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‘| often say that when you can measure what you are
speaking about, and express it in numbers, you know
something about it; but when you cannot measure it, when
you cannot express it in numbers, your knowledge is of a
meagre and unsatisfactory kind.”

Lord Kelvin

(1824-1907; William Thomson)

From Lecture to the

Institution of Civil Engineers, 3 May 1883
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Seebeck effect: A temperature difference between two points tonductor or semiconductoesults in
voltage diffeence betweethese twagpoints. Stateddifferently, a temperature gradiein a conductor or |a
semiconductogivesrise toa built-in electricfield. This phenomenon isalled theSeebeckeffect or the
thermoelectriceffect. TheSeebeckcoefficient gaugesthe magnitude othis effect. The thermoelectric
voltage developed per unit temperature differeneedonductor is callethe Seebeckoefficient. Only the
net Seebeckvoltage difference between different metals can bemeasured.The principle of th
thermocouple is based on the Seebeck effect.
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1. The Seebeck Effect and Normal Metals

Consider an aluminum rod that is heated at one end and cooled at the other end as depicted in Figure 1. Th
electrons in the dt regionare more energetiand thereforéavegreatervelocities tharthose inthe cold

regiort. Consequentlyhere is anetdiffusion of electrons fromthe hotend toward the cll end which
leavesbehindexposedoositive metalions inthe hotregion andaccumulate®lectrons in theald region.

This situation prevails until thelectricfield developedetween the positivions inthe hotregion and the

excess electrons in the calehion prevents further electron motidrom the hot to cold end. &oltage is
thereforedevelopedbetween the hoand coldendswith the hotend atpositive potential. The potential

'The conduction electrons around the Fermi energy have a mean speed that only has a small temperature dependence. This
small change in the mean speed with temperature is, nonetheless, important in understanding the thermoelectric effect.
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differenceAV across a piece ohetaldue to atemperaturalifferenceAT is called theSeebeck effeét To
gauge themagnitude ofthis effect weintroduce a speciatoefficient which isdefined as the potential
difference developed per unit temperature differenee,

S= av Seebeck coefficient (1)
dT
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The Seebeck effect. A temperature gradient along a conductor gives rise
to a potential difference.

Figurel

By convention, the sign @represents thgotential of the coldide with respect to the hdaide. If
electrongdiffuse from hot to coleend,then the coldide isnegative withrespect to the hagide and the
Seebeck coefficient is negative. Ip-fype semiconductor, dhe other hand, holes woutliffuse from the
hat to the cold end. The cokidewould bepositivewith respect tahe hotside which would makeS a
positive quantity.

The coefficientSis widely referred to as the thermoelecprisver even though thierm is certainly
misleading as it refers to a voltagifference rather than power. Ttem, howeverhas stuck and weave
to learn themisnomer. Analternativerecentand more appropriatierm is theSeebeckcoefficient. S is a
material property that depends on temperaireST). It is tabulatedor manymaterials as &nction of
temperatureGiven theSeebeclcoefficient§T) for a material,the voltagedifferencebetween twopoints
where temperatures afgandT, from Equation (1), is given by

AV = } sdT 2)

The voltage difference in Equatiorf2) above isfor the cold endwith respect to hot as in the
convention foiS

The average enerdy, per electron in a metal in which the density of stg¢(es [ E' is given by
(see, for example, Ch. 4 Rrinciples of Electronic Materials and DevicédcGraw-Hill),

2Thomas Seebeck observed the thermoelectric effect in 1821 using two different metals as in the thermocouple which is the
only way to observe the phenomenon. It was Thompson (Lord Kelvin) who explained the observed effect.
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whereE., is the Fermi energy at O K. It is clear from Equation (3) that the Fermi-Dirac distribution actually
extends to much higher energies when the temperature is raide@jaed in Figure 1, sthat the average
energy peelectron, asletermined by Eaation (3), is actuallygreater in the hot endConsequently the
more energetic electrons in the hot end diffuse toward the cold region until a potential difi&fesnoriilt

up which prevents further diffusion. Wehould also rote that theaverageenergy perelectron as
determined by Equation (3) also depends on the material by virigg. of

T+6T T
T | Consider a small lengthix over
<> which the temperature differemc
Hot _e$_)i colg 1S OT and voltage difference is
L 0V. Suppose that one eleatro
:E”I diffuses from hot to cold regm

I across this potential difference.

