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Abstract

The CES EduPack Functional Materials database is
an extension of the existing Level 2 database to
include records for piezoelectric, magnetic,
magnetocaloric, magnetostrictive, semiconducting
and thermoelectric materials. In total, records for 49
materials and 3 processes have been added,
necessitating the creation of 40 new attributes.
Notes linked to the attribute names in the records
explain the underlying science. This White Paper
describes the database, documents figures of merit
(material indices) for material selection and gives
examples of applications. Data are presented as 18

property charts made with the expanded database. ~ Device grade silicon boules and wafers. (Image
courtesy of http:.//www.chipsetc.com/silicon-

wafers.html)
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1. Introduction — What are Functional Materials?

White Paper: The CES EduPack Database for Bulk Functional Materials

Although there is no standard definition of functional materials, it is commonly taken to mean
materials with “interesting” properties that allow them to do more than simply support loads or
conduct heat or electricity. Functional materials respond to applied stimuli in non-intuitive ways,
for example generating a voltage upon application of strain or cooling on application of a
magnetic field. Examples of this sort of property are listed in Table 1

Input/Output Charge/Current | Magnetization Strain Temperature Light
ety Elect Converse Electrocaloric Elect i
Electric Field Conductivit ma:r?e;(i)s-m piezoelectric effect ec;;fc;—;p Ic
onauctivity effect Thermoelectricity
Magnetic Field Magneto-electric By Magngto- Magnetocaloric Magneto-optic
effect striction effect effect
Stress Piezoelectric Piezomagnetic Elastic constant i Photoelastic
effect effect effect
Pyroelectricit
Heat y ) y - Therm.al Specific heat -
Thermoelectricity expansion
Light Photovoltaic ) Photostriction ) Re'fractlve
effect index

Table 1: A selection of stimuli and the possible responses to them. Standard responses are shown in
italics; other properties are commonly viewed as functional properties (1).

Functional properties can be tuned by control of
composition and dopants to meet particular design
needs (Uchino, 2000) such as the harvesting of
waste kinetic or thermal energy to provide locally-
generated, clean, electrical power (Chung, 2010,
Beeby et al, 2006) and digital and atomic scale
actuation. Functional properties are found in every
class of materials, including metals, polymers,
ceramics and hybrids.

This White Paper describes an extension to the CES
EduPack Level 2 database to include materials with
interesting bulk (as opposed to surface) functional
properties. Figure 1.1 lists the classes that appear in
it. Figure 1.2 shows the record names and their
location in the database structure.

Functional
materials

Semiconductors

Figure 1.1
materials

Ferromagnetics
Soft and hard magnets

Classes of bulk functional
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Magnetic materials
Alnico
Amorphous iron alloys
Galfenol
Hard ferrites
Neodymium iron boron
Ni-Fe (45%)
Ni-Fe (75%)
Samarium cobalt
Silicon iron transformer alloy
Soft ferrites
Terfenol-D

Magneto-caloric materials
FeRh
Gadolinium
GdGeSi
La(Fe,Si)H
MnAs
MnFe(P,As)
MnNiGa

Piezo, Pyro and Ferro-electric materials

Barium titanate
Bismuth titanate

Lead lanthanum zirconium titanate

Lead zirconium titanate, hard
Lead zirconium titanate, soft
Lithium niobate

Lithium tantalate
Polyvinylidene fluoride (PVDF)
Quartz, device grade

Semiconducting materials
Aluminum antimonide
Aluminum arsenide
Aluminum phosphide
Cadmium selenide
Cadmium sulfide
Cadmium telluride
Gallium antimonide
Gallium arsenide
Gallium nitride
Gallium phosphide
Germanium, device grade
Indium antimonide
Indium arsenide
Indium phosphide
Silicon carbide, device grade
Silicon, device grade
Zinc selenide
Zinc sulfide
Zinc telluride

Thermoelectric materials
Antimony telluride (p-type)
Bismuth telluride (n-type)
Higher Manganese silicide - MnSil.7
Lead telluride (n-type)
Magnesium silicide (n-type) - Mg2(Si,Sn)
Skutterudite antimonide - Yb0.2Co4Sb12
Skutterudite antimonide - La0.8Fe3CoSb1
Silicon germanium (n-type)
Silicon germanium (p-type)

TAGS (p-type)

Figure 1.2. The tree structure of functional materials added to CES EduPack Level 2
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2. Piezoelectric, Pyroelectric and Ferroelectric Materials

Overview: Materials and Functional Attributes

Record Name Attribute Unit
Barium titanate Piezoelectric charge coefficient, dss pC/N
Bismuth titanate Piezoelectric voltage coefficient, gs3 mV.m/N
Lead lanthanum zirconium titanate (PLZT) Electro-mechanical coupling constant, kp | -
Lead zirconium titanate (PZT), hard Mechanical quality factor, Qm -
Lead zirconium titanate (PZT), soft Pyroelectric coefficient, y HC/m2.K
Lithium niobate Curie temperature (ferroelectric), Tc °C
Lithium tantalate Spontaneous polarization C/m?
Polyvinylidene fluoride (PVDF) Remanent polarization C/m?
Quartz Coercive field MV/m

2.1 Piezoelectric Materials

Piezoelectric effect. The piezoelectric effect appears in structures that lack a center of
symmetry, so an atom at position (X, y, z) has no equivalent atom at point (-x, -y, -z). The
distortion of a piezoelectric crystal by an applied stress causes positive and negative ions within
the crystal to move relative to each other, changing the electronic dipole moment. On a
macroscopic scale, this causes charge to appear at the faces of the crystal and a net potential
difference to form across it.

Piezoelectric charge coefficient, ds; (pC/N). Consider a disc of piezoelectric material with
electrodes covering the top and bottom surfaces. The application of a stress o creates a

polarization P, that is a linear function of the applied stress

B =dy oy
which gives with the use of the reduced-suffix notation:

where djjis the piezoelectric charge coefficient. If the loading is axial compression, the relevant
coefficient is d;; relating polarization P; to compressive stress ¢ ;.

Piezoelectric voltage coefficient, gss (mV.m/N). The piezoelectric voltage coefficient, g3;
relates electric field E to applied stress o33

E3 = g3303 [Eq. 2]
Electric field is related to polarization by

1 d33

E3 = P3 = 03>
£,€, £,€,
meaning that g, - 433
£,&,
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where ¢, is the relative permittivity (dielectric constant) and ¢, the permittivity of vacuum
(8.854 x 1072 F/m).

Reverse piezoelectric effect, ds3 (pC/N). Applying an electric field to a piezoelectric material
leads to relative motion of positive and negative atoms, resulting in a net shape change and
strain. The strain generated by a field, E, is

&=djEi [Eq. 3]

Conservation of energy requires that the same coefficient djappears in both [Eq. 1] and [Eq.3].

Electro-mechanical coupling constant, k,. When a field E is applied to a piezoelectric
material, the electrical energy stored per unit volume is

W,

1 2
elec = Egr g E
The resulting piezoelectric strain stores elastic energy, which, per unit volume, is

1 ¢2
VVmech = E?

where S is the elastic compliance and ¢ is he strain.

The best single measure of the strength of the piezoelectric effect is the electro-mechanical
coupling constant, &, . Itis defined in terms of its square, k2, as

ki = (mechanical energy converted to electrical energy) / (input mechanical energy)

or, equivalently (because the coupling is linear) as

kf, = (electrical energy converted to mechanical energy) / (input electrical energy)

Since the energy conversion is never 100% efficient, k¥, < 1. Values of k, range from 0.1 for
quartz to 0.7 for PZT.

The ratio of the stored elastic energy to the input electrical energy.

d3;E) dy)’  d
K2 = 1(ds53E) /[igr 6 EZ} _ (d33) _ 433833 [Eq. 4]
2 S 2 £ 6,8 S

Mechanical quality factor. The mechanical quality factor, Q,,, characterizes the sharpness
of the electromechanical resonance spectrum. lts reciprocal, 1/0Q,, , is equal to the mechanical
loss coefficient, tan Omecn. The Q,, value is important in evaluating the magnitude and

sharpness of the resonance peak. The vibration amplitude at an off-resonance frequency is
amplified by a factor proportional to Q,, at the resonance frequency. Q,, is defined as:

®, Energy stored

On = [Eq. 3]

=2z
2 Aw Energy dissipated per cycle
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where wr is the resonant frequency and 2Aw is the width of the resonant peak at 1/72 of the
maximum height.

Applications. There are two major categories of piezoelectric devices: those that rely on the
generator effect and those that rely on the motor effect.

Generator effect. The application of stress to a piezoelectric material leads to a potential
difference, which can be large enough to generate a discharge - an effect used in gas lighters.
The piezoelectric effect is used to measure very small displacements accurately by measuring
the potential differences they generate. Vibrations of a body can be detected by a piezoelectric
sensor in contact with it, an effect used in acoustic guitar pickups. Piezoelectric generators
allow recovery of waste kinetic energy; piezoelectric floor tiles, for example, retrieve electrical
power from the deflection cause by pedestrians (Yang and Caillat, 2006).

Motor effect. The converse piezoelectric effect — shape change due to the application of an
electric field — enables atomic-scale actuation, used to control the sensing tip of atomic-force
microscopes (AFMs). The same effect enables the quartz oscillator, the basis of most modern
watches and other electronic devices that must keep accurate time. Piezoelectric devices can
use both the generator and motor effects. An example is the ultrasonic probe in which a quartz
resonator crystal acts both as generator and receiver of ultrasound waves.

Performance metrics and charts for piezoelectric materials.
Piezoelectric power generation is characterized by the material index d;; g3; (Eqn. 4). As

Figure 2.1 shows, PZT has the highest value and for this reason it is used in energy-harvesting
applications. PZT is a brittle material, a drawback for some devices. The piezoelectric polymer
PVDF has a lower value of the index but it is flexible, an attractive feature when strains are
large.

