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CHAPTER I 
INTRODUCTION

It was in 1821 that Seebeck discovered the phen
omenon that consisted of the appearance of an emf dV 
between the junctions of two conductors when the junctions 
were held at a temperature difference dT. Seebeck used 
the following formula to correlate his findings. Here, 
dV is open-circuit voltage.

dVlr«* = aL-tdT (1-1)

The proportionality factor, is called the
Seebeck coefficient, the property which is the main subject 
of this thesis. The great contribution that Seebeck made 
was his extensive work in the measurement of the thermal 
emf dV of many combinations of materials.

This thesis was initiated by the author to increase 
his understanding of the importance and nature of the 
Seebeck coefficient. During the course of this study, 
major attention was devoted to macroscopic writings, but 
sufficient study in the microscopic realm was included to 
assist understanding.

The author found it desirable to determine his own 
version of the thermostatic (classical thermodynamic) analy-
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2
sis to relating the thermoelectric coefficients.

Specifically, the following information is pre
sented;

1. Macroscopic discussion of the Seebeck coeffi
cient.

2. Microscopic consideration of the Seebeck coef
ficient.

3• Experimental methods of measuring the Seebeck 
coefficient.

4* Actual measurement of the Seebeck coefficients 
for n-type and p-type bismuth telluride rela
tive to copper.

The Seebeck coefficient is important in the field 
of thermoelectrics, which includes electric generators 
and cooling devices as well as thermocouples for tempera
ture measurement. The Seebeck coefficient is one of the 
key parameters in Z, the figure of merit. The figure of 
merit is the important factor in determining the effi
ciencies of thermoelectric generators and refrigerators.
The definition usually given for the figure of merit of a 
pair of materials is8* :

Z = ■) (1-2)

*Superscripts refer to references in the appendix
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.̂-z= Seebeck coefficient for the pair of materials,
K = Thermal conductance of both legs of the pair,
R = Internal resistance of both legs of the pair.

K - (1-3)

(1-4)
A, A*.

A, = Cross-sectional area of material 1.
L, = Length of material 1,
k, = Thermal conductivity of material 1,
C, = Electrical resistivity of material 1,

A basic problem is finding substances that have 
the highest possible figures of merit at those temperatures 
at which thermoelectric devices operate. This clearly 
involves the simultaneous control of the three important 
parameters: the Seebeck coefficient, thermal conductivity, 
and electrical resistivity. The present state of solid 
state theory is inadequate to handle this problem complete
ly at the microscopic level. Often only rather vague guide 
lines can be given, and it is necessary to use a consider
able amount of empiricism in the selection and improvement 
of materials.

merit, the emphasis of this thesis is on the Seebeck co 
efficient.

Of the three parameters that make up the figure of



CHAPTER II
MACROSCOPIC DISCUSSIOH OF THE SEEBECK OOEFFICI1IT

IIol Introduction
The purpose of this chapter is to present the deri

vation of the macroscopic formulas relating the Seebeek 
coefficient9 Peltier coefficient, and Thomson coefficient 
using macroscopic thermodynamicso

These relations are important for at least two 
reasons % (1) such relations give a means for determining
the Seebeek coefficient from the measurement of other 
parameters, and (2) a check is provided on experiments in 
which the various parameters are determinedo

The Kelvin classification of the thermoelectric
Qeffects in a circuit is as follows s

Irreversible Effects Reversible Effects
1) Joule heating 1} Seebeek effect
2} Thermal conduction 2) Peltier effect

3) Thomson effect
The Joule effect is the I^R heating effect in a 

conductor carrying a current <>
The Peltier effect is the cooling or heating ef

fect, qp, produced by flow of an electric current through 
the junction of two dissimilar materialso This effect is

4 .



5
over and above that which is due to Joule heating. The 
Peltier heat is defined by:

= 777-zi (2-1)

f T t - z  is the Peltier coefficient • The subscript 1-2 refers 
to the junction of conductor 1 and conductor 2.

The Seebeck effect describes the tendency of a tem
perature difference between the junctions of two dissimilar 
conductors to give rise to a potential difference between 
the junctions. The Seebeck voltage is defined by:

dV)I=0 = *C,-zdT (2-2)

c6,-z_is the Seebeck coefficient. The subscript 1-2 denotes 
dependence upon both conductor 1 and conductor 2.

