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Thermal and electrical conduction — part II:

practical aspects and mechanisms
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Thermal conductivity: mechanisms
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Thermal conductivity

oT
Thermal transport is defined by heat flux (J/m?s) h =—k.—

y OX
There are 4 key mechanisms that contribute to the thermal conductlvity:

- Phonons — quantized lattice vibrations, or other collective vibrations in
solids

- Mobile charge carriers (electrons) transport heat

- Photons emitted from the hot section of material are absorbed by the
cooler part

- Convection — circulating currents in liquids or gases transport heat



Thermal conductivity vs temperature
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Thermal conductivity of some materials at 300K, J/(s cm K)

Diamond
Silicon
Germanium
Aluminum
Copper
Gold
Silver
Iron
Platinum
Tungsten
Graphite
parallel to layers
perpendicular to layers
Alumina
Single crystal
Polycrystal
Beryllia
Magnesia

AIN

1.48
0.599
2.8
3.98
27
4.277
0.803
0.714
173

20
0.095

0.46
0.36
02
0.60

3.21

e diamond-silicon-germanium (same

colomn): longer and weaker bond =
weaker thermal conduction

e diamond, beryllia, aluminum
nitride are excellent thermal
conductors (all three are considered
as replacement for alumina in
electronic packaging

AIN and BeO are binary compounds
with particularly high thermal
conductivity: strong bonding and
similar atomic masses

(vibrations better propagate along

lattice when the mass contrast is
small)



Thermal conductivity in the alloy systems: a strong effect
of disorder

- Cu-Ni alloy
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e any lattice disorder impacts
phonon scattering

e Cu and Ni alloy form a perfect
substitutional solid solution, the
sample is a single phase across the
entire phase diagram

e However, the thermal conductivity

shows a sharp decrease in the center
section

e The phonons are scattered when
they encounter a small change of the
periodic potential due to
substitution of Cu for Ni
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Thermal conductivity vs. degree of crystallinity: polymers

Typical changes of thermal conductivity in a polymer

with crystallinity of 100%, 80%, 60%, 40%, 20%, 0%
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e crystalline polymers like high-

density polyethylene, polypropylene,
PVDF show high thermal

conductivity

e the thermal conductivity
decreases dramatically with the
degree of crystallinity decrease

e in stretched polymers the thermal
conductivity is higher in the direction
of elongation (parallel to the
covalently bonded backbone

¢ \Van der Walls bonds = lower
thermal conductivity



Electric conductors at the temperatures around 300K or
higher: thermal conductivity vs electric conductivity

Elemental metals: thermal conductivity vs electric

conductivity
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e when the thermal conductivity has

a significant contribution from
mobile electrons, there is a linear
dependence between k and o

e this linear relation is known as
Weidemann-Franz law



Thermal conductivity of metals: electron and phonon
contributions

thermal conductivity vs temperature for Al, Cu, Pb
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e electron and phonon contributions
both play a role in thermal transport
in metals, but their relative
importance depends on temperature
range

e lower temperature = higher
phonon contribution

e temperature dependence of
thermal conductivity signals the
crossover between the two

predominant mechanisms of thermal
conductivity
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Thermal conductivity: anisotropy

Rutile

e Along Z there is edge sharing of polyhedra, which brings the Ti atoms closer together.

In the X-Y plane, there is only corner sharing. This facilitates phonon transport of heat
parallel to the c direction. Thus, k33 > k;; at temperatures where phonons dominate the
thermal conductivity.

e Ceramics: As a first approximation, a weighted average can be utilized, so that the
polycrystalline ceramic from a tetragonal point group would be (2 k;; + k35)/3.

In a polycrystalline ceramic, there is more scattering of the phonon contribution to
thermal conductivity at the grain boundaries. The polycrystalline ceramic may then have a

lower thermal conductivity than the weighted average. »



Electric conductivity

e Transport of electrical charge under electric stimuli

e To analyze conductivity it is essential to understand if we are dealing
with metal, semiconductor or insulator

e Nature of charge carriers is also important (electrons, holes, ions)

e Predominant conduction mechanism depends on temperature,
frequency and other factors



Metals

e lon cores that donate electrons to the electron gas (delocalized)

e mobile electrons are available at any temperature

e Band diagram language: valence band is partially filled (often called
conduction band)

Surface

N3 Example of Na atom:
e orbitals that interact with their
neighbors split into closely spaced energy
levels and become bands of allowed

- s L ’I 3s Cog‘l‘ﬁi‘ energy separated by energy gaps

T el 22: \ e The outermost band originating from
Potential IﬁerElectmn the 3s orbitals is partially filled
Energy .
Shells (conduction band)
136///
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Metals, semiconductors, insulators

e lon cores that donate electrons to the electron gas (delocalized)

A overlap
conduction Fermi distribution

- band function
| -
)
o
8’ Fermi energy band gap
.(T) l
@ valence f(E) — E-Ej
?5’ band [ e kpT

e Fermi level E¢ in metals separates occupied and empty states (at OK)
work function is the energy needed to extract the electron from level E; to infinity