Piezo coefficient and voltage constant
Lead lanthanum

10004 zirconium titanate
PZT, soft
PZT, hard
1004
Barium Polyvinylidene 30 Figure 2.1. A chart of

Piezoelectric coefficient d; (pC/N)

titanat i fluoride (PVDF) i
anate Lithum | ds33 against g3z;. The

> © 0| common  merit index
© dss.gsz Iis shown as
10+ Bismuth dashed lines with a slope

ftanate. <> Lithium 31 of -1

tantalate
Quartz

O Piezo-electics

) Ceramics
14 © Polymers Figure of Merit dazgz="0.1 0.3 a1z
T T T T T T
0.01 0.0z 0.05 01 02 0.5

Piezoelectric voltage constant ga; (V.m/N)

The performance index kﬁ 0,, describes the energy absorption of piezoelectric materials at

resonance (Colin et al, 2013). It is shown as diagonal contours on Figure 2.2, which also
displays the two properties on which it depends. Among the materials plotted here quartz has
by far the largest value of this index. It is for this reason that quartz is used so widely in
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Mechanical quality factor, Qpm
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piezoelectric oscillators, where its extremely high mechanical quality factor allows stable
oscillations at resonance.

108+

@

3

3

i

=
b

| Quality factor and e-m coupling constant

& >—Quarz

| _ Lithium tantate
Bismuth titanate

Q=8 Figure 2.2. A plot of kp

against Qm. The dashed
L‘h";t“ lines represent materials
e with equal merit index k?Qm

_\\/ . PIT, namC s
< i g and have a slope of 0.5

S

Electro-mechanical coupling constant, kp

Barium titanate
PZT, soﬂ
Palyvinyiidene T _ >
_ fluoride (PVDF) Lead lanthanum
T e Zirconium titanate

e ; i B k§Qm= 1
T T T T T
0.05 01 0.2 05 1
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2.2 Pyroelectric Materials

Pyroelectric effect. Below the Curie temperature,
T, , crystals with a unique direction (a direction not

repeated by any symmetry element) carry a
permanent dipole (even in the absence of an
applied field) because positive and negative
charges do not cancel along the unique direction.
When the temperature is constant the charged
faces of the crystal attract opposite charges from
the surroundings, screening the charge. But when
the temperature changes, the positive and negative Figure 2.3: The pyroelectric effect
charges along the unique direction move relative to

one another, changing the polarization as in Figure

2.3. This is known as the pyroelectric effect.

Pyroelectric coefficient (1C/m?.K). The change in polarization AP caused by a change of
temperature AT is given by

AP = y AT

where v is the pyroelectric coefficient. It depends on temperature, so the coefficient is best
described by

T_aP
V()a—T

Above the Curie temperature T. the polarization is lost completely.

Electrocaloric effect. The electrocaloric effect is the change in temperature caused by a
change of electric field. It arises because the field tends to align the dipoles, reducing the
entropy, leading to a corresponding increase in temperature. Equivalently, removing the
electric field allows disordering of the magnetic moments, increasing the entropy and causing
a temperature decrease.

Applications. Pyroelectric materials are used in temperature sensors, infra-red detectors and
thermal imaging. Examples are IR burglar alarms and thermal imaging for photography of
wildlife at night — the heat radiated by the animal causes a change in the polarization at the
detector or image-pixel. Pyroelectric materials have a fast response across a wide frequency
spectrum and are effective at room temperature.

Performance metrics and charts for pyroelectric materials.

Two material indices characterize pyroelectric materials. The first is the voltage responsivity,
F

v

F=—2"
& pCp

where C), is the specific heat per unit mass, p is the density and ¢, the dielectric constant.

It is a measure of the potential difference generated by a given thermal input. It is shown in
Figure 2.4 as diagonal contours. Lithium tantalate has the highest F, among the materials
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plotted here. It is commonly used in pyroelectric detectors (Beerman, 1975). In addition to a
large pyroelectric coefficient, an ideal material for detector applications should have a small
heat capacity in order to minimize the amount of heat required to raise its temperature, and a
small dielectric constant to reduce the size of the detector, since these will result in large
changes in voltage and temperature. Achieving large pyroelectric coefficient and small
dielectric constant is difficult because these two parameters are not independently adjustable.

20001-| Pyroelectric voltage responsivity
Lead !antr}:atnu?t
Zirconium tnanate
10004 s
N N
Fi Y
I | . :

5004 o Figure 2.4. A plot showing

tLa'H%!Ha”%e PZT hard _ | Y. \{f\ the voltage responsivity of

iy A I N pyroelectric materials.
200, S ANA___ 1) The dashed lines indicate
gsmuth 21 SO materials of equal figure
titanate \\ d of merit
100 .. ___;--"-3 e e
" Barium
Lithium titanate
501 niobate
Polyvinylidene
20 fluoride (PVDF)
102 104 105 = yi(erp.Cp) A
10t 105 100 107 108

Dielectric constant * Specific heat capacity * Density (kJ/m3.K)

The second index for pyroelectric materials is the specific detectivity, Fp,

Fp

- r.
pCp(ertan5)1/2

where tan ¢ is the dielectric loss tangent. This index, shown as diagonal contours in Figure 2.5,

is important when noise from pyroelectric device makes up a considerable proportion of the
signal. Again, lithium tantalate has the highest value.
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20001 | Specific pyroelectric detectivity Lendtsnthanm
ZirCOIiL.II_TI titanate
< 1000 . —
* yd ™~ Figure 2.5. A plot of the
3 PZT, hard PZT soft | | specific  detectivity  of
Q 500 . S S e / P y
= Lithium X ____\, . / common pyroelectric
c tantalate - \ - — .
@ X | ¥ { ) materials. The dashed
& 2004 A N/ Nl A lines of gradient 1
3 Lithium titanate % /" represent equal values of
o niebate / S - F
g 1004 ol i B °
33 — o Bari
o 504
E" 01 -
Polpinyiidene
fluoride (PVDF) ~
270,05 0.02 0.01 0.005 .
500 1000 2000 5000 10000 20000 50000
(( Dielectric constant * Dissipation factor}m} * Heat capacity * Density (kJ/m3.K)
2.3 Ferroelectric Materials
. ‘_D' Ba o Ba .+ Ba
Curie temperature (°C) and Sppntanequs O .f;. o 0 C '®) O{;C}
polarization (C/m?). Ferroelectric materials P T I N
: : : P L N A S e S
are a special case of pyroelectric behaviour, L J N TTem N L '5‘ .
which in turn is a subclass of piezoelectric. Pt L : H i Pt
- }--—--F1 K 3}----i ( -\. SN 0 D B TELES | "i_\‘; .....
Ferroelectrics, too, have an asymmetric O (j o D (-0 O et
. i (&) Palarized up () Polarized down (¢} Unpoiarized
structure, but have the ability to switch
asymmetry. Barium titanate, BaTiOs, shown — _ ? . o) . E
schematically in Figure 2.6, is one of these. Heste ®) drcis E@ dipole O
-

Below the Curie temperature (about 120°C
for barium titanate) the titanium atom, instead
of sitting at the center of the unit cell, is

Figure 2.6: Barium titanate, below and above its Curie
temperature

displaced up, down, to the left or to the right, as in (a) and (b), and ahead and behind in 3D. In
ferroelectrics, these dipoles spontaneously align so that large volumes of the material are
polarized even when there is no applied field. Above the Curie temperature the asymmetry
disappears and with it the dipole moment, as at (c).

In the absence of an external field a ferroelectric divides itself up into domains — regions in
which all the dipoles are aligned in one direction — separated by domain walls at which the
direction of polarization changes as shown in Figure 2.7. The domains orient themselves so
that the dipole moment of one more or less cancels those of its neighbors. If a field is applied
the domain walls move so that the domains polarized parallel to the field grow and those
polarized across or against it shrink, until the entire sample is polarized (or “poled”) in just one

direction.

10
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Figure 2.7: (a) Domains in a ferroelectric (b) After poling to align the dipoles

Remanent polarization (C/m? and
coercive field (MV/m). Ferroelectric
materials exhibit a hysteresis curve (Figure polR;”"ggggQ*Pr.._\ﬂ_
2.8). As the field E increases, the

polarization P increases, reaching a

Polarization P

-
-

-
-

e

Saturatioﬁ
polarization Pg

; ) . T . 4f
maximum at the saturation polarization P . HEZ ?ﬁefécg‘g fr
s 1) - y A

If the field is now removed, a large part of Electric field E
the polarization remains (the remanent
polarization, Pr), which is only removed by
reversing the field to the value -E., the
coercive field. The figure shows a complete

cycle through full reverse polarization,

F .

ending up again with full forward poling. A hysteresis curve for a ferroelectric material
The little inserts show the domain structures
around the cycle. Figure 2.8 A hysteresis curve for a ferroelectric material

Applications. Ferroelectric materials are used mainly for their strong piezoelectric and
pyroelectric properties or for their dielectric properties (Haertling, 1999). The dielectric constant
g, of materials with symmetric charge distributions lie in the range 2 to 20. Those for
ferroelectrics can be as high as 20,000, allowing capacitors with a capacitance that can be
10,000 times greater than that of air based capacitors (Ertug, 2013). Such is the energy density
that capacitors now compete with batteries for energy storage in kinetic energy recovery (KER)
systems.

Ferroelectric materials allow electronic storage of data, although this is still less common than
magnetic or optical storage media. In ferroelectric memory, an electric field is used to polarize
a thin film of material, with the orientation of polarization representing the 0 and 1 binary states.
This type of memory is found in RFID cards because it is cheap and compact.

Performance metrics and charts for ferroelectric materials. The amount of charge stored
per unit voltage is called the capacitance, y:

X = gr‘goT

where A4 is the area of the electrodes plates and ¢ is the thickness of the dielectric. The energy
density of a capacitor with a single dielectric layer increases with the square of the field E :

Energy density = ég,. € E?
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Dielectric constant
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An upper limit for £ is the dielectric strength, E,, setting an upper limit for energy density:

Maximum energy density = éar e, Ej

This upper limit is plotted as diagonal contours on Figure 2.9, which illustrates the enormous
gains that ferroelectric ceramics offer. PZT has the highest value (and it is used for high
performance capacitors) but barium titanate is the more usual selection because it is cheaper,
easier to process, and lead-free.

Dielectric losses in barium titanate are reduced by doping. A typical barium titanate capacitor
with £, =4 MV/m and ¢, = 2500, gives and energy density of 177 kJ/m3. This is low compared

with hydrocarbon fuels such as gasoline (energy density of about 30,000 kJ/m3) but is
comparable with the batteries (nickel-cadmium battery has an energy density of approximately
1000 kJ/m®). However, it is worth noting that performance of various energy-storage devices
is evaluated also by the power density, which is plotted against the energy density in Ragone
chart of Figure 2.10. Supercapacitors have the highest power density which means they deliver
energy more rapidly and can be charged more quickly than a battery.