The Thomson effect is the heating or cooling caused 
by a current flowing through a single homogeneous conductor 
that has a temperature gradient. This effect is in addi
tion to any Joule heating effect. For a conductor of length
dx, the Thomson heat is defined as:

d %r = 'TldT (2-3)

is the Thomson coefficient.

II.2 First Equation Relating T T. and
The first equation relating the Seebeck coefficient.
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Peltier coefficient, and Thomson coefficient follows from 
the laws of macroscopic thermodynamics.

The conservation of energy principle will be ap
plied to the four subsystems shown in Figs. 2-2 to 2-5. 
These subsystems make up the system shown in Fig. 2-1.
This system is made up of two conductors with their junc
tions in contact with constant-temperature hot and cold 
reservoirs. The main parts of the conductors lie in the 
surrounding atmosphere. All systems are undergoing steady- 
state processes.

The energy equation for steady flow is:

Q-W = AH + AKE + APE (2-4)

In the systems considered AH, AKE, and A P E  are 
negligible. The resulting equation is:

Q-W — 0 (2-5)

Apply Eq. 2-5 to subsystem 1 shown in Fig. 2-2.

q, + + I Rt + - Iqo, — qc = 0 (2-6)

qt and qz are heat conduction terms.

-IlR, is the electric work added to the system, 
la?, - Iq>i is the Peltier heat, q p, at junction 1, and is 

equal to )z I.
I<p is the heat term carried by the electric current.
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COLDRESERVOIR
HOT
RESERVOIRJunction 1 Junction 2

BOUNDARY OF SYSTEM

Fif̂ ure 2-1: General System for developing the first
equation relating d , TT , and f  .
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FIGURE 2-3: SUBSYSTEM 2

ELECTRIC
WORK

BOUNDARY OF SYSTEM

FIGURE 2-4: SUBSYSTEM 3 FIGURE 2-5 2 SUBSYSTEM 4



qc is the heat to the cold reservoir•
Substitute in Eq. 2-6 for I Qz - I*,.

- TT<vn), I “ qc - -q, -qz (2-7)

Similarly, the energy balance for subsystem 3 
shown in Fig. 2-4 is:

qH + -ip; ~qj- -qv + i = 0 (2-8)

Iq, -q^2= ~ TTb-*)^ I = 77k*t)z I (2-9)

Substitute Eq. 2-9 into Eq. 2-8 resulting in:

- /7<v-#a )2 I = q^ + I R 2 -q5 -qv (2-10)

Subtract Eq. 2-7 from Eq. 2-10:

- L - I - qH ~q3 -qv “qc+<Ri+'& ^*‘*z

+%z. (2-11)

The energy equation applied to subsystem 4 shown 
in Fig. 2-5 is:

Qq. + I<pe + qy +I6E -It?? -qz. ” 0 (2-12)

IA6 (or I^R) is the electric work done on the
system.

Iq7 - Iq8 is here defined as the Thomson heat of 
this system, called ̂  is the lateral heat.
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The magnitude of the Thomson heat defined for a 

conductor of length dx is:

dqT = T-ldT (2-13)

The Thomson heat of the conductor of Fig, 2-5 is:

qrc = C ' l X  dT = - J'71 I X  dT (2-14)

Eq, 2-12 becomes after substituting for I<p7 -I<pe :

+ j I dT + q^ + I R. -q^ = 0 (2-15)

Similarly, the energy balance for subsystem 2 
shown in Fig. 2-3 is:

Qb + IZHb + q3 + -I 94 -9, - 0 (2-16)

1̂ )̂  qn, •
fTv

I(5n -Io, - qn, =) "TJldT (2-17)-'77
Eq. 2-16 becomes after substituting for -I<93.