Figure2
Tablel
Seebeck coefficients of selected metals (from various sources).
M etal Sat0°C S at 27 °C E- X
(uVv K™ (uV K (eV)

Na -5 3.1 2.2

K -12.5 2.0 3.8
Al -1.6 -1.8 11.6 2.78
Mg -1.3 7.1 1.38
Pb -1.15 -1.3

Pd -9.00 -9.99

Pt —4.45 -5.28

Mo +4.71 +5.57

Li +14 4.7 -9.7
Cu +1.70 +1.84 7.0 -1.79
Ag +1.38 +1.51 5.5 -1.14
Au +1.79 +1.94 5.5 -1.48

Zn 9.4
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Suppose that amall temperaturdifference ofdT results in avoltage difference dV between the
accumulated electrons aadposedoositive metalions asdepicted inFigure 2.Suppose thabne electron
manages to diffuse from the hot region to the cold region. It has to do work dlgaipstential difference
oV which is—edV. This work done againslV decreasethe averageenergy ofthe electron bydE,, from
E,(hot) toE_ (cold):

—edV = E, (T + &T) - E,(T)

Substitutingfor E_(T) from Equation (3) andexpanding T + JT) and neglectingdT? term we
obtain,

kT T
2EFO
SinceS= dV/AT, the Seebeck coefficient is given by
_ KT
2eE,

For example, for AlE.,= 11.6 eV so that &t = 300 K (27°C), Equation (4) predicts0.94 uVvV K~
Y which is of the order of the experimentally inferred value of abb@uV K™. Table 1 summarizes some
typical experimental values for the Seebeck coefficient of a seleftioretals where it ispparent thiathe
values are in the microvolt per Kelvin rangaslalso startlingly apparetitat there are metalgith positive
Seebeck coefficients such as copper. This mean that electrons migrate from cold to hot end of a copper bar

It should beemphasizedhat theaboveexplanation isbased onassuming thathe conduction
electrons in the metal behave as if they were “free”. This means that the density gfB)afeE"? up to
and beyondhe Fermi energy. lalso meanshat the electrorenergyE = KE = */,m*Vv* and that the
effectiveelectronmassm_* is constant; energy independent. Further, electwitts higher energyhave
greater measpeedsand longemean fregraths sohat theydiffuse fromthe hot to coldregion. These
assumptions only apply to what are called normal metajsiNa, K, Al etc.).

—e0V =

Seebeck coefficient metals 4)

2. The Sign of the Seebeck Coefficient and Scattering in Metals

The diffusion of electrons fronthe hot tocold regionassumeshiat theelectrons in theéhot regionhave
higherspeeds as ithe “free electrontheory of metals”; the conduction electronare taken to be free
within the metal.This means thahe meanspeedv and themean freepath (MFP) A increasewith the
electron energy.

In reality, howeveryve have toconsiderthe interactioa of theconduction electronwith the metal
ions andthe lattice vibrationsandthus onhow theconduction electronare scatteredExceptfor certain
metals,the free electrortheory is unablgo accountfor the sign of the thermoelectriceffect. We can
understand the importance of scattering from a classical argument as follows.
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H C Consider two neighboring regions H
i I and C with widths corresponding to
¢ the mean free patfisandA’ in H and
:@" C. Half the electrons in H would be
) moving in #x direction and the other
n n half in — direction. Half of the
v v electrons in H therefore cross into C,
T | Ax—s] and half in C cross into H.