Capacitor energy density 1000 10,000 kJim?
1 10 100 - Lead lanthanum
10% Ferroeleciric 7N zirconium titanate
ceramics ~—_/ / /,.-Jf'\\f(
Barium_"_ | | R B Y
titanate™ | | | U | P sott
01 L e —L i i .
10% Sl S 27— P hard Figure 2.9. A plot showing
the dielectric constant and
strength of  common
0.01 materials. The ferroelectric
1024 —— ceramics have the highest
o gt energy dernsity,
materials e v—— by o Cerimics rgpresented by the dashed
0.001 Paper \ Woods Cork O 'y Alumin lines
104 P— { ! (e
¥ Il %-__ . ___._-._Glasses
Foams\\ coymers RN, .\ Silica glass
15 —-"F,TFE pg—-PP
01 1 10 100

Dielectric strength (MV/m)
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o Dioublz Layer
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0.0 0.1 1 10 100 1000

Energy
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Materials for ferroelectric memory need a high remanent polarization and a low coercive field
to allow polarized states to be switched with minimal energy loss — but not so low that they

switch in the absence of an a

pplied field. Figure 2.11 plots these two properties for common

ferroelectric materials, illustrating why PZT is the most commonly used of these materials for

ferroelectric memory.

The content of a typical record is shown below. Further information for Piezo, Pyro and

Ferroelectric Materials can be

found in Chung (2010), Haertling (1999), Holterman and Groen

(2013), Jaffe (1971) and Uchino (2000).

1" Ferroelectric memory matenals

0.024

I |

i) Figure 2.11. A plot of
—~ 0.5 | remanent polarization and
E PZT, hard . . coercive field for common
= e /7, Lithium . .
o AT '~ tantalate ferroelectric materials. For
c Lead lanthaman—— __.-—/|f \l._./ ferroelectric memory, it is
‘% 0.2} zirconium titanate \ . advantageous to have a
N PZT, soft .-'/ \ low coercive field and a
o [ high remanent
g 01 | | polarization. PZT is the

14 1 .
T \\ / commonly used material.
. i ~ Polyvinylidene
Barium yviny

5 i titanate - Bismuth flucride (PVDF)
Goos| >/
o . -

1
Coercive field (MV/m)

10 100
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Typical record for a ferroelectric material
Barium titanate

The material

Barium titanate, BaTiO3, was the first polycrystalline ferroelectric ceramic to be
discovered. It is commonly used in capacitors due to its extremely high dielectric
constant. It was also used in piezoelectric devices, although PZT is now more common.
In pure form it is an electrical insulator, but becomes semiconducting when doped with
small amounts of metal (notably scandium, yttrium, neodymium or samarium). As a
polycrystalline semiconductor it exhibits a positive temperature coefficient of resistivity,
showing an increase in resistivity of several magnitudes at

the Curie temperature, making it useful for thermistors and Pyroelectric sensor (Image
self-regulating heating systems. courtesy Nicolas Kruse).
Typical uses Functional Properties
Capacitors; microphones and other transducers;  Fiezoelectric True
thermistors; electro-optical modulation; capacitor energy ~ Pyroelectric True
storage for electric vehicles Ferroelectric True
General properties Piezoelectric properties
Density 5500 - 6020 kg/m*3 Piezoelectric voltage coef 12 - 17 mV.m/N
Date first used 1941 Piezoelectric charge coef 82 - 190 pC/IN
Electro-mechanical coupling  0.27 - 0.35
Thermal properties Mechanical quality factor 250 - 600
Melting point 1625 °C . .
Maximum service temp. 92 -108 °C Pyroeleqtr'c p_rt_)pertles
Thermal conductivity 26 .29 W/m.°C Pyroelectric coefficient 105 - 400 pC/m*2.K
Specific heat capacity 363 -500 Jkg.°C . .
Thermal expansion coeff. 6 - 11.4 pstrain/°C Ferroelectric properties
Curie temperature 115 - 135 °C
Mechanical properties Spontaneous polarization 0.1 - 0.15 C/mA"2
Young's modulus 76 GPa Remanent polarization 0.04 - 0.06 C/m~2
Shear modulus 292 - 351 GPa Coercive field 0.15 - 0.455 MV/m
Bulk modulus 55 - 65 GPa . .
Poisson's ratio 0.27 Electrical properties
Yield strength 59 - 100 MPa Electrical resistivity 1e15 - 1e18 pohm.cm
Tensile strength 59 - 100 MPa Dielectric constant 970 - 1.2e4
Compressive strength 650 -752 MPa Dissipation factor 0.003 - 0.03
Elongation 0.07 - 0.1 % strain Dielectric strength 2.9 - 6 MV/m
Hardness - Vickers 600 - 1100 HV
Fracture toughness 065 -1.8 MPam"0.5 Semiconductor properties
Band-gap 3.2 eV

14 www.teachingresources.grantadesign.com
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3. Magnetic Materials

Overview. Materials and Functional Attributes

Record Name
Alnico
Amorphous iron alloys Attribute Unit
FeRh Magnet type gca);td
Gadolinium - .
Curie temperature (magnetic) °C
Galfenol . :
Remanent induction B T
GdGeSi . .
Saturation induction Bs T
Hard ferrites -
Coercive force Hc A/m
La(Fe,Si)H -
Maximum energy product MJ/m3
MnAs - :
Max permeability No unit
MnFe(P,As) : .y :
NMNNIG Saturation magnetostriction ustrain
nNiGa
Adiabatic temperature change (0-2T) °C
Neodymium iron boron -
Ni-Fe (45%) Magnetic entropy change (0-2T) J/kg°C
i-Fe
2 Operating temperature °C
Ni-Fe (75%)
Samarium cobalt
Silicon iron transformer alloy
Soft ferrites
Terfenol-D

3.1 Ferromagnetic Materials

Nearly all materials respond to a magnetic field by becoming magnetized, but most are
paramagnetic with a response so faint that it is of no practical use. Ferromagnetic and
ferrimagnetic materials (ferrites for short), however, contain atoms that have large magnetic
moments and with the ability to spontaneously magnetize — to align their moments in parallel
— much as electric dipoles do in ferroelectric materials. These are of real practical use.

Magnetic fields. When a current i passes through a long, empty coil of » turns and

length L as in Figure 3.1, a magnetic field is Fcﬁ;m
generated. The magnitude of the field, H , is N ;
given by Ampére’s law as ;
H = nt lan
L < Y n tums
| Length L
and thus has units of amps/meter (A/m). i § i

The field induces a magnetic induction or flux

density, B, which for vacuum or non-magnetic
materials is

SEPS.

Figure 3.1: A solenoid creates a magnetic field H;
B = Uy H the flux lines indicate the field strength
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where (i, is the permeability of vacuum,

Flux lines
of inductance B
¥ N

7 =47x1077 henry/meter (H/m). The units

of B are tesla, so a tesla is 1 HA/m?2.

If the space inside the coil of is filled with a
material, as in Figure 3.2, the induction within
it changes. This is because its atoms respond
to the field by forming litle magnetic
dipoles. The material acquires a macroscopic

dipole moment or magnetization, M (its units Figure 3.2: A magnetic material exposed to a field H
becomes magnetized, concentrating the flux lines

are A/m, like H ). The induction becomes

B=p,(H+M)

The simplicity of this equation is misleading, since it suggests that M and H are independent;
in reality M is the response of the material to / , so the two are coupled. If the material of
the core is ferro-magnetic, the response is a very strong one and it is non-linear, as we shall
see in a moment. It is usual to rewrite B in the form

B=pppo H

where R is the relative permeability. 1t is dimensionless. The magnetization, M , is thus

Saturati
M :(IL‘R _]) H :XH magneti:ati:‘?n,o:ﬁs (A/m)
where y is the magnetic susceptibility. Neither
Hpg nor y are constants —they depend not only on \
Mgat0K

Curie

the material but also on the magnitude of the field,
temperature T

H | for the reason just given.

Magnetization = decreases  with  increasing
temperature. There is a temperature, the Curie

temperature T, above which it disappears, as in Figure 3.3: Saturation magnetization decreases with
Figure 3.3 increasing temperature, falling to zero at Curie

temperature Tc

0 Temperature T (K)
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Characterizing magnetic properties. Magnetic properties are characterized by their M-H or
B-H curve (the B-H curve of a ferro-magnetic material looks very like its M-H curve; it’s just that
the M axis has been scaled by po). Figure 3.4 shows the M-H for ferromagnetic material having
magnetocrystalline anisotropy (in contrast to RADRECemiN

magnetically isotropic material that has no magnetzaton. magetzaton, M,
preferential direction for its magnetic moment, B e =
such as Gd). If an increasing field H is applied to
a previously demagnetized sample, starting at
point A on the figure, its magnetization increases,
following the broken line, until it finally tails off to a
maximum, the saturation magnetization Ms at the
point B. If the field is now backed off, M does not
retrace its original path, but retains some of its
magnetization so that when H has reached zero, E

Magnetic field H

Coercive
field H,

. . . . e Saturation
at the point C, some magnetization remains. it is magnetzation. -Ms

called the remanent magnetization or remanence, . .

Mr, and is usually only a little less than Ms. To Figure 3.4: A hysteresis curve, showing the
decrease M further we must increase the field in important magnetic properties

the opposite direction until M finally passes through zero at the point D when the field is -H,
the coercive field, a measure of the resistance to demagnetization. Some applications require
H. to be as high as possible, others, as low as possible. Beyond point D the magnetization
M starts to increase in the opposite direction, eventually reaching saturation again at the point
E. If the field is now decreased again M follows the M-H curve through F and G back to full
forward magnetic saturation again at B to form a closed circuit called the hysteresis loop.

Magnetic materials differ greatly in the shape and area of their hysteresis loop, the greatest
difference being that between soft magnets, which have thin loops, and hard magnets, which
have fat ones, as sketched in Figure 3.5. In fact the differences are much greater than this
figure suggests. the coercive field H,. (which determines the width of the loop) of hard

magnetic materials like Alnico is greater by a factor of about 10° than that of soft magnetic
materials like silicon-iron.

