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ABSTRACT

SCANNING PROBE MEASUREMENT SYSTEM FOR ROOM TEMPERATURE
THERMOPOWER

By

Marvell Mukongolo

The development of new and established materials for use in thermoelectesdand
the development of new measurement techniques for the advancement of researodldnattee
major initiatives of thermoelectrics research at Michigan State Wiiyel o achieve this,
measurement systems created for this research have to be accurate elhdsadiverse in their
capabilities. A new measurement system with scanning probe capabilgibedradeveloped to
measure thermopower at room temperature. The degree of homogeneity of lontietbetrical
materials can be obtained with thermopower measurements due to the fact ttieintiopower
of a semiconductor is related to the concentration of impurities in the matenateP made of
inhomogeneous or segmented materials are known to have increased efficrapayed to
devices with homogeneous composition. The ability to characterize in-homogardstyices
adds a new dimension to the type of research that can be achieved. This thesis ares
introduction to the room temperature thermopower scanning probe. The system isddesigne
operate in an open air, room temperature environment. The system is fully tecktoviih

LabVIEW software used for control and data collection purposes. Referencalsatere used

to verify the systems accuracy. A study of segmented p-type matenat®sed of BiTes-

LASTT (Ag(PbpxSn)mSbTe+ ) and n-type materials composed 0 Be3-LAST

(AgPhSbTe 4y is also be presented.
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Average energy
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Chapter 1: Introduction to Thermoelectrics

1.1 Introduction
Due to advancements in technology and a greater demand for energy by the globa

population, there has never been a greater need for complementary energy aodrc
alternatives to fossil fuel than there is today. There is an impending crisimtpduoe to the fact
that more and more countries are becoming developed nations, while the world'sssappli
developed energy sources are being depleted at an alarming rate. Cogs$isefact that the
world’s population is set to increase by three billion within a life time, the need¢toge
alternative sources to diversify the world’s energy supply has never kesargA larger
population, higher demand and depleting resources will likely lead to social umitestiear
future if this crisis is not averted. The solution to this problem is very cléareret renewable

energy sources have to be found in order to avoid a global energy crisis.

Since the discovery of the Seebeck effect in the early 19th century, thermos (@dE)
research has focused in part on using electric transport phenomena as a basigfor
production. For years, researchers studying TEs have searched foow#igedntly use the
advantages that solid state devices provide. These devices are silent scalaklquire no
moving parts. It is important to note that thermoelectrics is not viewed ast@isdd the
dependence on fossil fuels, but with increased efficiency TEs can be a componerden a wi
range of alternative energy technologies designed to help meet ther gezaand from energy,
improve the efficiency of energy use, bring diversity to the world’'s ersrgply, and reduce

environmental pollution.

The Electronic Materials Characterization and Pulsed Laser Dieposab at Michigan

State University is one group in a collaborative effort between the E&and Computer

1



Engineering, Chemical Engineering and Material Science, Chepiétghanical Engineering,
and Physics and Astronomy departments as well as other universities twpdes!
thermoelectric materials. At the same time new measuring technigulesiag developed in the

lab to further advance research in this field.

Greater understanding of TE materials requires various transport measiutechaiques.
As part of this research a new measurement system has been developed ® tme@sapower
(or absolute Seebeck coefficient) in an open air, room temperature environmsistysiem
allows for scanning probe capabilities for greater characterizdtibties. The thermopower of
a semiconductor is related to the concentration of impurities, using this infonnaatindication
of the degree of homogeneity of a sample can be obtained by measuring tloptveznmrom
point to point on the surface of a sample. Inhomogeneous TE devices have been known to
increase the efficiency of these devices and this concept will be didéndaether detail in later

chapters. This system can also help gain insight into doping effects near metabkconta