X

Figure3

Consider two neighboring relatively hot and cold regionan#l C, in a conductor at one instant as
shown in Figure 3. The electron concentrations in H and @ andn’. The width of the H region ia, the
mean fregpath (MFP) alongx in H and that of C is\’, theMFP along x in C. Electrons in Hmoving
towards thanterfaceand, within a distancd, crossthe interface into COnly half of these would be
moving towards C sahat thenumber of electronshét crossinto C is'/,(nA); assume thathe cross
sectional area is unity. ffis the mean scadring time then the electronflux (numbe of electrondlowing
per unit area per unit time) from H to C/ignA)/1. There is a similar electron flux from C to H so that the
net flux from Hto Cis

F:M—nA (5)
21 21

We can writen’ = n + (dn/dXAx, A" = A + (dA/dX)AX, and 7' = 7+ (d7/dX)Ax. TakingAx = (A +
A)I2 = A, then Equation (5) becomes,

__A B0 nApAD, nA°[pr0
2t x0 2r oxO 2r2 [k O
_ X N0 M DAT, A @it
2ripx0 2rlipxd 2r Oogx O

It is clear that the net electramgration, whethefrom hot tocold, or cold to hot, isletermined by
the energy dependence of the electron concentmatidirP A and the mean scattering time~or example,
if the MFP increasestrongly with energy,dA/dE and hencelA/dx will be negative. This will makeT in
Equaion (6b) positive (# direction) so that electrowliffusion will be from hot to cold and the
thermoelectric powewill be negative. Inthosemetals in whichA decreasestrongly with the energy,
electronsmigratefrom cold to hot andhe thermoelectric poweis positive. These conclusions apply
primarily to metals.

By including theenergy dependence tife scatteringorocesses, Mott andbneshavederived the
following expression for the Seebeck coefficient,

(6a)

or M= (6b)
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wherex is a numericalconstantthat depends orthe energy dependences wérious chargdransport
parameters; a few examples xare given in Table 1. Thesevalues allow Equatiof7) to agreewith the
experimental Seebeck coefficients at 273 K giggn

Equation (7) does not apply to metalsaihich electrons came scatteredrom one transport band
to another transport band as in transition metals. In transitietels €.g.Ni) s andd bandsoverlap and
indeed thal-band may even be substantially full. The electrons in thesbéawdshavedifferent effective
masses and different mean free paths with different energy dependences.

S=

Mott-Jones thermoelectric power (7)

3. The Thermocouple

Consider an aluminum rod heated at one@mdl cooled at thether endSuppose that wey to measure

the voltage differencAV acrossthe aluminunrod by usingaluminum connecting wires tovaltmeter as
indicated inFigure 4. Tle sametemperature differencéqowever,now also existsacrossthe aluminum
connecting wires and therefore an identical voltage also develops across the connecting wires,tbaposing
acrossthe aluminunrod. Consequently noet voltagewill be registered bythe voltmeter. It is,however,

possible to read a net voltage difference, if the connecting wires are of different matdneale a different
Seebeck coefficient than that of aluminum, so that across this material the thermoelectric voltage is different
than that across the aluminum rod as in Figure 5.

The Seebeckffect isfruitfully utilized in the thermocouplélrC), shown in Figure Swhich uses
two different metals with one junction maintained at a reference tempefgamd theotherused to sense
the temperatur@. The voltageacrosseach metaklementdepends onts Seebeclcoefficient so that the
potentialdifferencebetween théwo wires will depend or5, — S,. The enf between théwo wires,V,; =
AV, - AV, by virtue of Equation (2), is then given by

T T

Ve = [(S,-9) dT=] g dT (8)
TO TO

whereS,; =S, — § is defined as the thermoelectric power for the thermocouple pairBhe chromel-

alumel (K-type) TC, for exampl&,;= 40 uV K™ at 300 K.

If Al wires are used to measure the
Seebeck voltage across the Al rod, then
the net emf is zero.

Hot

Figure4

The Al and Ni have different Seebeck
coefficients. There is therefore a net emf
in the Al-Ni circuit between the hot and
cold ends that can be measured.

Figure5
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The output voltage from a TC paibviously depends ahe twometalsused. Instead dfbulating
the emffrom all possible pairs omaterials in thewvorld, which is animpossibletask, engineershave
tabulated themfsavailablewhen a given material igsedwith a referencemetal which ischosen to be
platinum. The reference junction is kept &t (273.16 K)which corresponds to anixture of ice and
water. Some typical materials are listed in Table 2 to compare their emfs.