Magnetization M Magnetization M

Field H

Ho

(a)

Figure 3.5: Hysteresis loops (a) a fat loop typical of hard magnets (b) a thin, square loop typical of soft
magnets

Performance metrics and charts for magnetic materials. There are two major types of
magnetic material; soft magnetic materials and hard magnetic materials (Figure 3.6). Soft
magnetic materials have low coercive fields and narrow hysteresis loops. Hard magnetic
materials have coercive fields that are many orders of magnitude higher.
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N | Remanent induclion and Coercive force
silicon iron
ﬁxgﬁ i Figure 3.6. A plot of
| Lowe m ! Alnico remanent induction and
E ot steel Wisdi coercive  force  for
= F'e"“a"“?l' bl common magnetic
a4 Ni - 45% Fi arbon steel A g
- ' materials. There is a
.% \ clear distinction between
S 05 + o soft magnetic materials
_'E . I-rggmh_ . (to the left of the plot)
= Nickel (oS and hard  magnetic
o \ materials (to the right of
@ pemalioy _ the plot)
E -75% Fe | Soft ferites
o 0.2 - . -
Cj | A Vs
_ Soft Hard
@ Fe - — -
0 1_ P Fe::‘“ magners magnets
10 100 108 10t 108 10°

Coercive force Hc (A/m)

Soft magnetic materials are used for transformer cores and electromagnets, where they are
used to trap and guide magnetic flux. Materials for these applications are chosen to have a
large permeability, giving large inductance for a given applied magnetic field (Cardarelli, 2000).
Eddy currents induced in the core by the magnetic field cause energy loss through resistive
heating. Eddy currents, are reduced by high resistivity. Soft ferrites have the highest resistivity
(Figure 3.7) and for that reason are used for radio frequency transformers, despite their
relatively low permeability. The plot overstates the effect of eddy currents, which can be
reduced by laminating layers of a silicon iron (for example) with an insulator to interrupt the
conducting path. The Ni-Fe Permalloys have higher permeability than silicon iron but most
transformers use silicon-iron because it is so much cheaper (Figure 3.7).

10"/ Resistivity and Permeability |

Figure 3.7. Permeability

12| ! / e
= 1o / \ and resistivity of soft
o | i magnetic materials. As a
: Soft fermites | | f .
E 1om | _ ceramic, ferrites have a
=] | distinct advantage in
= / terms of resistivity, but
£ 408 / they have a low
'E — permeability and
0 remanent induction.
2 100
(1]
L
8 10+
- Terfenol-D Galfenol Low carbon  silicon iron alloys
steel iron oy
1o —_—
100 ==
- Permall
ermalloy Permalloy
. Ni-45% Fe Ni-75% Ee)
10 100 108 10* 105 108

Maximum permeability
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Hard magnetic materials, used in permanent magnets, require high coercive fields (to prevent
demagnetization) and high remanent inductions (to give a powerful, compact magnet). The
figure-of-merit for permanent magnet materials is its maximum energy product, the maximum
rectangular area that can be drawn under a hysteresis curve (Cardarelli, 2000). Neodymium-
iron-boron magnets have the best permanent magnetic properties, with high coercive field and
remanence (Figure 3.6). Samarium cobalt magnets have poorer magnetic properties than
neodymium magnets but have higher operating temperatures and better corrosion resistance.
When price is more important than magnetic performance, for example fridge magnets, hard
magnetic ferrites are common. For magnets that must operate at high temperatures, alnicos
are attractive (Figure 3.9) and they can also be cast into large and complex shapes.

Price and Coercive force
1004 ! -
!‘deodymium‘
Pemalloy iron: boron
Ni-T5% Fe
. Samarium P
= ——— Nickel cohalt | @ Figure 3.8 The
3 @ price of common
= Pemalloy Alnico T i
3 1ol femalioy i magnetic materlalg.
g Soft magnetic
= materials (with low
) Amorphous ,
o iron alloys coercive forces) are
o — to the left of the plot,
whilst hard
Soft ferites Hard ferites magnetic materials
H — — are to the right.
[ ] @
silicon iron Iron
01 1 10 100 108 105 106 107
Coercive force He (A/m)
1000+ Curie temperature
Alnico
Samarium cobalt i
ron Figure 3.9.The
mﬂ— g u- .
g Siliconiron Curie temperature
. Terfenol-D of hard and soft
o magnets.
il Permalloy
o 6004 Gatiern Ni-45% Fa
3 alleno! Permalloy
m© r Ni-Fe (75%)
Q I’ Nickel
£ 4007 Hard ferites SJ /
- Amorphout
2 iron alloys
: .
Meodymium .
© 200+ iron boron Sofl Emies
|]/ FeRh MnFe(P As)
La(Fe,SiH
Ay
0] MnNiGa L, v B | g
MRAS  Gadolinium
— GdGeSi

The content of a typical record is shown below.

19

www.teachingresources.grantadesign.com



White Paper: The CES EduPack Database for Bulk Functional Materials

Typical record for a ferromagnetic material
Neodymium iron boron

PEAMEANGE GOEFFIGIENT (P=8/H)

07 08 0% 10 12 15 2 3l d\ .‘t l0 .
The material Too| Ror| ax| [ thor [t [ise T 1
Neodymium iron boron (NdFeB) is a PR _\_\:;\: - “‘b_'\;:___;, e /-’ #
very strong hard magnetic alloy, with o [ I S O o e i Y . "
the highest coercivity and energy B 72 o e i SR e ]
11

product of any commercial magnetic
alloy. This allows smaller magnets to
be made than for other materials, and
so they have replaced AINiCo alloys
in most applications where small magnets are required.
NdFeB magnets are found in applications ranging from
electric cars and wind turbines to hard disk drives and
children’s toys.

0.5
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it e ey
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477,482
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|
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Typical uses 3 >
Hard disk drives; headphone and speakers; electric 2 b /T’/ 7 i k\m
motors; magnetic bearings; magnetic toys 3 r,-’:’ 4:/ A LA LI
'<;> 50.--':__*__-—" ___-*’/ // *(‘, ' <\ 'mn:t:
; g ® = t f
General properties e o1 A LA w |
Density 7400 - 7620 kg/m"3 % ]’: i —— |
Price 52.8 - 87.7 USD/kg = 20 19 18 II? 16 15 14 13 12 11 10 Ia 7 8 B8 4 1
—H (kOe)
Thermal properties 1635 TEI TR T35 7250 7106 1066 850 B0 700 ®0 B0 W0 30 200 o
Meltlng point 1100 _ 1300 oC . IJEu:nr.Ni'nmNu FORGE =H (kA/m)
Maximum service temp. 80 -210 °C E:r:'o(:?::tlicproloertles True
Thermal conductivity 8 - 10 W/m.°C 9
Thermal expansion coeff. 3.4 -48 ustrain/°C . .
Magnetic properties
. . Magnet type Hard (Permanent magnet)
yoiﬁhg?r:ggdlssr()pemefsz - 157 GPa Curie temperature (magnetic) 280 - 420 °C
Shea?modulus 433 - 71 GPa Remanent induction Br 0.98 - 1.45 T
Bulk modulus 10'7 - 117 GPa Coercive force Hc 5.97e5 - 1.13e6 A/m
. \ - Maximum energy product 1.91e5 - 3.82e5 MJI/m”3
Poisson's ratio 0.24
Yield strength 784 - 827 MPa Electrical properties
Tensile strength 784 -827 MPa - .
Compressive strength 936 - 1130 MPa Electrical resistivity 150 pohm.cm

Hardness - Vickers 570 - 630 HV

INDUCTION B (T)
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3.2 Magnetostriction

Magnetostriction is shape change caused by a magnetic field. The field makes domain walls
move, aligning the direction of magnetization and causing a strain. The material is described
as having positive magnetostriction if its length increases with increasing magnetic field and
negative magnetostriction if it does the opposite. The saturation magnetostriction is the
maximum strain that can be induced in a material by applying a magnetic field sufficiently large
to align the domains completely.

Magneto-elastic effect. When a solid is stressed, elastic energy is stored in it. If the solid is
ferromagnetic and subject to a magnetic field, magnetic energy is also stored. The magneto-
elastic effect describes the interaction of elastic and magnetic energies. The relation between
these two energies is called magneto-mechanical coefficient of coupling kss.

Applications. The electrical “hum” of transformers is due to magnetostriction of the
transformer core, dissipating energy and reducing efficiency. For this reason transformer cores
are made from materials with low magnetostriction such as the alloy 81.5wt%Ni—18.5wt%Fe.
Nickel has negative magnetostriction and iron has positive; the composition is chosen such
that the two effects cancel each other out.

The ability to convert magnetic energy into kinetic energy and vice-versa enables magnetic
sensors and actuators, an effect exploited in sonar detection. For this application the best
materials are so-called “giant magnetostrictive” materials — those with extremely high
magnetostriction. Of these, Terfenol-D (an alloy of terbium, dysprosium and iron) is the most
commonly used. An alternative is Galfenol (an alloy of gallium and iron) which is less brittle
and requires a lower coercive field to saturate it.

Performance metrics and charts for magnetostrictive materials. Figure 3.10 is a chart of
the saturation magnetostriction — the maximum strain made possible by a magnetic field.

Magnetostriction and Coercive force Terfenol . '
0 Figure 3.10 Saturation
oog magnetostriction and
coercive force for soft
magnetic materials.
Galfeno—(j)
1004
Soft ferites
Silicon
Amorphous™ iron
iron alloys Permalloy o
10 Ni-45% Fe
Penﬁalloy
Ni-75% Fe
1_ VA4
01 3 10 100 1000 10000

Coercive force Hec (A/m)
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The content of a typical record is shown below. Further information for magnetostrictive
materials can be found in Cardarelli (2000).

Typical record for a magnetostrictive material

Terfenol-D

The material

Terfenol-D, an alloy of terbium, dysprosium and iron (Tb0.3Dy0.7Fe2) , is the
material with the highest known magnetostriction at room temperature; it
changes size when subjected to a magnetic field. It was initially developed for
sonar detectors, but is now used in actuators, magnetomechanical sensors
and transducers for acoustics or ultrasound.

Typical uses
Sonar; acoustic and ultrasound transducers; actuators; magnetomechanical
sensors; diesel injectors

A magnetostrictive  actuator

General properties (Image courtesy Wikipedia)

Density 9250 kg/m”3

Thermal properties

Melting point 962 - 1540 °C . .

