Chapter 19

Electronic Materials
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We need some definitions for electrical resistivity and
conductivity

Ohm'slaw: g VY Units: R: ohms V: Volts i: Amps

i
Resistivity p R_,. . Unitsofp:Q-moruQ-cm
A e

1
The resistivity is the inverse of the conductivity: 0 = E

Microscopic expression of Ohm’s law: 7 _ E -c-E
where: p

E it 2
J 'is the current density in A/m . Have you seen a

E is the electrical field in V/m (a gradient) fgggﬁa;fguation




Electron Drift Velocity in Metals

Vg =H-E - \/\/\X /\ +
i \ \ 7

drift velocity mobility electrical field

[m/s] [m2V-1-s1]  [V/m]

Therefore, the flux of electrons j —n.e.v
per unit area and unit time is: d

e Is the electron charge, n is the number of charges (electrons)
crossing an area perpendicular to J at a speed of v

{But why some materials conduct electricity better than others?
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So, according to Pauli’s exclusion principle, no two atoms can
share the same energy level unless they have opposed spins
(i.e. m= +v%, %)

For one and four sodium atoms: :
For one, two and N atoms of Mg:
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Electrons cannot share the exact same energy level and need to
be distributed in zillion levels forming bands rather than individual

levels.

The energy curves transform into bands for the outermost
electrons:

- [Forcarbon as diamond
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Hybridization and proximity are responsible for this behavior
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Equilibrium Distance . .Equilib]‘ium Distance bctwclcn atoms
spacing between atoms Sodium is @ metal conductor but diamond

Now. b £ Paul’s princiol is not. So conductivity is defined by the
oW, because or Faull's principie relation between electrons in the valence
the electrons will have to distribute
in_bands of pnprgyl

and in the conduction band




Then the differences in band energies answer
our question about materials with different
resistivities.

Lots of
Now the gap between bands engr%yt
is still finite but not large: nrgrenoete aon
Semiconductors may have pelectron to
reasonable conductivity the
under certain conditions conduction
band

Let’s first talk about good electrical conductors

Metals are the best examples of good electrical conductors:

The electrical resistivity can go from 1.48 pQ-cm for Ag to 50
MQ-cm in stainless steels.

In pure metals:

Potal = Pr+ P; (approx.)

Drifting electrons are affected by phonons (elastic waves
thermally excited)

—>more temperature = more obstacles for electron movement
=> higher resistivity




More on the Temperature Effect on the
Electrical Resistivity of Metals

At higher temperatures there is an approximate
linear dependence:
P1 = Pooc T o T

where oy is the temperature coefficient of
resistivity and T is the temperature in °C.

Temperature is not the only factor interacting with phonons.
Impurities are also hurdles for phonons as we'll see next.

P, ohm-m

0

Ptotal = pTemperature + plmpurities + Pdeformation

-
-
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Cu 4 3.32 % Ni

Cu + 2.16 % Ni

Mathiessen’s Rule
describes the additive
nature of the resistivity
of metals

Effect of deformation
Effect of impurities

Effect of temperature
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As the number of phonons increases with temperature, the
electrical resistivity of conductors (metals) increases too.

At very low temperatures (close to OK) there are
two possibilities 100

Lanthanum

BO

Possibility |

o
(=]

The metal becomes a
superconductor

(negligible resistivity) Y

e, 10" %ohm-m

EY
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YBa,Cu,0,
or YBCO

It has a perovskite
crystal structure (like
BaTiO;) and is
“‘oxygen deficient.”

How does T_ vary as
a function of the
amount of oxygen?




Another More Recent Example

Nagamatsu et al. announced the discovery of superconductivity in
magnesium diboride (MgB,) in the journal Nature in March 2001
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Meissner Effect in Superconductors

Applied magnetic field is
represented by the red lines; the

constant H
denser the lines, the stronger the )) KK ) k
field.

Superconducting phase (T<T,) ( ) ( }

exclude the magnetic field (only a \ / ﬂ (

very thin surface layer is
penetrated) This allows for owT  medumT high T

levitation!!

i3
At T, the mixed phase the field can penetrate the bulk of the
superconductor, but is still weakened inside.

At T>T. (superconductivity is destroyed) the material is
penetrated more or less uniformly by the applied magnetic field.




At low temperature most metals behave differently.

0.025 +

Possibility |l

0,01

0,002

E
o] —
L } ——ad 1 l l
There is a residual == ' © > ~© @
i - = Temperature, K
(finite) resistivity. g
This is not a z "
superconductor 5
3
w

0 100 200 300 400 500 600 700 800
Temperature, K

Let’s introduce the semiconductors

* Intermediate behavior between insulators
and conductors.

* Their conductivity is highly dependent on
temperature and chemical composition

» Two types:
—Intrinsic semiconductors

—EXxtrinsic semiconductors




Intrinsic semiconductors are those where except
for temperature there is no external factor

affecting their conductivity.