By usingthe expression fothe Seebeckoefficient, Egation (7),in Equation(8) wecan readily
show, through simple mathematics, that the integration leads to the familiar thermocouple equation,

Vpg = 8AT + A T)2 Thermocouple Equation (9)

wherea andb are the thermawuple coefficients andT = T — T, is the temperaturavith respect to the
reference temperaturg, (273.16 K). Thanference toengineers from Equatiof®) is thatthe emfoutput
from the thermocouple wire doestrdependinearly on the temperatuifference AT, and consequently

we have touse a look-upable eitherourselves or on the computer memoryctmvert theemf to the
temperature difference.

Figure 5 showshe emf aitput vs. temperaturdor various thermocouplesvhere it should be
immediatelyobvious hat the voltages ammall, typically few tens of amicrovolt per degredemperature
difference. At O°C, by definition, the TC emf is zero. The K-type thermocouple, the chromel-ghaineis
a widely employed general purpose thermocouple sensorli20®°C.
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Table 2

Thermoelectric emf for metals at 100 and 20GQ0with respect to Pt and the reference junction°&.0
MATERIAL EMF, mV EMF, mV
Elements At 100 °C At 200 °C
Copper, Cu 0.76 1.83
Gold, Au 0.78 1.84
Aluminum, Al 0.42 1.06
Molybdenum 1.45 3.19
Nickel, Ni —-1.48 -3.10
Palladium, Pd —0.57 -1.23
Platinum, Pt 0 0

Silver, Ag 0.74 1.77
Tungsten, W 1.12 2.62

Thermocouple Materials

Alumel -1.29 —2.17
Chromel 2.81 5.96
Constantan —-3.51 =7.45
Copper, Cu 0.76 1.83
Iron, Fe 1.89 3.54
90%Pt-10%Rh 0.643 1.44

(Platinum-Rhodium)

3.1. Example 1. Thethermocouple EMF

Consider ahermocouplegpair from Al and Cuwhich haveFermi energies andin Table 1. Estimate the
emf available from this thermocouple if one junction is held°& @nd the other &t00 °C? Whichend is

positive?
Al
The Al-Cu thermocouple. The cold end
Is maintained at @C which is the
Hot (=<(100°C 0°C ) Cold reference temperature. The other
‘ j junction is used to sense the
co Cu temperature. In this example it is heated
QP to 100°C.
Figure 6
Solution

We essentiallyhavethe arrangemerghown in Figure 6. Foeach metathere will be a voltageacross it
given by integrating the Seebeck coefficient. From the Mott-Jones equation,



Thermoelectric Effects in Metals: Thermocouples (© S. O. Kasap 1997 - 2001) 9
An e-Booklet

T 2 2
) %k, O 6eE,

The emf ¥/,;) available is the difference &V for the two metals so that

AV = j’ SdT=
TO

20
V., =AV, -AV, = B SER N ETZ ~T2) (10)
6e %FAO EFBO

where in this exampl& = 373 K andl, = 273 K.
For Al (A), E.,o=11.6 eV X, = 2.78, and for copper (Bf.z,= 7.01 eV x; =-1.79. Thus,
V,s =-189.3uV - 201.14uV = -390.4uV

To find which end is positive, we puttine resistance of theltmeter andeplace eacimetal by its
emf, AV, andAV,, anddetermine the direicn of current ow as inFigure 7.For the particularcircuit
shown, positive end is at the hot side.

Al
1 I +
m
189V The polarity of the measured
voltage in terms of hot side being
Cu [ positive or negative depends where
+ - < the voltmeter is inserted.
Cold Hot
Meter
201pV

Figure7

Thermocouple EMF calculations that cloge represent experimental observations require
thermocouple voltagesfor various metaldisted againssomereferencemetal. Thereference isusually Pt
with the reference junction at’C. From Table 2 we can read Al-Pt and Cu-Pt em¥§,as= 0.42 mV and
Ve.p= 0.76 mV at 100C with the experimental error being around + 0.01mV, so that for the Al-Cu pair,

Vo™ Vaet — Veup= 0.42 mV-0.76 mV =-0.34 mV or-340 uVvV
There is a reasonable agreement with the calculation using the Mott-Jones equation.