Maximum service temp. 129 - 176 °C E;?o?:fg;licprol)emes True
Thermal conductivity 109 - 132 W/m.°C 9

Thermal expansion coeff. 122 - 14.9 upstrain/°C Giant magnetostriction True
Magnetic properties

Mechanical properties Curie temperature (magnetic) 677 - 680 °C

Young's modulus 30 -80 GPa Coercive force Hc 5430 - 6570 A/m
Shear modulus 176 - 20 GPa Saturation induction Bs 091 -11 T
Bulk modulus 34 - 47 GPa Max permeability 9 - 12
Poisson's ratio 0.3 Saturation magnetostriction 1400 - 2000 strain
Yield strength 28 - 40 MPa
Tensile strength 28 - 40 MPa El . .
; ectrical properties
Compressive strength 305 - 880 MPa - e
Hardness - Vickers 120 - 221 HY Electrical resistivity 58 - 63 pohm.cm

3.3 Magnetocaloric Materials

Magnetocaloric effect. \When a magnetic material is subject to a magnetic field, its magnetic
moments tend to align with the applied field. This leads to an increase in the order in the
material and so a decrease in entropy. The entropy change occurs extremely quickly, so under
adiabatic condition this is compensated by an increase in lattice entropy leading to a
corresponding increase in temperature. Removing the magnetic field adiabatically allows
disordering of the magnetic moments, increasing the magnetic entropy, decreasing its lattice
entropy and causing a temperature decrease.

Magnetic entropy change. One measure of the magnetocaloric effect is the size of the
isothermal entropy change caused by a magnetic field when the change in magnetization
occurs infinitely slowly. This must be calculated indirectly either from isothermal M(H) curves
using the Maxwell formula:

Hmax

oM
ASmZ f (ﬁ)H dH

0
or from measurements of the heat capacity:
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T*
ACH(T
ASm=f ”T( ) gt

0
where AC,(T) is the change in heat capacity of the materials when the field is applied.

Adiabatic temperature change. When a field M is applied to magnetocaloric materials the
temperature change is instantaneous and thus adiabatic. Unlike the entropy change, the
adiabatic temperature change of a material can be directly measured. The size of the

temperature change A7,; when a field B is applied is given by.

B*
AT,y = - | L[aﬂj dB
0 AC,(T.B) \ 0T )y

where AC,(T,B)is the heat capacity at temperature T and magnetic induction is B .

Applications. The maximum temperature change per unit applied field generated by the
magnetocaloric effect is typically of the order of 2K ///—Neodym‘um,am :\\)
magnet

Material disorders
and cools

Magneto-caloric ,A’ g
material at room W, 4
temperature H

@ ¥

\\\\ Z/

per tesla. This on its own is not large, but when
combined with a heat pump it is large enough to
change the temperature by 50K. Magnetic
refrigerators are about 30% more efficient than
conventional vapor-compression refrigerators and
are more reliable because they have fewer moving
parts. They do not require the ecologically harmful
coolants used in conventional refrigerators. With  Figure 3.11. Magnetocaloric cooling.

new legislation restricting the emission of

greenhouse gases, both the improvement in

efficiency and reduction in harmful coolants mean that magnetic refrigerators may displace
conventional refrigeration in everything from domestic fridge-freezers to industrial air
conditioning. They are already commercially available.

Material orders, heats;
"N heat lost by radiation

Performance metrics and charts for magnetic refrigeration.

Adiabatic temperature change. Commercial devices require a large adiabatic temperature
change (Gschneider and Pecharsky, 2008). The temperature change increases with the
magnetic field, but fields above 1.6T are impractical for domestic applications.

Operating and Transition/Curie temperature. The best magnetocaloric materials combine
several contributions to the total entropy variation; the giant magneto-caloric effect (MCE) of
Gds(Si1-xGex)4, for example, results from the coupling between a first-order structural transition
lattice and the magnetic transition. The MCE of FeRh arises from the coupling between
electronic and magnetic transitions. The peak magnetocaloric response comes at the
magnetic transition temperature (usually the Curie temperature) because it is here that the
magnetization changes most rapidly with temperature and JM /0T is greatest. Useful
magneto-caloric materials thus have a Curie temperature. The Curie temperature can be tuned

by slight compositional changes to maximize efficiency for a particular application (Bruck,
2005).
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10 l Magnetocaloric materials |
R I S Figure 3.12. The
1! THFB(F'M}’ operating  temperature
1 | range and adiabatic
1 temperature change of
B— — commonly researched
1 | Gdoest _ S~ magnetocaloric systems
! La(Fe,SiH Gadolinium
4,
2|
200 150 -100 50 0 50 100 150 200
Operating temperature (*C)

Figure 3.12 shows how common materials fit these metrics. At present gadolinium is the most
commonly used magnetostrictive material but there is much interest in the newer alloy systems,
particularly those not containing rare-earth elements, which are expensive and can be difficult

to source.

The content of a typical record is shown below. Further information for magnetostrictive
materials can be found in Thshin and Spichkin (2003), Gschneider and Pecharsky (2008),
Bruck (2005) and Olabi and Grunwald (2008).
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Typical record for a magnetocaloric material
Gadolinium

The material

Gadolinium, Gd, is a ferromagnetic rare-earth metal most notable for its
strong magnetocaloric effect. Until recently, it was used mostly as an
addition to iron-chromium alloys to increase their workability and high
temperature resistance. However, due to its Curie temperature being close
to room temperature and it demonstrating a strong magnetocaloric effect,
there has been much recent work looking at using gadolinium for magnetic
refrigeration.

Typical uses
Stainless steel addition; MRI contrast agent; phosphors for color TV tubes;

refractories; magnetic refrigeration Gadolinium. (Image  courtesy

Wikipedia Commons)

General properties

Density 7850 - 7950 kg/m"3
Price 124 - 206 USD/kg Functional Properties
. Ferromagnetic True

Thermal properties Magnetocaloric True
Melting point 1300 °C
Maximum service temp 40 °C Magnetic properties
Minimum service temp 0 °C Curie temperature (magnetic) 20 °C
Thermal conductivity 10 -10.5 W/m.°C
Specific heat capacity 225 -240 J/kg.°C Maanetocaloric properties
Thermal expansion coeff 6 -9 ustrain/°C Tungble transition tepmp P False

. . Operating temperature 0 -40 °C
MeChlamcal properties Mag. entropy change (0-2T) 45 -55 Jkg.°C
Young's modulus 54  -57  GPa Adiabatic temp change (0-2T) 57 - 58 °C
Shear modulus 20 - 24 GPa
Egﬁs?ﬁ%urlgﬁo 862 6 40 GPa Electrical properties
Yield strength 160 - 300 MPa Electrical resistivity 132 - 150 pohm.cm
Tensile strength 170 -430 MPa
Compressive strength 160 - 300 MPa
Elongation 4 -9 % strain
Hardness - Vickers 50 - 105 HV
Fracture toughness 45 - 90 MPa.m”0.5
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4. Semiconductors

Overview. Materials and Functional Attributes

Record name Attribute Unit
Aluminum antimonide Aluminum arsenide Band-gap eV
Aluminum phosphide Antimony telluride Electron mobility cm?/V.s
Bismuth telluride Cadmium selenide Hole mobility cm?/V.s
Cadmium sulfide Cadmium telluride Intrinsic carrier concentration cm
Cobalt antimonide Gallium arsenide Saturated drift velocity cm/s
Gallium antimonide Gallium phosphide Seebeck coefficient pVv/eC
Gallium nitride Indium antimonide ZzT max -
Germanium Indium antimonide Temperature at zT max °C
Indium arsenide Indium phosphide ZT (temperature dependent) _
Lead telluride Silicon
Manganese silicide Silicon germanium
Silicon carbide Zinc selenide
TAGS Zinc telluride
Zinc sulfide
4.1 Semiconductors
Semiconductors. Electrons in
solids occupy discrete energy - %{%
level that are grouped into bands
(Figure 4.1). The electrical caonductian
properties of a material are pand . o _ljmdgap
dependent on the properties of | = ==t | t0Ee | 4 7
the lowest unoccupied energy b === ———— -
levels, known as the conduction _ ""E‘E"S
band and the highest occupied =gl . . . '
energy levels, known as the
valence band. In good electrical Electronic | T semi “insulator
conductors, there is overlap conductor conductor
between the wvalence and
conduction bands, allowing Figure 4.1: Flat band diagrams of different classes of material

electrons to pass from the one to

the other and move easily through the material. In insulators there is a large band-gap (of
order 3.5 to 6 eV) separating the full valence band and the empty conduction band, which

means that electrons remain localized in the valence band and are not free to move.

The distinguishing features of semiconductors as compared to metals and insulators are:

e Semiconductors have a band-gap of order 1 eV.

e Semiconductors can be subdivided into two classes: intrinsic (pure) and extrinsic

(doped).

o Doping with selected impurities allows wide control of electrical conductivity by

changing the concentrations of the two carrier-types: electrons and holes.

o Electrical conductivity depends on temperature, illumination and electric field.

e Semiconductors can emit visible radiations.
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Semiconducting materials (Figure 4.2). Inorganic semiconductors belong to the group IV
elements or compounds (eg. SiC), compounds of groups Illl and V (eg. GaN), and those of
groups Il and VI (eg. CdSe). In addition, some more complex inorganic compounds (eg. BizTes)
can exhibit semiconducting behavior and have unique properties such as thermoelectric
behavior that will be described in the next section.

m w v v i
B|C|[N|O|F
I |A[Si|P|S|C Figure 4.2: Materials
Cu|Zn | Ga | Ge | As | 5e | Br displaying semiconducting
Aglca|mn [sn|sb[Te| 1 propertles. .They are '
- isoelectronic of group IV in
Au|Hg | Tl |Pb| Bi | Po | At which the valence band is full.

! v t

-V

Intrinsic (pure) semiconductors have an energy gap between the valence and conduction
band but this is small enough that electrons can be thermally excited across it, allowing limited
conduction. At OK semiconductors are electrically insulating. As the temperature is raised,
increasing numbers of electrons are thermally activated (“promoted”) into the conduction band
leaving a positively charged region (a “hole”) in the valence band. Collective movement of the
valence electrons can cause this hole to move through the valence band. Thus conduction in
semiconductors involves two types of charge carrier — electrons and holes — and increases
with temperature.

The density of charge carriers in a semiconductor (n for electrons, p for holes) is dependent on
the ease of thermal excitation of electrons across the band-gap. For an intrinsic semiconductor,

the number of conduction electrons, » , and of holes, p , are equal:

_Eg
n=p= N,exp

2kT
where N, is a constant, & is the Boltzmann constant and E, is the band-gap energy.

The band-gap depends on the bond length, increasing as the atomic radius decreases. For
this reason the conductivity changes from electrical insulator to semiconductor to metallic
conductor in the sequence C (diamond) to Si to Ge to Sn in the group IV elements (Table 4.1).