* In semiconductors/insulators E; is situated in the forbidden gap
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Si and other semiconductors: Bands and Charge Carriers

Conduction
band

:IiBandgap energy Eg

Valence
band

ﬁ'

Electron energy E

* At finite temperatures, electrons are promoted from the
valence band to the conduction band resulting in electrons in
the conduction band and holes in the valence band

* Motion of electrons in the conduction band and holes in the
valence band at T>0 K generates electrical current



Electrical conductivity in intrinsic (undoped)
semiconductors vs. T,
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Electrical conductivity: metals, semiconductors, insulators
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Metals (unlike semiconductors/insulators) typically show a resistivity
increase with the temperature



Metallic conduction from compounds including non-metals

TiO (metallic conductor) NiO (insulator)
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In TiO metallic conduction originates from overlapping diorbitals that
form partially filled conduction band. In NiO d-orbitals stay localized
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Models of electrical conductivity

Model of Drude (1902): electrons represented with spheres
which follow classical mechanics

Hopping conduction in insulators/semoconductors

Energy band model (1935): electrons are quantum objects
interacting with the medium but do not affect the medium or
other electrons ( passive electrons)

BCS model (Bardeen, Cooper and Schrieffer;1962): electrons
are quantum objects which interact with the environment
(medium in which they move) and with other electrons.

lonic conductivity



Electrical conduction: Drude model

« a widely used classical model of charge transport
Works well for describing conductivity in semiconductors & metals

v Constant voltage V

Uniform electric field E = V/L

stochastic, time between scuttering events 7, \ = v;,7.
mean free path A depends on the thermal velocity

* Types of movement:

— Thermal: o M

V
— Drift; movemenM the external electric field
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Electrical conduction: Drude model - 2

E _ E = electric field [V /cm)]
) = :ZQE The net force acting on charge carrier
@
U(t) — at = _Qﬁt For electrons
mn
U(t) = Q—Et For holes (holes also
net velocity ip have effective mass)
:?f(fjigﬁjcnon T e Drift velocity:
_ qL qT,
2etevaegl,§city 2 x = = U = I’(] — 1 5 Te — 5 E
" ZMn.p ZMn.p
Udn = _,UnE X
¢ — ., ot WO - Y
. = mobility |ctn*/V - s
Vdp = ,LLpE Fin,p 2mn.p Y [ / ]
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Electrical conduction: Drude model - 3

= L = mobility [('1)12/“" 5

Vg — _lunE' Hn.p Sy, =
— Mobility is measure of ease of carrier drift
Vdp = pplv /

- Increases with longer time between collisions
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- Decreases with the higher effective mass

Mobility for Si at 300K

electrons

mobility depends on doping
Holes are “heavier” than electrons

., 107 ~ 10718 5 <<lps

holes ..
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N, + N, total dopant concentration (cm™)

22



Electrical conduction: Drude model - 4

Drift currept depsily: | JUift = _ angn = qriin E
oc carrier drift velocity
oc carrier concentration -
o carrier charge Tt = qpugy = qpupE
E 3 Signs: E N Jd'r-zl 7t Jd-ri i J(lr-'z'. v E
o 2 P — q(n,un, + pMP)
Vdn Vdp
—~ @ s W
| | Ohm’s law:
J drift J drift
X X J — 0- E —_—
P
o = conductivity [Q~' - em™!] 1 1

p = — =
I o q(npn + ppy)
p = resistiviy [ - cm)]
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Drude model for conductivity — simple relations, numbers

Ohm’s law: J = o E where J is the current density, E is the electric field and o 1s
the conductivity. In microscopic terms,

o =ngu where p is mobility of charge carriers.

qF qTe - . o
T=uyg==% ! T, = + e p finp = 50— = mobility [em?/V - 5]
277712.1) 277777.]) <M
Electron mobility at 300K:
Si at 300K: what is the mean free path? Si (300K) — about 1000 cm*/V's
Metals like Cu, Ag — 30-50
| cm?/V s

o2 107 ~ 1071 s <<Ips GaAs - 10000 cm?/V s

vp = 107 em/s Ionic conducton - <1 cm?/V s
GaAs/AlGaAs 2D gas:

= A ~1~ 10 nm Mobility below 4K can be

106-107 cm?2/V s
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Limitations of the classic theory (Drude model)

Drude model is a useful and important tool for understanding/describing
charge transport, however, it has limitations

Electrons are considered classic particles (like a gas), and their wave
nature is not taken into account — problems at short distances

Ballistic transport (small number of scattering events) is described
differently
Transport through barriers e.g. tunneling is described differently

Transport at high electric fields may not be accurately described with
Drud etheory

The concept of electron/hole mobility is widely used in semiconductor
device physics, very often, the mobility is considered as an empirical
parameter (without any relation with electron/hole mass)