Chapter 2: Thermoelectric Principles

2.1 Introduction
Thermoelectric devices can be used in cooling applications when electgy ene

supplied to the device or in power generation applications when heat energy is soppked t
device. For cooling applications the coefficient of performagtes(defined as the heat flow
into the cold side of the thermoelectric cooler over the electric power supplied twite &er
power generation the efficiency of the devieg i€ defined as the electrical power output from
the module over the heat flow into the hot side of the device. As a generator, teetriusetan
utilize waste heat to help improve the efficiency of existing energy soaracehelp to minimize
adverse environmental impact. TE devices, however, have not reached a level of devielopm
where they are efficient enough to replace mechanical electric gmseyato compete with
devices such as compressor based refrigerators. The quality of a tleetnoelaterial depends
on the material properties of electrical conductivigy, thermal conductivity£), absolute
Seebeck coefficien§ and temperaturdl} through a figure of meriZT. A higherZT results in
a higher efficiency material, and maximizing the figure of merit regua large absolute
Seebeck coefficient, high electrical conductivity, and low thermal condyctithe equation for

ZTis: [1]

2
T =227 2.1)

K

For comparison, a freon based refrigerator has a coefficient of penicengh of 1.41. To

achieve this with a TE device operating near room temperature would redi -5 [2].

Bismuth telluride (BpTe3) is one of the oldest and best known TE materials, wath ef ~1 at

1
Detailed explanation of Coefficient of Performareel Ideal efficiency in section 2.9
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room temperature when properly doped and alloyed wiBdi(for n-type materials) or Shheg

(for p-type materials). One can see the lengths researchers stitbrgwéo find TE materials

that can rival devices currently in use.

Maximizing theZT of a sample requires knowledge of the transport characteristics of the
material. To have a high thermopower a material should only have a single tareef (p-
type or n-type), with a low carrier concentration. Unfortunately low aazgaecentrations result
in low electric conductivity [1]. Finding a balance between the three trans$@oeateristics is
one of the challenges facing researchers trying to optimize TE atateriachieve higher ZT

values.
This chapter will give an in-depth explanation into the principles of therctaeke
2.2 Seebeck Effect

In 1821, Thomas Seebeck discovered the first known thermoelectric phenomenon. The

equation for the absolute Seebeck coefficient is simply
av
S =— (UVIK) (2.2)

The sign ofSrepresents the potential of the cold side with respect to the hot side. Both electrons
and holes diffuse from the hot side to the cold side of the sample, thus n-type samgies whi
have a majority of electrons yield negative thermopower voltage while s&ypples, having a
majority of holes yield positive thermopower voltages. Figure 2.1 shows an exaniuke of

where a temperature gradient maintained across a homogeneous condbotdramitexternal

flow of current causes electrons to diffuse to the area with lower enetgy &talder side). The

accumulation of electrons on the cold side results in a voltage difference [4].



Hot Cold
<— TemperaturdaT ——>

o
% H\:\.ﬂ:j

\oltageAV
D, D, J-
Hot + g@ ee% EB..@ '.@"EB : Cold

Figure 2.1: (For interpretation of the references to color in this and allf@hess, the reader is

referred to the electronic version of this thesis.)The absolute Seebeck [Ejf

The potential differencAV across the conductor due to a temperature grafiiers the
thermopower (or absolute Seebeck coefficient) of the sample. The term ISetbetis
applicable when there is a closed loop of two dissimilar materials with engeesf a
temperature difference between the two junctions. The net Seebeck coeffidige loop is
considered to be the difference between the absolute Seebeck coeffictbetsnad materials

that make up the loop [5].

2.2.2 Seebeck Effect in Insulators, Semiconductorand Metals [5]

The Seebeck coefficient usually depends on carrier densities, the eneag®f st
available to carriers, and the interactions of the carriers with one anotheitarihe
environment around them. These reasons make computations of the Seebeck coefficient very
complex. One way the Seebeck coefficient can be derived is by considering arroyiewith

no current flow. States occupied by charged carriers yield no net current sy&tem is in



thermal equilibrium. Thermal and potential gradients drive carriers to unodctptes

generating a net flow. This flow is opposed by scattering events which tle&icarriers to an
equilibrium state. The relaxation timg ¢haracterizes this re-equilibrium. The electric current
density for arx directed flow influenced by an electric field\#ox and temperature gradient

OT/ox is as follows:

Jn = [AEN(EYF(B)[1 - F(DI[v2 ()] | (—2Y) — (£5.20)]

kBT 0x kBTz 0x

Ja®[-2)-(ED] e

qT 0x

WhereN(E) is the density of stateg(E) is the carrier velocityf(E) = 1/{exp[(E-C)/kgT]+1} is
the Fermi distribution function for carriers of enegndc(E) is the energy dependent

electrical conductivityq is the charge of the current carriers (-1.602_%3[0: for electrons)kg is

Boltzmann’s constant ariis the chemical potential. From equation 2.3, the Seebeck coefficient

can be obtained when there is an open cirdyit(0).