Q b + I^Rt + q, - y b *  IdT - q, = 0 (2-18)

Add Eq. 2-18 and Eq. 2-15•
/-Ti ^
\ I ( X - rJdT = ^  + q^ + q, -q3 -qw (2-19)

J r ,

Eq. 2-19 in different form is: 

f K X - X l d T  = -Qa. -Q* +q^ +q , -q3 -qy - ^ I ^ R (2-20)
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To relate the 77 and 'T coefficients, subtract 

Eq. 2-11 from Eq. 2-20.

fr, +  \/7k4b)z - =  -Q^ -Qb + q, + q2 - q^
-qw + qc -qH +q3 + qv -q, -qz - £  izR<n.b*.+z (2-21)

!(%--% )dT + [>w )2 - 77â )T] I = -Qa -Q* + qc
“ qH — £ X (2—22)

It is desired now to bring the Seebeck coefficient 
into the relationship. The term - IZR represents the 
Joule heating due to electron flow in the circuit. This 
can be written as VI, in which V is the voltage producing 
the current flow through the resistances of the circuit. 
This V is the Seebeck voltage.

V)x.0 = {rVa-(,dT (2-23)

Substitute Eq. 2-23 into Eq. 2-22.

J ^ I ( d T  - [/TU*), - - -Qq, -Qb + qc -q^
+ f* I ot.-s dT (2-24)

Applying the first law to system 1 of Fig. 2-1
gives:

Q*. + 0.6 - qc + q^ = 0 (2-25)
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Eq. 2-24 becomes:

^  I )dT — ) / — /To.-*6 )̂J I ==̂ĵ I oLa--b dT (2—26)

j ^ I ( % - % ) d T  = K K - n )  (Ti - T, ) (2-27)

71 - %  is the average value of 91- %  .

^  I cL<x,-1> dT = I <̂a.-b ( — T| ) (2—28)

Eq* 2-26 becomes:

71 - T̂b - 77“ou-̂ bJ, - (2-29)
7X — 77

The limit of Eq. 2-29 is:

-y  ) v- d  /7cL*y_ = &£.*■- k> )  T (2-30)
/7" c/7-

This is the first equation relating oL , t t  $ and 
• This gives one means of measuring the Seebeck co

efficient when the other properties are measurable.

II.3 Second Equation Relating c L. t t , and 'T  •
The second equation relating oL , T T , and T  to be 

presented here was developed by Thomson, perhaps better 
known as Lord Kelvin. Kelvin used the second law of thermo
dynamics in the form £.S)rey = 0 for an isolated system 
undergoing reversible processes only.



It was assumed by Kelvin that the Seebeck, Thomson,
and Peltier effects could be considered in the reversible 
framework independently of the irreversible thermal con
duction and Joule heating. This application of reversible 
thermodynamics is not strictly justified. However, the 
results were later shown to be true in a macroscopic study 
of irreversible thermodynamics with the help of Onsager*s 
relations. A discussion of Onsager's relations will be 
presented later.

sible Thomson and Peltier flows in subsystems 1-4 shown 
in Figs. 2-2 to 2-5•

From the 2nd law:

The Thomson heat for lengths of conductors a and 
b can be written, for small temperature difference dT 
between the ends of each conductor, as:

Kelvin1s assumptions will be applied to the rever

d%r - X E  dT - ^  I dT (2-32)

Using Eq. 2-32 in Eq. 2-31 results in

(2-33)

The Peltier heat of the subsystems is
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But since T T b -** .)^ - 7T<x.*b)z Eq. 2-34 becomes:

- I )zj — q/> /v-2 (2-35)

The A S ) r es due to the Peltier heat is:

AS )rev' = ~~ I T T ^ b)) + TT̂ -$b)%l (2—3 6 )
■n ~ n = r "

The£ Slvez = 0 is:

—I 77a.-*bJ/ + r  + I f ̂ > > 1 - 'Y s j dT (2-37)
" 77 "71 T -
We define an average value of ">1 - 7i such that:

dT = (Tz - T r ) (2-38)
T 71

Substitute Eq, 2-38 in Eq, 2-37, and cancel I.