Table 4.1 Lattice parameter and band-gap of group IV elements

Element Bond length, A | Band-gap (eV)
C (diamond) 3.6 5.5
Silicon 5.43 1.1
Germanium 5.65 0.67
Tin 6.5 0

Extrinsic semiconductors acquire their properties through doping. The concentrations of
promotable electrons and holes now differ and depend on the nature and concentration of the
dopant. Doping silicon with a group V element, which has 5 valence electrons, provides four
electrons to the covalent bonding and leaves one electron loosely bound to the dopant-atom.
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This fifth electron is referred as a donor electron because the energy required to elevate it into
the conduction band is less that for the electrons involved in the covalent bonding (Fig. 4.3a).
Since the donor atoms provide electrons to the conduction band without creating holes in the
valence band, there are more electron charge carriers than holes, and the doped material is
referred as an n-type semiconductor (n for negatively charged). Similarly, it is possible to create
an excess of holes by doping Si with group Il atoms (Fig. 4.3b). Materials doped in this way
are known as p-type semiconductors.

m v v Cun::lulc'tliull'u I:ranl:l
B|C|N - DD0OO-—--
Allsilp Daonor fevel
Ga | Ge £ - - - Valence band
(@) LB LSS Figure 4.3. n and p-type doping

[ x]
=

R T
:( mm j | Conduction band |
B Ascepior level
Allsi|lP LBl 1Ga SiL o tll T ? o
Ga| Ge| As ,('jjjj:('i | Valence band |

Degeneracy. When the concentration of doping elements is small the donated electrons or
holes do not interact and the dopant energy level remains discrete (non-degenerate). As the
dopant concentration increases donor electrons or holes start to interact, splitting the single
discrete donor energy into a wider band that may overlap the bottom of the conduction band in
n-doped material or the top of the valence band in p-doped material. This type of
semiconductors is called degenerate.

Mobility. Electron movement is easier in semiconductors than metals because the conduction

band in semiconductors is virtually empty, giving the charge carriers high mobility. At low drift

velocities the velocity v of a charge carrier in a field E is proportional to the electric field:
v=uk

where g is the mobility. Thus the conductivity o of an intrinsic semiconductor is given by

o =ne(pe + )

where 4 is the electron mobility, ;, that of the holes , » is the charge carrier density and e

is the charge on one electron. At high fields the carrier velocity is no longer proportional to the
field but reaches a maximum, the saturation drift velocity because charge carriers interact with
the lattice leading to loss of energy through the generation of phonons or photons.

Band-gap type. In real semiconductors, the band structure is more complex than the flat-band
model that Figure 4.1 suggests. The energy of the valence and conduction bands varies
depending on the momentum of the charge carriers as in Figure 4.4. In direct semiconductors,
the minimum energy of the conduction band occurs at the same momentum as the maximum
energy of the valence band. In indirect semiconductors the maxima and minima do not
coincide. This means that for an electron to be promoted to the conduction band, a phonon
must also be created to conserve momentum.
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Applications.

The transistor. A semiconductor transistor consists of n- and p-type materials joined at a
junction. Current flows through the device only when a voltage is applied to a third junction.

Optical devices. A light emitting diode (LED) is also based on a p-n junction. When a voltage
is applied, electrons are driven from the n-type to the p-type and the reverse for holes. At the
boundary between the two regions, holes and electrons combine (i.e. conduction band
electrons are de-excited back to the valence band). Conservation of energy requires the
emission of a photon of frequency proportional to the energy gap.

Eg=hv

LEDs emit light of only one frequency, green or redder frequencies if the band-gap is narrow,
blue or UV when it is wide. White light is created by using a wide band-gap LED to stimulate
emission of the light from a phosphor coating. Efficient LEDs require direct semiconduction.
This is because the de-excitation of a valence electron in an indirect semiconductor annihilates
phonons to conserve momentum, dissipating energy and reducing efficiency.

Photovoltaics. If photons of high enough energy are incident on a p-n junction, they excite
electrons into the valence band, creating holes at the same time. The electrons are swept clear
of the junction, leading to an excess of electrons in the n-type region, of holes in the p-type
region and a potential difference across the cell from which power can be drawn. Conventional
solar cells, based on single-crystal silicon, are relatively efficient and reliable but are expensive
because the silicon must be very pure. Cells base on thin films of amorphous silicon or
cadmium telluride have lower collection efficiency but can be made by vapor deposition, use
less material, and are cheaper than single-crystal silicon.

Performance metrics and charts for semiconductors.

Transistors and power electronics are devices designed to amplify and/or switch an electrical
signal. The switching speed of a semiconductor is characterized by the Keyes figure of merit,
KM (Chow and Tyagi, 1994):

1/2
KM = A(V—S]
eR

where v, is the saturation drift velocity, ¢ is the dielectric constant and 1 is the thermal
conductivity. It appears as a diagonal lines on the chart of Figure 4.5. Silicon ranks well by this
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index and, additionally, is relatively easily processed to the high purities required to grow single
crystals by the Czochralski technique. Processing gallium phosphate or gallium nitride in this
way is more difficult.
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The Baliga index BHFM is a figure of merit for high power and high frequency devices.
BHFM = uE?

where x is the charge carrier mobility and E.. is the dielectric breakdown potential. It is shown

as the diagonal contours on Figure 4.6. Gallium arsenide, indium phosphide and gallium nitride
have high values of this index. They are used in radio frequency, high power electronics such
as in mobile communication.
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Light emitting devices. The wavelength /, of radiation emitted when an electron falls from the

conduction band to the valence band depends directly on the band-gap energy E, :

b= —

Eq

where ¢ is the velocity of light.

For elemental semiconductors, the band-gap decreases as the bond strength decreases and
the lattice constant increases; the progression C — Si — Ge is an example. The llI-V and II-
VI semiconductors, show a similar trend (Figure 4.7). While there is no simple expression

relating the band-gap and the lattice parameter, a,, empirically, E, is approximately

g

proportional to 7 / ag for the group-1V elemental semiconductors. For the same lattice constant,

the band-gap increases with increasing ionicity, as in the sequence IV-IV — llI-V — [I-VI. The
best example is the sequence Ge — GaAs — ZnSe all of which have almost the same lattice
constant.

Band gap and Lattice parameter for Ill-V compounds

Gallium nitride
g
: Figure 4.7. The band-gap
Aluminum phosphide energy of semiconductors
) ) ! plotted as a function of
Aluminum arsenide i .
] i e lattice constant of the
Galium ghosphide { crystal structure for IlI-V
semiconductors.

D

Aluminum antimonide Indium phosphide

G_ﬂ-—-

Gallium arsenide

Gallium antimonide

Indium arsenide —9

Indium _antimonide 2

WA |
T
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Lattice parameter (A) Figure 4.8 is a chart of
the emission
wavelength and the band-gap energy, with optical wavelengths shown as colors’. Dopants
such as nitrogen and zinc allow the band-gap to be adjusted, as does alloying similar
semiconductors such as the combinations GaAsxP1.x and GaxIn1xP. Silicon, germanium and
gallium phosphide are indirect semiconductors and so are not as efficient at light emission, but
gallium phosphide is still commonly used because it has a convenient emission wavelength.

" Plank’s contant h = 6.6 x 1034 J/s; speed of light ¢ = 3 x 108 m/s;1 eV = 1.6 x 107° J; thus % (in microns) = 1.23/E,
(EgineV)
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Emission wavelength and Band gap
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Figure 4.9 shows the correlation between the charge carrier concentration and the energy

band-gap.
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Photovoltaic solar cells. Photovoltaics require a band-gap energy that is a little less than the
average photon energy in sunlight (about 1.5 eV). The most commonly used material is silicon
(Eq = 1.15eV) (Cardarelli, 2000) but its indirect band-gap means that silicon solar cells are less
efficient than materials with a direct band-gap. Thin film solar cells based on direct
semiconductors such as cadmium telluride (Eg = 1.44-1.5eV), have higher efficiency than
alternatives like polysilicon.

As mentioned earlier, the intrinsic carrier concentration is given by.
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Figure 4.9 is a chart of log(n) and E,. The data, in Sl units, should lie on a line of slope

—-2kT where k is the Boltzmann constant and Tis the absolute temperature. For a

temperature of 300K this gives a gradient of -4.4x10-'° decades per Joule, well matched on the
figure.

The electron mobility x depends on on its charge, e, its life-time ¢ and its effective mass m *

et

m*

An electron moving through a crystal behaves as if it had an effective mass m* that differs from
that of an electron in free space because the lattice field influences its motion. The effective
mass takes into account the particle mass both of these:

=
2FE

o

* —
m* = m,

where m, and E, are the mass and energy of the free electron. Thus:

IL[:ZeTEOL

m, Eg

Figure 4.10 compares this predicted relationship between x and E, with data for the

semiconductors contained
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The content of a typical record is shown below. Further information for semiconductors can be
found in Cardarelli (2000), and Chung (2010).
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Typical record for a semiconducting material
Gallium arsenide

The material

Gallium arsenide, GaAs, is a lll-V type semiconductor with a direct band-
gap. It has much better electronic properties than silicon at high frequency
and so is often seen in high electron mobility transistors for frequencies
>600GHz. The direct band-gap of GaAs means it is an efficient absorber
and emitter of light, meaning it is commonly used for infra-red LEDs and
laser diodes in the near-visible region.

Typical uses
Radio frequency transistors; IR Laser diodes and LEDs; mobile phones;
radar systems

Gallium arsenide single crystal (Image
courtesy of Biotain Crystal Co.)