_ (1) [dE)e(E)E-]]
AV = (qT) [d(E)a(E) AT

= (Z)(IE = {Dom AT @4)

Equation 2.4 shows the potential drop across a material in response to a tempexdieme gr

The Seebeck voltageV is proportional to the average b6+ with respect ta(E), this is

defined bY([E — {])o(E)-



For insulators the Seebeck coefficient is usually greaterkigifg]=86V/K (| denotes

the absolute value of the charge of an electron) and in some cases thissanuzh as 1mV/K.
Conversely in metals, the carrier density is a significant fraction of théylehthermally
available states, which explains the low value of the Seebeck coefficieatinoal conductors
(usually under 10uV/K). To have a better understanding of the reason behind ¢énenddfin

Seebeck coefficients it is useful to rewrite equation 2.2 as

S = (k_B)m (2.5)
lql kpT

The entropy of a system bfcarriers is J— {N)/T, U being the systems internal energy. Adding
a carrier changes this tay- ¢)/T, AU=E is equal to the change in the systems internal energy.
Withoutkg, equation 2.3 can be described as “the average change of the entropy of a system

upon the addition of a carrier of eneffgyveighted by that carrier’s contribution to the dc

conductivity divided bygT". With kg in the formulakg/q appears as the natural unit with which

to measure the Seebeck coefficients magnitude.

Conduction Band

Energy Gap 7

Valence Band

Figure 2.2: Ideal Insulator [5]
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lllustrated in Figure 2.2 is an ideal intrinsic insulator with the chemicahpat@ear the center

of the energy gap between the valence and conduction bands. Most states in the valemee band a
filled and holes are the charge carriers that populate this band. Most statesomdiineion

band are empty, with electrons populating this band. The Seebeck coefficient caelneasa
weighted average due to holes in the valence band and electrons in the conduction band the

following way:

k -E E-
c— ks ((( )V)( oy ) . (( ()c)( ac )] 2.6)
|Q| kBT oy+oc kBT octoy
whereay andoc represent the electrical conductivities of carriers in the valence and donduct

bands respectively. Customarily the energies of valence and conduction basdrgatritten

relative to their respective band eddgesandE,: E = E; —¢c andE = E, —¢,. Equation 2.6

becomes
—_ EE g_EV ay _ EC_( oc
s= 2o a) o) -Gt ad) G25)] e
whered, = (S‘/)G—V(E)andAC _ {&c)oc(E)
kgT kgT

Most of the time one of the two terms inside the square brackets in equation 2.7 dotménates t

other. The Seebeck coefficient then becomes very largg/a;since (-E,) and E-¢) are

usually much larger thagT. At higher temperatures this Seebeck coefficient falls with

increasing temperature in proportion t&gll.



Figure 2.3: Metal [5]

Figure 2.3 shows the lack of a band gap in metals with the chemical potential afl aesiding
within the band of states occupied by carriers. In this case the energycafribes can be
expressed a8 = (+g, whereg is the energy of the valence or conduction band states. For this
particular case the product of the factors that involve Fermi functf@)gl-AE)], in equation

2.4, can be approximated as a Gaussian functierthait has peaked at abes0 with a width

comparable t&gT. The Seebeck coefficient for metals can then be represented as

(2.8)

2
_1\ J deN(G+e)exp [_<2k;T> [v?(C+e)te
- (qT)

2
[ deN(T+&)exp [_<2k::3T) Jv2(C+e)t

“Since the principle contribution of both integrals in equation 2.8 occursikaT, Smust be

small, «g/|q|.” Evaluating equation 2.8 shows the Seebeck coefficient for metals vanishes at

absolute zero, rises proportionally with temperature, and is very small.