- TTZ.+1), + Z Z k u ttb - + %  (Tz. - T, ) = 0 (2-39)
TT -t l  t;

- 72 77a-*4jt +~ 7 7 ~ y's CH. - 7^) — Q (2—40)
77 71 ^

Divide by T^ -T, :

- 7Z77k-9t>)* -A X 6 Jz. + 71 - %  " 0 (2-41)
7T - Try

Let the Ty and Tz. be close together such that T z =
TẐ T,

-fc+AT j / T ^ b ) ,  +- 77 +71-71=0 (2-42)
t lT + A T j A T

^AT7- is small compared to T, AT.
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( 77+&T)7T(i.*6h +- TJ 7Ta.*b)1. + ?&. -7 ^ — 0 (2—43 )
T, AT

TTa.*t,]x — ir<*->6), + 4 77-*.*b (2-44)

Substitute Eq, 2-44 in Eq. 2-43•

— 7 ? -fhJt — A7~/fc+tJ/ /- / T - f  •’A 77^37/«a •»6 y_ ’~yA - 'Yb - o  (2—45)
77 & T

—  jCi T~77<x -?6 J/ ^3 7/cj-f b ■/- Y'**. ~~ ^
77 A T

(2-46)

For a vanishingly small temperature difference,
Eq. 2-46 is2

- 2 2 k *J + ^  + % - %  = Q (2-47)
"7" c/7-

This is the second equation relating the thermo
electric coefficients.

Combining Eq. 2-47 with Eq. 2-30 results in:

cL  ck-L = (2-48)

This is another expression for determining the 
Seebeck coefficient from other assumed measurable parameters 
Experiments usually confirm Eq. 2-48 within limits of 
experimental accuracy. This equation is regarded as exper
imental fact.

Two expressions have now been presented for the 
Seebeck coefficient. One relates the Seebeck coefficient
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to 7 T * s and "X *s, Eq. 2-30, and the other relates the 
Seebeck coefficient to/7“fs, Eq. 2-48. Now an expression 
will be obtained which gives the Seebeck coefficient in 
terms of T  *s.

Take the derivative of Eq. 2-48 with respect to 
temperature.

(2-49)
d r  7"2

Now substitute-'Xi-v7̂  for - 772.^b from Eq. 2-47%dr- ~7~

( ? * - ^ 6 )  (2-50)

On the left-hand side of the preceding equation is 
a quantity relating to the boundary between the two con
ductors, and on the right-hand side a difference between 
two terms, each of which depends on the properties of 
only one conductor.

=- ^ r / y 6 -  - T i J  d r  (2-51)

Integrate from a TL: to a Tf .

0 ^ - t L  - oL-k jrv = rT4' 2 k ciT - C 1 dr (2'52)
)Tc y-n: T '
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(2-54)

+ cL i-tjiv - p J i d r  - fT< 2L dr (2-55)
Jo T )o T

It can be seen from these two equations that cLo.-i 

depends on two terms, one of which is a function of mater
ial a alone and the other which is a function of material 
b alone.

In order to use such relations to determine cLa.-b 

at some selected temperature, it would be necessary to 
know y  for the two materials from absolute zero to the 
specified temperature. Experimental measurement is diffi
cult and has been done for only a few materials such as 
silver alloy. Abundant information is not available, y  

may be regarded as zero for T = 0 within experimental 
accuracy of for lead and tin?.

In the previous work in this chapter, expressions 
have been obtained relating the Seebeck coefficient to the 
Peltier and Thomson coefficients. In checks by numerous 
investigators, reasonably satisfactory results have been 
reported. To find the Seebeck coefficient, , from 
these relations requires knowledge of the /7*,s and 9r"fs 
in the temperature region of interest. The determination

Eq. 2-53 can be considered:

o£ o-b}n ~ C * d r  — (  * cJt
j ci i la  I
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of the 77 fs and 'X fs evidently can be more difficult than 
determination of the Seebeck coefficient by direct measure
ment of the voltage and temperature difference.

All these classical solutions were put on firmer 
ground when similar results were obtained through use of 
the methods of irreversible macroscopic thermodynamics.
This approach is presented in the next section.

II.A Equations for Coupled Flows
This section of Chapter II presents equations for 

coupled flow. These coupled flow equations will be used 
to derive the relations among the Seebeck, Peltier, and 
Thomson coefficients previously presented. When these 
derivations are complete, the results of the Kelvin deri
vation are much more plausible.

Onsager developed coupled flow equations for the 
steady flow of heat and electricity in a short wire along 
which & £  and A T are small. The coupled equations are^:

I5 = t-n  Q T -f* JL/t & £  (2—5 6)
7™ 7

i = (2-57)

I is electric current 
I5 is entropy current =
Ig is heat current (conduction along the wire)
T is absolute temperature



19
A<£ is electric potential difference 
AT is temperature difference
The Lfs are the coupling coefficients which are related by 
Onsager's theorem. The theorem states that the coupling 
coefficient L t*. is equal to the coupling coefficient h n  . 
Onsager,s theorem was proved from analysis in the micro
scopic realrâ .

