstor |
P | |
— = 1
(-'F”\'ﬂ @ G 1 I Conduction band
pawer O O — | 1
. : Phat
Electron Carrier driflt Hole M.l?,':-: v-Jl—-qn I
diffusion diffusion | Miotogenerated 1
Dok

" | |s—Drplction regian—s] Valence band

O pin photodiode circuit
O pin energy-band diagram

il
Baas voltage R, s Load
o resistos
Photodiode Cutput
P i ” 'rrl
Fhale Electron
@ —0

By Anurodh [

Photon



Field-Effect (FET) transistor: FET is like a switch. It utilizes the gate voltage to
control the channel current.