» Elements from Group [V-A (or 14) of the Periodic Table and

some compounds.

« Silicon and germanium

* What do they have in common?
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material band gap (eV)

Si 1.11
Ge 0.67
GaP 2.25
CdS 2.40
GaAs 1.42
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Intrinsic Semiconductors (cont.)

Valence
electrons

Positive-ion

Let’'s knock-off
an electron
from the cubic
structure of
silicon

Both charges
are mobile!!

What would happen if you put an electric field across the

silicon piece?




Intrinsic Semiconductors (cont.)

The negative charges (electrons) are equal in number
to the negative charges (holes).

Conductivity of semiconductors can be calculated as:

6 =n;-q- (1, +u,)
n:: number of charge carriers (electrons or holes)

g: electron or hole charge (1.60-10"" Coulombs)
My and p,: mobilities of electrons and holes, respectively

Intrinsic Semiconductors (cont.)

Remember that temperature measures internal energy.

Conductivity in semiconductors increases with
temperature.

Could you explain why semiconductors behave much
different from conductors? Think of the energy gaps.

~E,/2KT

n; e




Intrinsic Semiconductors (cont.)

T K
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Then what is the difference with metals?

Extrinsic Semiconductors

Let’s intentionally add impurities with a valence
of one higher or one lower, to silicon or
germanium.

We need to have an excess of electrons or
holes by unbalancing the electronic array of the

crystal
Look at the periodic table for candidates!




n-Type Extrinsic Semiconductors

In a silicon lattice we replace one Si atom for a phosphorus
atom. What happens to the electrons of the covalent bond?
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n-Type Extrinsic Semiconductors (cont.)

In the bandﬁbdel, notice how close we are now to the
conduction band:
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p-Type Extrinsic Semiconductors
Now let’'s dope Si with boron (valence +3):

ourth bonding electron of
boron atom is missing
and creates a hole

Electron is attracted from
a silicon atom to fill hole

B"belongs to group |||Ain boronssilicon bond
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p-Type Extrinsic Semiconductors (cont.)

e
Now let’s dope Si with boron (valence +3):

Empty conduction band A | IVA
B C
Al Si
Ga | Ge
In | Sn
Full valence band
AE = Ea x Ev

We have reduced the gap size by AE




Effect of Temperature on Extrinsic
Semiconductors

In o (conductivity)

i
Intrinsicran At low temp.mostl.y. the
number of impurities
Slope=—FE, /2k | determines the conductivity.
Temperature contributes a
Exhaustion little more.
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Effect of Temperature on Extrinsic
Semiconductors (cont.)

In o (conductivity)
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Semiconductor Devices

A p-n diode junction is put together linearly or planarly
(for computer chips)

Silicon is grown as a single crystal. Doping is done with
diffusion process (Chapter 5).

Metal contacts p-type
.—
1
/ \ n-type
p-type n-type

Semiconductor Devices (cont.)
A “cat-whisker"diode.

-

Ohmic contacts (copper)

n-type semiconductor
p-type semiconductor

Diodes perform as
one-way valves in
electrical circuits




Semiconductor Devices (cont.) |
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p-n Junction Redctifier (cont.)

Output
current

i | f__current B
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Other Electrical Properties of Materials:
Ferroelectricity

Let’s review the concept of dipolar moment.

Dipolar moment is due to local unbalance of charges in
lonic or covalent molecule or crystal.

Remember: methane (CH,) tetrahedron is “charge-
symmetric” so there’s no dipole moment.

+
H,O molecule is not, so it forms a dipole: Q

Ferroelectrics

Dielectric materials (large resistivity) that
experience polarization in the absence of any
electric field — strong dipole moments.

Classic example: barium titanate BaTiO,
At room temp. — slightly asymmetric perovskite structure
lonic crystal with Ba2*, Ti** and O% ions.




Barium Titanate

/) Below 120°C the crystal is slightly
_ * O asymmetric causing an

i spontaneous dipole (polarization).
Neighboring crystals react

accorc&ggly @ mm/)
ST
& o

| ' O
Above 120°C (Curie temperature) the misalignmeW

0.403

Piezoelectricity
This results from dielectrics (ceramics) with large induced
polarization.

And viceversa, with an applied
electric field they react causing

Under pressure, the crystals a pressure pulse.
polarize and create an electric field. — ’_//
A S S S +¢+ +¢+ +¢+

®

Can you think of any use for these materials?




| Piezoelectricity (cont.)
. 3 J —
Example: lead zirconate or PZ'#I\Pb;rO3 (also a
perovskite-type structure). -
¢ |

Uses of piezoelectric materials: == = = e
transducers, speakers,
ultrasonic probes (to break

idney stones), ultrasonic

de ﬁs, actuators,
piezoelectric motors, etc.
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