Eq. 2-56 and Eq. 2-57 will be used along with 
Onsager*s reciprocal relation to develop an expression 
for the Seebeck coefficient.

In these equations, set AT =0:

The quantity is called the entropy transport
parameter S*.

In Eq. 2-57 set 1 = 0  resulting in:

In the limit Eq. 2-61 becomes (for a short length of wire):

(2-58)

(2-59)

Since Llt. = Lz.| then:

(2—60)

A£)r=o - -S'AT (2-61)

(2-62)
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Consider now a pair of conductors a and b as in 

Fig. 2-6 below to which a potentiometer has been added 
to null the circuit.

POTENT IOM
ETER

Figure 2-6: Null Circuit

Apply Eq. 2-62 to each element of the circuit.

£^-£*)r--o = fs'Sc AT (2-63)

f r l - S l j T  <2-6^

£ *  -  £ •  }t -o = C  - s i  d r  (2-651

&  - £ . ) ^ o  = d /  (2-66)
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Sum Eqs# 2-63 through 2-66•

( S f  J r . - o  • =  J t ;  " "  ^ 5 a. —  £ u  J  dT

^  e6 = Seebeck voltage.

f71 (2-67)

y^f- - s;; (2-68)

Let S*. - S*b be the average value of SZ - St
so that:

From the definition of the Seebeck coefficient 
Eq. 2-71 is:

Consider Fig. 2-7. It is a single junction (not 
part of a circuit) at constant temperature and steady 
state conditions. An energy balance will be applied to 
this system, and then the Peltier heat will be expressed 
in terms of S*.

f Sc - Sb dT =■ - C 5a - S b  ) ( lz -Ti ) (2-69)

Substitute Eq. 2-69 into Eq. 2-68.

(2-70)
Tx-T,

The limit of Eq. 2-70 is:

= ( s :  - s t ).T (2-71)d T

(2-72)
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COLD RESERVOIR BOUNDARY OF SYSTEM
IQ <

^ ̂  ELECTRIC WORK

Figure 2-7: Junction of conductor a and conductor b.

The energy balance for the above figure is:

Iq ‘ - I^R, = Ic?. - IQb = - TT^I (2-73)

I'd? is the heat given to the cold reservoir to keep the 
junction at constant temperature•

Repeating the definition of S*.

(2-74)

(2-75)

(2-76)
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19a. - I<3)k = “ TT«.-»bI (2-77)

- TTa-bl = T I(sL - s; ) (2-7 8 )

rr«i= t (Sb - s£ ) (2-79)

Now substitute in the value of Sb - St from 
Eq. 2-72.

dCoL-t = 7 7 Z p  (2-80)

Equation 2-80 is the same equation for the Seebeck 
coefficient that Kelvin derived by somewhat doubtful meth
ods. This second derivation puts the results of Kelvin*s 
work on a firmer foundation.

In this chapter, the Seebeck coefficient has been 
examined from a macroscopic viewpoint. In the next chap
ter, a microscopic viewpoint will be taken.



MICROSCOPIC COISIDEWIOH OF THE SEEBEC.K COEFFICIENT

IIIol Introduction
In tke previous chapt@rs the Seebeek coefficient 

was examined from a macroscopic viewpoint0 This chapter 
will be devoted to a brief microscopic examination of 
thermoelectric properties and behavior of materials which 
underlie the existence of the Seebeck coefficient«

Two levels of discussion are presented,, First9 
a qualitative description of the causes of the Seebeck 
coefficient in metals and semiconductors is giveno 
Second, certain selected formulas for the Seebeck coeffi
cients of metals and some semiconductors are citedo