General properties Functional Properties
Lattice parameter 5.65 A Semiconductor True
Density 5320 kg/m"3
. Electrical properties

The.rmallpropertles Semiconductor
Melting point 1240 °C Electrical resistivity 1e10 - 3.3e14 pohm.cm
Thermal conductivity 46 - 56 W/m.°C Dielectric constant 104 - 13.2
Specific heat capacity 330 -350 Jkg.°C Dielectric strength 373 - 451 MV/m
Thermal expansion coeff 5.4 - 57 ustrain/°C

Semiconductor properties
Mechanical properties Group type -v
Young's modulus 827 -859 GPa Band-gap 1.35 - 143 eV
Shear modulus 329 - 4277 GPa Band-gap type Direct
Bulk modulus 753 -979 GPa Electron mobility 8500 - 8800 cm”2/V.s
Poisson's ratio 0.31 Hole mobility 400 - 450 cm”2/V.s
Hardness - Vickers 500 -690 HV Intrinsic carrier conc. 1800 - 2100 /mmA3
Fracture toughness 044 -051 MPam”0.5 Saturated drift velocity ~ 7.2e4 - 9e4 m/s

Emission wavelength 164 - 1.66 um
Optical properties
Refractive index 3.3 -

3.8
4.2 Thermoelectric Materials
The applications of thermoelectricity, such as . H?t +
thermocouples, thermoelectric coolers, and
thermoelectric gen.erators, involve energy conversion Holes Flectrons
from heat to electrical energy or the reverse, and rely
on three fundamental thermoelectric phenomena: the ﬂ AT, AV B
Seebeck, the Peltier and the Thompson effects.
g Jg o® @&
Thermoelectric effects. * ) -
ermoelectric effects + c:,ng r ® .'_

The Seebeck effect, discovered in 1821, describes the p-type Cold n-type

appearance of an electrical potential when two Figure 4.11: The Seebeck effect —
materials are joined together and placed in a thermal charge carriers diffuse from hot to cold

gradient. In a thermoelectric material free electrons or

holes transport both charge and heat. To a first approximation, the electrons and holes in a
thermoelectric semiconductor behave like a gas of charged particles. If a normal (uncharged)
gas is placed in a box within a temperature gradient the gas molecules at the hot end move
faster than those at the cold one. The faster hot molecules diffuse further than the cold ones,
leading to a net build-up of molecules at the cold end as in Figure 4.11. The density gradient
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drives the molecules to diffuse back towards the hot end so that, at steady-state, the two effects
exactly compensate and there is no net flow.

Electrons and holes behave in a similar way. Because they carry charge, the temperature
gradient creates a charge gradient between the hot and cold ends of the material; the charge
gradient tends to push the charges back to the hot end. If the free charges are positive (the
material is p-type), positive charge builds up at the cold face, which acquires a positive
potential. If instead they are negative (n-type material) the cold face acquires a negative
potential.

The Seebeck coefficient S (uV/°C) is a measure of the change in voltage AV induced across a

thermoelectric material by a thermal gradient AT . For small temperature changes, the Seebeck
coefficient is given by.

s oA

AT

A positive Seebeck coefficient indicates that the charge carriers are positive (holes); a negative
Seebeck coefficient means that they are electrons. (To allow comparison of both p-type and n-
type thermoelectrics, only the absolute value of the Seebeck coefficient is recorded in the
database.) The density and mobility of charge carriers changes with temperature; for this and
other reasons the Seebeck coefficient depends strongly on temperature.

The Peltier (inverse thermoelectric) effect was discovered by Jean-Charles Peltier in 1834.
When a current is passed across a junction of two materials, heat is absorbed or rejected at
the junction depending on the direction of the current. The rate dQ/dt at which the heat is

either deposited or removed is

= - i
dt

where /7 is the Peltier coefficient and i is the current.

The Thomson effect links the Seebeck and the Peltier effects. It describes the generation or
absorption of heat when a material is held in a temperature gradient while carring an electrical
current. Thompson showed that he Peltier coefficient is related to the Seebeck coefficient by.

=TS

where T is the temperature of the thermoelectric material.

Applications. A thermoelectric device —
consists of an array of thermoelectric couples eatsowree | Conducting _ Acive coolng
consisting of  n-type and p-type , R , R
semiconductors legs connected electrically in ool | ool |6
series through metallic contact pads and I " U "
thermally in parallel. There are two types —

thermoelectric  generators (TEGs) and leatsink et rejection
thermoelectric refrigerators (Figure 4.12). Current/ ~ -y | curenti

Until now, thermoelectric devices are used in =
niche applications where price (aerospace)or ~ Figure 4.12: Thermoelectric generation (left)
quality (small appliances such as camping and refrigeration (right).

products) are immaterial.
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Thermoelectric refrigeration. When a voltage is applied across the thermoelectric, the Peltier
effect causes one junction to cool. The efficiency of conversion from electrical to thermal
energy is about one quarter that of conventional refrigeration techniques, but Peltier coolers
are compact, they have no moving parts and a long life. Feedback circuitry allows for precise
temperature control (to within 0.01°C), attractive for use in laser applications.

Thermoelectric generation. When placed in a thermal gradient, thermoelectric materials
generate a voltage through the Seebeck effect. For current to flow, it is necessary to have both
a p-type and an n-type thermoelectric so that charge can be conserved. Thermoelectrics allow
electrical power to be harvested from waste heat such as that of car exhaust systems. Their
other main use is in spacecraft. When far from the sun, solar cells become ineffective. The
alternative is a radioisotope thermoelectric generator (RTG) that uses the decay of a
radioactive isotope to generate a thermal gradient. PbTe/TAGS and SiGe unicouples have
been used on more than 60 planetary rovers and space probes.

Themoelectric generator Hot

-8
-—Q -
-8

p P
o o
} i

~—Q o
-0
-0

| I /| I I |

Cold

Current§ —-

Figure 4.13: Schematic multicouple TE generator

The power output (P) and conversion efficiency (n) of TEGs depend on intrinsic material
properties and device architecture. Referring to Figure 4.13, the power output is

P o« NAS?k,AT?, and

o Vi+zT -1
TN AT + T./T,

where N is the number of thermocouples in the device (Fig. 4.13), A the cross-section area of
thermoelements, AT the temperature difference between the hot (Th) and cold sides (T¢), S the
Seebeck coefficient, ke the electrical conductivity, 7. is the Carnot efficiency and zT is the figure
of merit.

Figure of merit zT, power factor (PF = S%x) and
material choice. To provide power a
thermoelectric material must have a high electrical
conductivity «,to allow easy movement of charge

carriers and reduce resistive losses, and a high
Seebeck coefficient S to generate a voltage. This
combination is captured by the power factor (PF)

nsulators Semiconduciors Meta's

I haiectron

PF =, S°
:‘nphorc-ﬂ

In addition a low thermal conductivity is required to

. . . In {Carrier concentrafion, n)
maintain a steep temperature gradient between

the hot and cold side, which is reflected into the Figure 4.14: The dependence of the power

) . _ factor (numerator of z) and the properties
figure of merit, z7': that make it up on carrier concentration.
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_ KeS2
A

zT T

where T is temperature and 1 is the thermal conductivity. Thus good materials for
thermoelectric applications combine a large Seebeck coefficient with high electrical
conductivity and low thermal conductivity — a combination not easily achieved. The Seebeck
coefficient and the electrical conductivity are both functions of the free charge carrier
concentration (Figure 4.14) in such a way that the power factor «, S?, has a maximum at

carrier concentration around 1026 m=3,

Heat is transported through materials by moving charge carriers (electron conductivity 4,) and
by lattice vibrations (phonon conductivity 4;). The total thermal conductivity is

A4

otal =% T4

In metals, electron transport dominates and the same electrons provide electrical conductivity
with the result that 1, is directly proportional to x, (the Wiedemann-Franz law):

Ae =K, LT

where L = 2.44x10% watt.ohm/K? is the Lorentz number and T the temperature. Thus the
lattice thermal conductivity is the only independent term entering z7T . According to the Debye
model, / is given by

4 =C, vy Aph

where C, is the lattice specific heat, v, the speed of sound and 4, the phonon mean free

path. The lattice thermal conductivity is reduced by scattering phonons. In a perfect lattice there
is litle scattering, 4,,, is large and 4 is high. By contrast, in amorphous structures (glasses)

4, approaches the inter-atomic distance. Glasses have the lowest lattice thermal

conductivities but also very low electrical conductivities, making them unsuitable as
thermoelectrics. The ideal is summed up in the concept of the “phonon-glass/electron-crystal”,
a thermoelectric material with the electrical properties of a crystalline material and the thermal
properties of an amorphous material. This state is approached by scattering phonons in
different frequency ranges using alloying (mass fluctuation scattering), crystal lattice
engineering with rattler atoms in structural cages, and microstructure engineering
accomplished by precipitation scattering and interface scattering.
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Performance metrics and charts for thermoelectric materials. A good thermoelectric
material requires both a high electrical conductivity and a low thermal conductivity. Figure 4.15
shows these two properties for common materials. Metals lie along a straight line of slope 1
(the Wiedemann-Franz law, already mentioned). The other possibility for increasing
thermopower is to increase the Seebeck coefficient, but this conflicts with the requirement for
high electrical conductivity because a high Seebeck coefficient requires a low carrier
concentration (Tritt and Subramanian, 2006). Figure 4.16 shows that good thermoelectric
materials are those that combine a high Seebeck coefficient. S with a high conductivity ratio
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Z100- ; phosphide | ' Ahi[;o g Znc and electrical
£ ! Gallum = | = | S Nickel conductivity. Good
= | arseniy ————— ' ﬁﬂf},‘é“ ""' 7 Iron thermoelectric
f ] li_ [] . .
= ! oo b ! | c:::p - Lexd materials (in purple)
= Quartz ; Zrconium tianate | a%ﬁgg:ﬁé::’ LN Teanum need low thermal and
E 10+ i Lithium i ; i .Terenotl high electrical
o ! tantalate Cadmmm te luride Nd-Fe-B—} , Gadolinium conductivity, the
: I ¥ ! 1 . 2 .
S @' e’/ Barum i SiGep T Gd-Ge-Si bottom right corner of
o Lithiumi |_titanate : , { fi; the plot. The li f
o nnbate | P — ._ Hah 1 ot ! Mri-Si 4 Ph-Te Ie P 01. e klne thO
J— ard |1 Soft |, slope marks the
qE, PZT | ferites | femmtes || aFe-Co-Shgy | MAS W.p d Franz |
= 1 y i | .- Skutterudite ¥/ sb_Te ledemann-rFranz iaw.
= e W% Bismuth | ! ; | BiTe |
@ Metals I titanate ] i i |
) Semiconductors / h !
) Piezo-slectrics l 1 |
Thermeo-electrics | Ke N ! | I
. —10° - [ |
O Fenites A 10% 10% 1 0w e s

1'% 102 10° 108 10° 1 102 10F 108
Electrical conductivity {S/m)

10* 31 Seebeck coefficient and Conductivity ratio
PVC
£y 102 = ’ L i | N | i i
Em Nylons, PA Silicon Ma2-(Si,Sn) Figure 4.16. Seebeck
E_ Mn-Si1.7 | BiTe coefficient and
= Sb-Te . .
= ) conductivity ratio for
5 SiG Yb0.2C04Sb12 Y .
5100 TAGS thermoelectric
E .
Q LaD.BFe3CoSh12Pb-Te materials. A few
o standard engineering
E Nickel ~© materials are  also
& 10 Alminum included. The dashed
b . )
a Tungsten\o lines (gradient 0.5)
@ Metais Siver. 2 - represent contours of
11| © semiconductors _ cgpper:o‘p ooy | equal  thermoelectric
O Thermo-slectrios fl ure Of mer’.t
L L s2Ee=1 e i oo g

1012 1010 q0® 0% 104 102 1 102 0% 108 108 1010 1012

Electrical conductivity / Thermal conductivity (S.m.C/AWV) Further insight into

thermoelectric-property space is given by Figure 4.17, on which the components of the merit
index zT - the power factor and the thermal conductivity - are plotted. The best thermoelectric
materials lie in the top left corner.