3.2. Example 2: The thermocouple equation

We know that we caronly measure differencdsetweenthermoelectricoowers of materials as in the
thermocouple sincéhe thermally induced voltages cancel wHeath metals arethe sameWhen two
different metals, Aand B, areconnected tanake a thermauuple as inFigure 6, therthe net emf is the
voltage difference between the two elements from Equation (10).

20
V=4V, ~av, =K% X gTZ -T9)
6e HEFAO EFBO

ie V5= C(T2 -T2

whereC is a constant hat isindependent off but dependent on thenaterial properties X, E., for the
metals).
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We can now expand,; aboutT, by using Taylor's expansion for a functign),
f(T) = f(T,) + AT(df/dT), + '/ (AT)*(dHF/dT?),

whereF = V,; andAT = T- T, and thederivativesare evaluated afl,. The result isthe thermocouple
equation:

V() = a(AT) +b(AT)*

where the coefficienta andb are T, andC respectively.

NOTATION
C cold
e electronic charge (magnitude only)
E energy of an electron
E.. average electron energy (depends on the density of states)
E- Fermi energy

Ero Fermi energy at 0 K

EMF  emf, electromotive force (open circuit voltage)
F(T)  function of temperature

g(E) density of states

H hot
k Boltzmann’s constant
m, mass of the electron (in free space)

m.* effective mass of the electron in a crystal
MFP  mean free path

n concentration of conduction electrons (number of conduction electrons per unit volume)

S Seebeck coefficient; thermoelectric power

Sae Sh— Ss

T temperature (absolute temperature)

TC thermocouple

u mean speed of electrons

V voltage

Vag EMF from a thermocouple A-B

v mean speed, velocity

X a numerical factor in the Mott-Jones thermoelectric power equation that represents the effect of thdepeardggce

of electron scattering in metals
A change, difference
o a very small change
r particle flux, number of particles crossing per unit area per unit time
A mean free path along
T mean scattering time of conduction electrons

USEFUL DEFINITIONS
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Fermi energy (E;) or level may be defined in several equivalent ways. Fermi level is the energgdenasiponding to the
energy required to remove an electron fritte semiconductor; thereeednot be anyactual electrons ahis energy
level. The energy needed to remove an electron defines the work fubciiéa can definethe Fermi level to b&
below the vacuum levek. can also be defined as that energy value below which all stetédl andabove which
all states are empty absolute zerof temperatureE. canalso bedefinedthrough adifference. Adifference in the
Fermi energy, AE., in a system is thexternal electricalvork doneper electroneither onthe system or by the
system just as electrical work done when a chargeves througla electrostatigpotentialenergy PE) difference is
eAV. It can beviewed as dgundamental raterial propertyln moreadvancedexts it isreferred to ashe chemical
potential of the semiconductor.

Mean free path is the mean distance traversed by an electron between scattering eveistsh&f mearfree time between
scattering events, ands the mean speed of the electron, then the mean freeApatlr,

Mean free time is theaverage time itakes toscatter a conductiorlectron. Ift; is the free time betweencollisions
(between scattering events) for an electron labelgédi@snt = t, averaged over all the electrons. Tdvét mobility

is related to the mean free time fay= er / m.. The reciprocal of the mean free time is the mean probabilityier
time that a conduction electron will be scattered, or, put differently, the mean frequency of scattering events.

Semiconductor is a nonmetallic elemené.§. Si or Ge) that contains both electrons and holes as charge carroenstriast

to an enormous number of electrons only as in metals. A hole is essentially a "half-broken" covalent bond which has

a missing electron and therefore behaves effectivefypasitively charged. Undehe action of arappliedfield, the
hole can move by accepting an electron feomeighboring bondherebypassing on théhole". Electronandhole
concentrations in a semiconductor are generally roeagrs of magnitude legban those in mtals, thudeading to
much smaller conductivities.

Sir Nevill Mott (1905-1996)

“At a personal level, | always found
Sir Nevill to possess the typical
helpful and pleasant personality
that people with his outstanding
intellect so often exhibit.”

Professor Joe Marshall
University of Wales at Swansea,
September 1996
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