III<,2 Qualitative Discussion of Thermoelectric Behavior
Metals show small thermoelectric effects when com

pared with semiconductors„ The main reasons for this are 
that the charge carriers (electrons) are all of the same 
sign, and that the concentration of free electrons in the 
conduction band does not vary with temperature0 Very few 
electrons are excited from the valence band to the con
duction band by raising the temperature, and as a result 
the concentration of the free electrons in the conduction



band is approximately constant„
For exampleg consider a metal rod made of one mater

ial <> The heating of one end of the rod does not appreciably 
change the concentration of the free electrons in the rod=
It only brings about a slight redistribution of the elec
trons* thermal velocitiesG The thermal emf measured from 
one end of the rod to the other is dependent upon a redis
tribution or change of concentration of electrons along 
the rod0 Since there is little concentration change there 
is only a small thermal emf«

Semiconductors are different from metals in that 
the concentration of the free charge carriers in the con
duction band varies markedly with temperature*, This varia
tion of the concentration contributes to a large thermal 
emf o

It should be noted that semiconductors normally 
have fewer free electrons in the conduction band than 
metals<, It should also be noted that in the previous 
paragraph free charge carriers were spoken ofo In met» 
als, the free charge carriers are only electrons„ ; The 
free charge carriers in semiconductors are of two types0 
The first is the electrono The second is the hole* The 
hole is a quantum state that has been vacated by an elec
tron* The hole carries a positive charge * This fact 
that there are free charge carriers of negative sign



(eleetroms) and free eharge earriers of positive sign 
(holes) is a most important factor for applications of 
thermoeleotrieSo The reason is that the thermal emf 
produced in a material having holes as the free charge car
riers can be made to add to the thermal emf of a material 
that has electrons as the free charge carriers* The 
Seebeek coefficient of a combination of these two mater
ials is therefore much larger than that for two materials 
which have like free charge carriers*

The reason that the free charge carrier concen
tration varies markedly with temperature in a semicon
ductor is that electrons can be excited by thermal action 
across the forbidden gap from the valence band to the 
conduction band* It is also true that electrons with 
insufficient energy may degenerate to the valence band 
from the conduction band at lower temperaturess thus 
increasing the concentration of the holes at the cold 
end*

As an example, consider a rod of negative-type 
(m-type) semiconductor material in which there is a tem
perature gradient* Before the temperature gradient is 
introduced, the concentration of the free charge car
riers in the semiconductor is uniform* Heating one end 
causes an increase in the kinetic energy of the electrons 
at that end* This heating also causes some electrons of



the Yalenee hand to cross the forbidden gap to the conduc
tion bamdo These electrons that jump the forbidden gap 
have a higher kinetic energy than the free electrons 
already present» There is now a greater concentration of 
electrons at the hot end, and the kinetic energy of these 
electrons is higher at the hot end* As a result, more 
electrons will diffuse from the hot end to the cold end 
than will diffuse from the cold end to the hot end=> At 
equilibrium, a distribution is established which sets up 
the potential difference between the ends of the semi
conductor*, It is this potential difference divided by 
the temperature difference between the ends of the con
ductor that is called the Seebeck coefficient of the 
single material*, It is noted that this is not the same 
as the Seebeck coefficient for a pair of materials as 
discussed in previous chapters<>

Likewise, in a material where .holes are the free 
charge carriers, there will appear a potential differ
ence between the ends of the semiconductor= This poten
tial difference is opposite in sign from the potential 
difference of a semiconductor in which the free charge 
carriers are electrons. In other words, holes migrate 
toward the cold end in p-type material0

It is interesting to note that the transfer of 
heat in a semiconductor is not primarily due to the carry



ing of energy by electrons from the hot end to the cold 
endo The conduction of heat is caused mainly by the 
vibrations of the atoms themselveso One atom nudges 
another atom and transmits kinetic energy0 This kinetic 
energy transfer shows up in the macroscopic framework 
as heat transfer= The atomic vibrations occur in bunches 
called phenonso The phonons are packets of energy0 
These phonons carry kinetic energy from the hot end to 
the cold end5 but may be impeded by collisions with elec
trons or with other phononso Oertain of these phonons 
have marked directional properties along the temperature 
gradiento This is especially true at lower temperatures 
when the phonons have a longer mean free path* ilhen 
these directional phonons have the same wavelength as 
the free electrons they may drag the electrons along with 
them0 This dragging is called phonom drago Fhonon drag 
produces a rise in the Seebeck coefficient of certain 
materialso Lithium® is an example where phonom drag 
produces an increased Seebeck coefficient at low temper
atures o At high temperatures the phonons collide more 
often with other phonons $ resulting in decreased phonom 
drag of electronso

It should be said before closing the microscopic 
discussion that metals also have phonons, but the effect
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of the free electrons in carrying energy heat overshadows 
any contribution that the phonons may give.