_ ( 1\ 0In[NE)W?(E)] 2
IS1~ (IqIT) oE Z(kBT)



~ (Tqﬁ) (k%T) (29)

The typical chemical potential for metals is 1eV, while the valug®fis usually 0.027eV,

using equation 2.9, at 300K the Seebeck coefficient is only a few micro volts per Kelvin.

2.2.3 The Seebeck Effect and Metals [4]
For a metal with parabolic energy bands, the average erigggyer electron is

Eq(T) = _EFO ll + — (RBT) ] (2.10)

Ero

whereEgg is the Fermi energy at 0 K. From this equation it can be seen that when the

temperature is elevated, the average energy per electron also incféastsads to the more
energetic electrons on the hot end diffusing toward the cold region until a potiéfdi@nceAV

is built up which prevents further diffusion. For an electron to diffuse from the hot end to the
cold end of a conductor the electron has to do work against the potential difi&kéaceoss

that conductor which amountsdaV. This work decreases the average energy of the electron by

AEgy, from Eg(hot) toEg(cold):
qAV = E_ (T + AT) — E,,,(T)

Substituting equation 2.10 inky, gives

2 Ero [1 + 3 (Le02aD) ]— 2 Ero [1 + 3 (k) ]

Ero Ero

10



Expanding T+4T), replacingAT with 6T and neglectin@ngives

512 kBZZTST]

3
qov = [EEFO 12 Epo?

Finally using equation 2.2 the Seebeck coefficient of metals is,

2kR%T
s =""B " K (2.11)
24EFo

It should be noted that this equation was derived with the assumption that the conduction

electrons in the metal behave as if they were “free”. Also the electragydherK.E. =

2 . . .
1/2mg*v - and the effective electron masg* are assumed to be constant with the velocity equal
to the Fermi velocity. The final assumption is that higher energy electreagheater mean
speeds and longer mean free paths¢ they diffuse from the hot to cold ends of the conductors.

These assumptions only apply to “normal” metals, such as aluminum, potassium, stdium, e

Table 2-1 shows the Seebeck coefficients of various metals.

Table 2-1: Seebeck coefficients of various metals [4]

Metal | sat0°C (uV KY) | Sat 27°C (uV K')
Na 5

K 125
Al 16 18
Mg -1.3

Pb 1.15 1.3
Pd 9 29.99
Pt 4.45 5.08
Mo | 4.47 557
Li 14

Cu 17 1.84
Ag | 138 151

11



2.3 Peltier Effect [6]

Discovered by Jean Peltier in 1834, the Peltier Effect is a phenomenon in which heat is

liberated or absorbed when an electric current passes through an in irtetfaeen two

dissimilar conductors. The Peltier Effect is dependent on junctions between tleenerds

where bulk materials are required for this phenomenon to take place.

Cold reservoir

Tcold

Thot

(1)
N

Figure 2.4: Peltier Effect [6]

The temperature rises or falls at the interface of the two dissimétals based on electric

current going up or down a potential gradient. When the two metals are joined together ghe

potential difference between them, known as the Peltier Coeffi€lgpt, The amount of heat

that is liberated or absorbed per unit time is proportional to the current appliedjatiaship

is given by the equation
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Q=1-1(W) (2.13)

Since it is linearly dependent on current, heating or cooling at the junctioersitge by
changing the current direction. In 1857 Lord Kelvin derived the relationship betiaeen t

Seebeck and Peltier coefficients through a third effect called Thomsah effe
I=T-S (VIK) (2.14)

2.4 Thomson Effect [7]
The third of the thermoelectric phenomena is the Thomson Effect. Discovered in 1854 by

the British physicist William Thomson later dubbed Lord Kelvin. He showed foemufiowing
in a homogeneous conductor along an imposed temperature gradient, a reversistegbioeat

production (or absorption) along the conductor exists. The Thomson Effect is atizeddig

the Thomson coefficienty, which is very significant theoretically because it is used to complete

the thermodynamic theory of thermoelectricity.