Temperature dependence. The thermal and electrical conductivities and the Seebeck
coefficient of semiconductors all depend on temperature (Figure 4.18). This is reflected in the
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temperature dependence of the index zT . The database allows the value of zT to be selected
at a user-defined temperature. The thermoelectric performance of lead telluride, shown in the
Figure 4.18, is poor at room temperature but good at 350°C, making it suitable for use in high
temperature thermoelectric generators such as the radioisotope thermoelectric generators
used in exploratory satellites and planetary rovers.
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Figure 4.18. The Seebeck coefficient, electrical resistivity and thermal conductivities of PbTe as a function
of temperature.

The content of a typical record is shown below. Further information for thermoelectric
materials can be found in Tritt and Subramanian (2006), and Snyder and Toberer (2008).
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Typical record for a thermoelectric material

Bismuth telluride

The material

Bismuth telluride, Bi2Te3, is a semiconductor that
demonstrates strong thermoelectric properties when
combined with antimony or selenium. It has a high
thermoelectric figure of merit near room temperature,
making it particularly useful for portable refrigerators and for
controlling the temperature of microchips or lasers. It is also
commonly used for energy generation near to ambient
temperatures, but its low melting point precludes it from
use in higher temperature applications.

Typical uses
Portable refrigerators; thermal energy harvesting near
ambient temperature; microchip cooling; temperature
control in lasers

General properties

Density 7860 kg/m”3
Thermal properties

Melting point 585 °C
Maximum service temp. 297 - 360 °C
Thermal conductivity 1.3 - 15 W/m.°C

Thermal expansion coeff. 14.4 - 21.3 ustrain/°C

Mechanical properties

Young's modulus 45 - 55 GPa
Shear modulus 18 - 22 GPa
Bulk modulus 29 - 35 GPa
Poisson's ratio 0.24

Yield strength 20 - 40 MPa
Tensile strength 20 - 40 MPa

A Bismuth telluride thermoelectric unit (Image
courtesy of Custom Thermoelectric)

Functional Properties

Semiconductor
Thermoelectric

Electrical properties

Semiconductor

Electrical resistivity

True
True

600

Semiconductor properties

Band-gap
Band-gap type
Electron mobility
Hole mobility

0.16
Indirect
1140
680

Thermoelectric properties
Seebeck coefficient

zT max

Temperature at zT max

zT (T-dependent)

Parameters: Temperature = 25°C

140
0.9
70
0.9

zT (Temperature
dependent)

0 50 100

150 200

Temperature (°C)

250

300

- 2000

- 0.21

- 250

- 110

pohm.cn

eV
cm”™2/V.s
cm”2/V.s
pv/eC

°C
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5. Case Studies

5.1: Electric energy storage

The energy density of a capacitor with a single dielectric
layer (Figure 5.1) increases with the square of the field E :

Energy density = éer e, E?

where ¢, is the relative permittivity (dielectric constant) and
¢, the permittivity of vacuum (8.854 x 10" F/m). An
upper limit for E is the dielectric strength, E,, setting an
upper limit for energy density:

. . 1
Maximum energy density = —z, 2, E}

Dielectric Electrodes

®

S)

Figure 5.1 A capacitor stores electrical energy

This upper limit is plotted in Figure 5.2, which illustrates the enormous gains that ferroelectric
ceramics offer. PZT has the highest value (and it is used for high performance capacitors) but
barium titanate is the more usual selection because it is cheaper, easier to process, and lead-

free.

Lead lanthanum Capacitor energy density
Zirconium titanate

i/ /u PZT, hard
PZT, soft ‘' o ttanat

_,_,.-" 'inum anate
Gallium phosphide ) .
Gallium arsenide
Indium phosphide B
Quariz Polyvinyiidene fiuoride
10+
_—3 Silicon
Germanium
L Indium arsenide =8
Indium antimonide —8

Figure 5.2. A plot showing the
maximum energy density
made possible by dielectric
materials. The ferroelectric
ceramics have the highest
values.
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5.2: Accelerometers and kinetic energy harvesting

Accelerometers. Piezo-electric accelerometers

Encapsulation

rely on the inertia of a mass m to generated a \
force ( Piezo layer—
/\ |
F=ma 7 Beam
k Mass

Silicon

Encapsulation

when subjected to an acceleration or a

deceleration a . If this force is applied to the end Figure 5.3. One configuration for a simple piezoelectric

of a beam to which a thin layer of piezoelectric accelerometer or energy-harvesting device.

material is bonded, the piezoelectric layer is

stretched or compressed (Figure 5.3). The resulting charge that appears on the piezoelectric
can be detected and, if necessary, used to trigger a response if the acceleration or deceleration
exceeds a critical value. For this, and piezoelectric material with a high piezoelectric charge
coefficient dj; is desirable. Figure 5.4a is a plot of this coefficient. Soft lead zirconium titanate
(PZT) has the highest value of this coefficient. If the additional constraint that the piezoelectric

must not contain toxic materials is applied, the top three materials in Figure 5.4a are eliminated,
leaving barium titanate as the best choice.

1033 PZT, soft Charge per unit force Energy conversion efficiency
B »
i i i <
B Lead lanthanum zirconium titanate ‘;t: 084 PZT, soft
PZT, hard 5
B o Lithium niobate

Barium titanate 2

S.0.64 Lead lanthanum zirconium titanate
Lithium niobate H

B/ ] PZT, hard
_ }] 8 0.4 Er/ Barium titanate
- - - c
P E— Polyvinylidene fluoride (PVDF) g Lithium tantalate
Bismuth titanate )El “E’
Lithium tantalate & 0.2 Polyvinylidene fluoride (PVDF)
g 3
@
w
uartz uartz
@ 04 Q : A
Bismuth titanate |

Figure 5.4(a) The piezoelectric charge coefficient and (b) the electro-mechanical coupling constant.

Energy harvesting. Small portable electronic devices operate with low electrical drain, but
their batteries require regular charging. Mechanical energy from vibration or cyclic movement
is present almost everywhere. The configuration shown in Figure 5.3 allows electrical power
to be harvested from acceleration and deceleration associated with mechanical vibration. Here
the conversion efficiency of mechanical to electrical energy is the dominant consideration.
Figure 5.4b shows the electro-mechanical coupling constant, which is a measure of this
efficiency. Once again, soft PZT is the best choice. If toxic materials are eliminated, lithium
niobate emerges as the optimum choice. In this application the configuration of the device
plays a more important role: ideally, the mass and beam should be chosen such that the
resonant frequency of the system lies at or near the frequency of vibration from which the
energy is drawn.

“Vibration energy harvesting with aluminum nitride-based piezoelectric devices” R Elfrink, T M Kamel, M
Goedbloed, S Matova, D Hohlfeld, Y van Andel and R van Schaijk, J. MICROMECH. MICROENG. Vol.
19 (2009)
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5.3: Energy harvesting from waste heat

To provide power a thermoelectric material Heat source
must have a high Seebeck coefficient S to f | [ 1

generate a voltage, a high electrical AT

L - p n p n p n
conductivity x, to reduce resistive losses and a !
low thermal conductivity 2 to maintain a steep IHeatsmlkl Il Il
temperature gradient between the hot and cold Load
side of the generator. This combination is A Al

captured by the figure of merit, zT :

e S2xe r generator

A
where T is mean temperature at which the device operates. Thus good materials for
thermoelectric applications combine a large Seebeck coefficient with high electrical
conductivity and low thermal conductivity — a combination not easily achieved. All the material
properties in this expression for zI' depend on temperature, so the best choice of material
depends on the temperature of the heat source.

Energy harvesting from automobile exhaust. At least a third of the energy used by a car is
lost as waste heat. Some of this can be converted back to useful electrical energy using
thermoelectric generators. Figure 5.6(a) shows the material property combination

SZKe

i

evaluated at 250 C — an assumed temperature for the exhaust manifold. The best choices of
material are TAGS (an alloy of tellurium, antimony, germanium and silver) and cobalt arsenide
Skutterudite, Ybo.2C04Sb12.

Zz =

Energy harvesting from domestic waste hot water. A lot of heat goes out with the bath
water. Materials for harvesting electrical energy from a source at 50 C (a hot bath) are shown
in Figure 5.6(b). In this application the best choices are antimony telluride or bismuth telluride.

Figure 5.5. Schematic multicouple thermoelectric

¢

:

8

5

520
Thermoelectic index at 250°C “; E Thermoelectic index at 50°C
] g Yb0.2C045b12 < e B sbTe
TAGS Py b
R .
Mg2(Si,5n) v 3e0 (- BrTe
X 1
BiTe 2z
Pb-Te—d E 269
'% Yby,zCo4Sby,
120.8Fe3CoSh12 MnSiL7 H E Tacs
SiGe L leoq = % SiGe  sSiGe
P (Ptype)| £ 3 Mg, (SiSn) g (ntwee) (E—tvpe)
[T} ]
SiGe E o4 Lag gFesCoSh,,

(n-type) E

Figure 5.6(a) The thermoelectric index evaluated at 250 C; (b) the same index evaluated at 50C.
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6. Conclusions

The CES EduPack Functional Materials database extends the standard Level 2 database by
the inclusion of 43 new records and 40 new attributes. They describe the properties of piezo,
pyro and ferroelectrics materials, magnetic, magnetostrictive and magnetocaloric materials,
and semiconducting and thermoelectric material. Science notes and example plots illustrate
the content and application of the new database. The extended database becomes a powerful
resource to support the teaching of Materials Science.
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