In the foregoing qualitative microscopic discus
sion, reasons for the existence of the Seebeck coeffi
cient in metals and in semiconductors have been shown. 
Certain microscopic formulas for the calculation of the 
Seebeck coefficient will now be presented. The solid- 
state theories behind these formulas are not considered 
here. The formulas are presented to indicate the quan
titative nature of the dependence of the Seebeck coeffi
cients of single materials on the nature of the mater
ials, and to furnish a connection with the previous dis
cussion.

III.3 Theoretical Formulas for the Seebeck Coefficient 
First, it is important to state that all is not 

known about the theoretical calculation of the Seebeck 
coefficient. The present state of solid state physics 
has not solved this problem completely. The theoretical 
derivations of the formulas which are available are com
plex and only the results are presented here.

Quantum-mechanical theory has produced the follow
ing formula for the Seebeck coefficient of metals8.

o i^  // <  T  (3-1)
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k is Boltzman,s constant 
7T is 3.1416
T is absolute temperature 
e is the charge of an electron

is the chemical potential of the free electrons.
It is almost independent of temperature and equal to 
the Fermi level energy in metals.

It has been stated that the Seebeck coefficient
for metals is very small. This formula bears out this
fact in that it gives a value of the order of

de? C
for most metals at room temperatures. The primary param
eter that fC is dependent upon is temperature.

Semiconductors that conduct because of impurities 
are called impurity or extrinsic or doped semiconductors• 
Impurity semiconductors are extremely important in thermo
electric work. By proper selection of the impurities 
(i.e., a donor impurity), electrons can be driven more 
easily by thermal action into the conduction band. The 
result is a higher Seebeck coefficient. Impurities can 
also increase material strength and elasticity.

Evaluation of the Seebeck coefficient by trans
port theory shows that cC is closely related to the Fermi 
level in simple extrinsic semiconductors. The formula 
given for by Dunlop-^ is:
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(3-2)

Ef is the Fermi energy level. The Fermi energy is the 
level of energy that indicates a certain probability of 
a state being filled.

creases, Eq. (3-2) indicates that X- should go down, but 
as T increases, more electrons are excited into the 
conduction band. This increases Ef. The net change of 
cL can be either a decrease or an increase.

loffe^ gives the formula for the Seebeck coeffi
cient of ionic semiconductor as:

The study preceding the preparation of the brief 
surveys presented in this chapter was undertaken to 
assist understanding of the nature of thermoelectric 
phenomena and to give some insight into the reasonable
ness of the presence and effects of the parameters which 
appear in the cited formulas. A complete understanding 
of these formulas is possible only if the solid state

The Ef and T change at the same time. As T in

(3-3)

It is noted in Eq. 3-3 that the sign and magni 
tude of is governed by the sign and magnitude 
relative to .
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theory behind eaeh feraiala is investigated*

The next ehapter presents information on the ex
perimental determination of the Seebeek eoefficient *



CHAPTER IV
METHOD OF MEASUREMENT OF THE SEEBECK COEFFICIENT

Any theoretical predictions of the Seebeck co
efficient can be believed only if they are experimentally 
verifiable. The following representative experiment is 
reported from work in the thermoelectric field.

The basic apparatus, shown in Fig. 4-1, for com
puting the Seebeck coefficient of a sample relative to 
copper has been described by Brice and Wright^. The 
sample rests on a thick-walled copper tank which is filled 
with an ice-water mixture. A heated hollow copper block 
is pressed against the top of the sample. The hot block 
thermocouple junction is located at a point immediately 
above the sample. This thermocouple is effectively main
tained in an isothermal enclosure. The cold tank thermo
couple junction is enclosed in a glycerin-filled tube 
which is placed in the ice water. The thermocouple is 
connected to a potentiometer where AT is recorded. A 
voltmeter is connected to the copper block and copper tank 
to measure the generated Seebeck voltage. The connections 
are made with copper wires.