T T,+ AT

Figure 2.5: Thomson Effect [7]

The quantity of heat generated per unit time can be expressed as

dQ = (Tn5)dx (2.15)
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wheredT/dxis a temperature gradient along the homogeneous conductor carryingnaldarre

thex-direction withdx being a unit lengthThe direction of the current relative to the

temperature gradient and the sigrgidetermines whether heat is absorbed or liberated (i.e. if

current flows in the direction in the direction of rising temperaturergr@ then heat is

liberated).
2.5 Electrical Conductivity[8]

In semiconductors charged particles (electrons and holes) move under theeantitie
electric fields. This movement creates drift current inside the semicandlibe magnitude of

the electrical conductivity is proportional to the density of the charge rsaimiéhe material.

rift = OE,
{ Jarige = 0 (2.16)

o=q(u, n+ [ p)
Where

o = electrical conductivity (S/m)

Eo = electric field

n andp = carrier concentrations

K = mobility

g= elementary charge (+1.602E-19)

2.6 Thermal conductivity [1]
Thermal conductivity is a measure of ability of a material to condatt hehe total

value of thermal conductivity takes into account the phonons traveling through the lattice
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(xLattice) @nd electrons and holes transporting hegjetironid can conduct heat through a

material. Equation 2.17 shows this,
Ktotali = KElectronic + Kpattice (Wm_lK_l) (2.17)

The Wiedemann-Franz Law states that the ratio of the electronic cantmibuk and
electrical conductivityd) of a metal is proportional to the temperature. This is shown in equation

2.18,

g =L T waK?} (2.18)

where

k= thermal conductivity (W/rK)

o = electrical conductivity (S/m)

L = Lorenz number = 2.45x_1%(WQK_2)

T = Temperature (K)

2.7 A Good Thermoelectric [9]
While doing research in thermoelectrics, one looks for materials with & fagumerit

(ZT) near 1 or higher at some temperature. Materials used in power generation hgeatheir
ZT values at high temperatures, while materials used in refrigiration haveé¢a&z T at low

temperatures. HiglT materials typically have the following properties: low thermal
conductivity _attice= 0.5 — 1.0 W/m-K), high mobilities for the electrons and holes (u > 1000
cm2N -S), at least four equivalent band minima (be multivalley), and posse® al&rgity of

states effective masses.
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For applications near or at room temperatued 8 is the best known TE material. For

p-type samples it is alloyed with Skes, and for n-type samples it is alloyed withp8Be3. Table

2-2 shows several Bl'ez based materials with comparable room temperattlinealues

Table 2-2: BpTez alloys

Material ZT Type
Bio4ShegTe14256 UEIE P
Bio.5Sby sT€3.13 0.9 P

(SbyTe3z)72(BisTes)o5(ShoSes)3 1.02 P

Bi1 755b0.25T€3.13 0.66 n

(ShoTez)s(BioTes)go(ShpSes)s 0.96 n

(p-type and n-type materials can be formed with variations of the motefraf Te)

The structure of BilTegis stacked in a five-layer sequence (Te-Bi-Te-Bi-Te), with
hexagonal symmetry. This sequence repeats so two Te layers arataoljeite boundaries of
these units. BiSe3, SkyTeg, BioTesSe, and other related compounds share this crystal structure.
Other known attributes to Bieg are: both valence and conduction bands have six equivalent

extrema, the energy bands are non parabolic and the effective masseparatteendependent.

Finally BioTezis usually alloyed with SiTe3 to reduce thermal conductivity causing an increase

in its energy gap from 0.15 eV to 0.25 eV.
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2.8 Thermocouples [10]
Thermocouples are commonly made of metals and utilize the Seebeckceffexzisure

the potential difference between two dissimilar metals, which in turn can bertmhiveo a
temperature. If there is a temperature gradient along the path of, aheimdhere exists a
potential across the wire. With dissimilar metals electricallygdiat one end, the difference in

the potentials across each wire is measured as the thermocouple voltage.

Tt Tj
en@-CY Material P /.
B aE |
™ Cu 2
Tt
Material N

Figure 2.6: Thermocouple

The relationship between the Seebeck coefficutandAT in thermocouples can be derived

using equation 2.2. Th&V due to the Seebeck effect is given by:

AV = fTth(sp —S\)dT = [/(Spy )dT (2.19)

WhereTy is the temperature at the voltmeter terminalsnsl the temperature at the junction of

the two dissimilar metals. As you can see from the above equation the net (®d\tagé metals
with equal Seebeck coefficients is zero. The relationship between the three cotmpdne
equation (2.19) makes it possible to have various types of thermocouples, makingiefossi

use materials compatible with high or low temperature applications.
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2.8.2 Reference Junctions
Thermocouples using two dissimilar wires only indicate temperatureeahffes; in order

to measure the absolute temperature a reference junction is required asrshgure 2.7

whereT; represents the temperature of the reference junctior;athe thermocouple

junction temperature.

T,
T, 2 T
men@l—CY e Material P
= vy @ | }3
v
T 4
Material N

Figure 2.7: Thermocouple circuit with a reference junction

2.8.3 Ice Bath Reference

The National Institute of Standards and Technology (NIST) has developed tables for
temperature values versus thermocouple voltage. This was done for a vastetydaird
thermocouples (Type: C, E, J, K, M, N, T). Using an ice bath (0 °C) reference juneteance

tables have been generated for standard thermocouples.

Polynomial fits to the reference data are often used to conveniently converefetwe
temperature and voltage for each thermocouple. To solve for voltage as a function of

temperature the following polynomial curve fit is commonly used,

Vo = F(T,) = by + b;T, + b,T? + ...+ b, T* (2.20)
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For temperature as a function of voltage the following polynomial curveusdad,
Tor = G(Voy) = o + ¢ Vor + o VE+ ...+, VT (2.21)
The coefficients for (2.20) and (2.21) are shown in Tables A-2 and A-3 of appendix A.

2.8.4 Practical Thermocouple Circuits

In a thermocouple circuit it may not be convenient to maintain an ice bath. Another
method is to maintain the reference junction at an arbitrary, but known, temperatsiralldvins
for the flexibility of only needing a simple temperature measurementeléwe. resistance
temperature detector (RTD) or temperature sensor diode) to find a refézemuerature instead

of devising a way to create an environment at 0°C (ice-bath).

TI’
High Cu o Material P
= v ®_ )3
\—/
TS 4
RTD Material N

Figure 2.8: Thermocouple Circuit with RTD as reference.

To find the absolute temperature with a thermocouple using an arbitrary ceféeemperature,
the value of the voltage at the terminals of the voltmeter and can be determinedfagiorieas

shown in equation (2.22).

T, T; T, T
Vineasured = fTS Scy + dT + fTTf Sy dT + ij SpdT + fT: Scu - dT  (2.22)
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The first and fourth integrals in (2.22) account for the voltages developed by tengeratur

gradients in the lead wires from the voltmeter. Since these wires havéafatéh the same

thermopower (i.e. copper), it is assumed that the voltage developed is the same=(T.€. and

the two integrals cancel each other. The next step is to determine the tarepeia by an

independent method. Singe # 0°C the standard thermocouple calibration data cannot be

applied directly to equation (2.22). In this scenarid/jebe the voltage generated betwden

andTj, which is also the voltage shown in equation (2.22).

T
VT'j = fTr] SPN dT (223)

This can also be written as

T; Tr Tr
VT’j - fTr] SPN dT + fO SPN dT - fO SPN dT
T Ty
=IOJSPNdT_f0 SPNdT
where
Ty
Vor = J,"(Spn)dT (2.24)

Voj = [/ (Spn)dT (2.25)

Voj is the voltage of a thermocouple with= 0°C and its measuring junctiont Vo is the

voltage of a thermocouple witfy= 0°C and its measuring junctionBt Vyj is measured by the
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voltmeter,Vg, can be calculated by using the value of the temperature measured independently

by an RTD, diode, or other temperature sensor in equation (2.20). Finally withvtloesgues

theVp;j can be calculated as
Voj = Voj + Vor (2.26)
Using NIST data/pj can be converted to a temperature using the following polynomial.
Ty =G(V,j) = co+c1Voj + Vit ...+ Vi) (2.27)

2.9 Thermoelectric Devices
Thermoelectric devices are made of many couples wired electricagries and

thermally in parallel, consisting of n-type and p-type thermoelectmoegies in pairs.
Thermoelectric generators power externally connected electric lmadsnverting the heat flow
through the device into electricity. The heat flow acts as a driver of eleatrent and the
temperature gradient provides the voltage §4T). At any given operating point, the product
of the current and voltage determine the power output from the thermoelectric generat
Conversely, for Peltier coolers the power is supplied externally by a dc paply. The power
supply drives an external curreh) &nd heat flow@), thereby cooling the top surface due to the
Peltier effect Q=S-T-). For both devices heat flow through the device must be maintained by
appropriate heat exchangers [1]. The efficiency of a Peltier coaldyecguantified by the

coefficient of performance (which is the net heat absorbed/applied efsmirer) [3]:

— O
¢ = (2.28)
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wherel-Vis the electric power supplied to the module. The efficiency of a thermaelectr
generator can be defined as the power delivered to a load resRtintle heat suppl®

which must be supplied to maintain a temperature gradient across the module [5].

I?R
n = 7 (2.29)

Impedance matching between the resistive load and the internal resdtéreéhermoelectric

generator is needed in order to have maximum power output.
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Chapter 3: The Room Temperature Thermopower Scannig Probe

3.1 Introduction
In the Electronic Materials Transport Characterization and Pulsed RDapesition

Laboratory, most of the measurement instruments are custom built with acspeaifin mind
as far as performance is concerned. The main focus of TE research is taysitbwncrease the
ZT of materials as well as to identify new materials with promising ptiegdor further
research. It is important that data collected by our measurement syseuograte and at the
same time it is also important to the research that there is diverdigy aapabilities of the
measurement systems in the lab. Cross correlation of measurementsaofi¢hgreperty taken
on various systems helps to validate accuracy of the results. To build tHesessyse has to
be knowledgeable of the governing principles behind thermoelectrics as weBses skills in
electrical and computer engineering. With these measurement systdmeetlod understanding
of the transport characteristics of various TE materials can be achibiddleads to
progressively better devices being produced. In this chapter the Room Teneperatur
Thermopower Scanning Probe will be introduced. This chapter will provide detailed
explanations about the design of the system.
3.2 History

Scanning probe microscopy is a method of microscopy in which an image is formed
using a physical probe to scan the surface of a sample. An image of the surfaampfeis
created by moving the probe over the surface of the sample and recording the prdiedo sur
interaction as a function of position. This concept can also be applied when measuring
thermopower. In some cases using multiple materials to create a TE sampke advantageous

when it comes to increasing tA& of the sample.
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The first systems of this kind were developed to “obtain an indication of the degree of
homogeneity of a sample by the measuring of the variation of Seebeckieoéffiom point to
point” [11]. The apparatus by Cowles and Dauncey presented in 1962 showed a method of rapid
scanning of the Seebeck coefficient of semiconductors. In their method a saamgiaced on a
metal heat sink, a heated probe was lowered on top of the sample creating attempeadient
immediately below the probe. The temperature gradient was measured tlyromel-alumel
thermocouples, one on the probe tip and the other inside the heat sink. The voltage across the
sample was measured by the chromel wire. The ratio of the voltage acrosapletsahe
difference between the voltages at the two thermocouples was detédmwawtly. That ratio
was equal to the Seebeck coefficients of the chromel-sample junction todheetlatumel
thermocouples. Their circuit obtained this value using the ratio of an adjustasiemesto a
fixed resistance, similar to a wheat stone bridge circuit. The heat sinktacseatto a
microscope stage whose slides permitted movement in the X-Y directiothes tieeéhprobes

movement was in the Z direction. There was no indication that these movementsoiaized.

In 1986 Goldsmid [12] presented an improvement to Cowles and Dauncey’s system by
creating a simpler circuit requiring only a single balancing operatiike the previous apparatus
the probe and heat sink have the same design, the only difference being the theemesamlijol

this case is a copper-constantan thermocouple. The voltage generated byptaalsarto the

temperature gradient is applied across three resi®er&4, Rs) in series. The voltage generated

at the junctions of the copper-constantan thermocouples is applied between one endorof resis

R1 and a null detector which is connected to the sliding contact of the potentiometerdifige sli

contact is adjusted until the null detector indicates a balance bridge. Iflinsdé& reached
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when the resistance of the potentiometer winding is between the slidéreacmhhection t&

is XRyp, then;

Ri+ xR,  SeAT S,
Ri+R,+R; SAT S

AT being the temperature differen&g,is the Seebeck coefficient of the copper-constantan

thermocouple an8&is the required Seebeck coefficient of the semiconductor against copper.