The Seebeck coefficient of the sample relative to 
copper is computed by:

33
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FIGURE 4-1: APPARATUS FOR MEASUREMENT OF THE SEEBECK
COEFFICIENT
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(4-1)

It is interesting to note that after measuring the 
c£s-c for two different samples S, and Sz., the aLs.-Sr. can be 
computed by merely subtracting 0/5,-c from . By this
method the relative Seebeck coefficient of any two mater
ials can be computed.

loffe^ presents a similar experiment for deter
mination of the Seebeck coefficient of a sample relative 
to copper. He indicates replacement of the copper tank 
by a copper block held at constant temperature.

Ioffe found that the surface layer between the 
copper blocks and the sample, which could easily contain 
impurities, could affect the voltage generated and hence 
a non-representative Seebeck coefficient could be indi
cated. It was found possible to lessen the effects of 
the surface layer by suitable etching, mechanical polish
ing, plating, or soldering. In this way, a more repre
sentative Seebeck coefficient could be obtained.

The author, in the next chapter, gives the re
sults of an actual experiment performed to determine the 
Seebeck coefficient of n- and p-types of doped bismuth 
telluride relative to copper.



CHAPTER V
ACTUAL MEASUREMENT OF THE SEEBECK COEFFICIENT OF BISMUTH

TELLURIDE RELATIVE TO COPPER

This chapter is devoted to reporting the proce
dures and results of an experimental measurement of the 
Seebeck coefficients of n-type and p-type bismuth tellu- 
ride relative to copper. This experiment was performed 
using a Westinghouse WX 830 thermoelectric laboratory 
unit.

Fig. 5-1 shows a schematic of the set up used to
compute and ôp-c. . d in -c is the Seebeck coefficient
of the n-type bismuth telluride relative to copper. cCp-e 
is the Seebeck coefficient of the p-type bismuth tellu
ride relative to copper.

The quantities that need to be measured are:
To, the cold side temperature 
Th , the hot side temperature 
Vn., the voltage across the n-type material
V*, the voltage across the p-type material

was computed from

^ n~c=1 iw h ,

and from

36
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Figure 5-1: Schematic Diagram for Bismuth Telluride
Experiment.



The results of the experiment are shown in the 
graphs of Fig. 5-2. The abcissa represents the mean of 
the hot and cold junction temperatures, and the ordinate 
shows the value of the Seebeck coefficients relative to 
copper.

The results of the experiment show the importance 
of combinations of n-type and p-type materials. The 
Seebeck coefficient of n-type material adds to the Seebeck 
coefficient of p-type material when a couple is made. The 
Seebeck coefficient of two n-type materials (or two metals) 
subtract from each other.

In the experiment, thermocouples were read to an 
accuracy of 2°F, and the oscilloscope used in measuring 
the thermal emf was accurate to The combination of
these uncertainties makes the results accurate to within
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CHAPTER I X  

s w m m  111 GOH0LUS10HS

The primary purpose in undertaking this thesis 
was to gain an understanding of the importance and 
nature of the Seebeok coefficient* To do this, certain 
selected references were consulted, and simple experi
ments were performed*

This thesis begins with a macroscopic discussion 
of the Seebeek coefficient * The treatment presented in 
relating the thermoelectric coefficients through the 
methods of classical macroscopic thermodynamics is some
what different from that presented in the references 
consulted* This presentation was finally decided upon 
because certain authors applied obscure assumptions that 
were not explicitly stated or obvious when making their 
derivations *

In the irreversible thermodynamic discussion, 
the thermoelectric coefficients are related in terms of 
S*, the entropy transport parameter* One problem that 
was not looked into in detail was how to find S* of one 
material* 4 future thesis could examine this problem*

The one thing that stands out as a result of the 
microscopic study is the complexity and lack of firm
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completeness of the theories behind the theoretical pre
dictions of the Seebeck coefficient,.

In the experiments performed, the Seebeck co
efficients of n-type and p-type bismuth tellmride rela
tive to copper were measured= Included with the Westing- 
house test unit which was used in the experiment was some 
pertinent reading material® This material said that the 
Seebeck coefficients measured by the procedure outlined 
were the Seebeck coefficients of the single individual 
materials® In this thesis it is shown that this cannot 
be so, and the correct interpretation is presented®

In conclusion, this study has given the author 
the knowledge and understanding which he sought concern
ing the nature of the important variables underlying 
the Seebeck coefficient®
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