This technique is illustrated in Figure 3.1.

Reversing
Switch
Copper Null
Copper Detector
_ Probe
ﬁi R1 R2 R3
A\ 4
Constantan -
[ ]
Specimen

Heat sink

Figure 3.1: Schematic diagram of apparatus for calculating thermopower usetgadrsimilar

to the Wheatstone bridge circuit [12].
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In recent years technological improvements have made it possible ftar gesalution

(up to 10um) by similar apparatuses. In their study of functionally gradéetials Platzek et.al

created the “Seebeck Scanning Microprobe” [13]. The probe is mounted on a three-dirhensiona

micro-positioning system. The system is fully automated; the measuseai¢he Seebeck
coefficient and the position of system are the synchronized by a computer.obhagneated

to create a 3-4 K temperature difference and two copper-constantan thermeenepised to

measure the temperature of the probg é&nd temperature of the heat sifi)( Two voltages

are measured between the Cu-&y) connections and the constantan-constantan (

connections. Using these voltages the Seebeck coefficient of the samplewsdsrstie

following manner,

41
Vo=V

Ss = (SCu - SCuNi) + Scu (3.1)

This apparatus showed a two-dimensional image of the Seebeck coefficientusfabe of the
sample. This thesis work focuses on the development of a similar system fatenieation of

materials and couples fabricated at MSU.

3.3 Room Temperature Thermopower Scanning Probe

3.3.1 Objectives

Using LabVIEW software, the thermopower scanning probe simultaneousturasdhe
voltage across a TE sample and the temperature between a copper probg thedoip surface
of the sample and a heat sink beneath the sample. The voltage across the sabwle will
generated by heating the probe tip to a temperature betweerf6 alddve the temperature of

the heat sink. The thermopower scanning probe uses copper-constantan thermocouples to
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measure the temperature of the probe and the heat sink as well as the valegthagample.
Using these measurements the system determines the thermopoweiaoiflea specific

points such that a thermopower profile for the sample can be measured. The system can be
programmed to move vertically and horizontally with respect to the surface sdrnipges,

which allows for greater automation of the measurement.

3.3.2 X-Y-Z Translation Stage and Motors

The thermopower scanning probe is mounted on an X-Y-Z translation stage in order to
give it 3-dimensional movement. This allows for scanning in both horizontal and vertical
directions with respect to the surface of the samples. The movement is contydteger
motors mounted on the stage. The range of motion is 5/8 inches on each axis. The X2 Volt-D

stepper motors are mounted inside the frame of the stage.

Figure 3.2 shows the UCN5804B stepper motor driver used to control the stepper motors.
This driver has a simple design which requires only two digital signa¢stidinal control and
step input. In this case that digital high-low signal is provided by the Natmmstalments USB-
6501and a LabVIEW program was created to provide a user interface to controkdineismg

this digital 1/0 device.

LabVIEW stands for Laboratory Virtual Instrumentation EngineeringRdeamch and is
a software package provided by National Instruments, Inc. This is a gigploigeamming
language that can be used for instrument control, and for data acquisition and aAalsisl
instrument (V1) is a software routine (or subroutine) that provides an interasgventerface
such that software could be programmed to operate similar to the front paneinstii@ent it

controls. The first step in programming the VI for this stepper motor operatiorcalculate the
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number of pulses required to move the stage the desired distance. In this case thmeteppe
is bipolar, with each step amounting to1.8 degrees, which equals 200 steps per revdiation. T
stepper motors are attached to the micrometers of an X-Y-Z stage wtate to move each axis
of the stage. One full rotation amounts to one millimeter of travel, which equalsp@dy the
stepper motor. In the VI, the user provides a desired distance and a subroutineesdicua
many steps that distance would require. Once the number of steps requiredlaexhlthis
value is used as the number of iterations for a loop. Within the loop, two calls to thle digita
acquisition VI (or subroutine) are fed a high and low command. Figure 3.3 showsaardaig
the digital /0O device and its connection to the stepper motor driver in Figure @iPe Bi4
shows the layout for a circuit with three drivers which control the automatitre stanning
probe. The directional control signal is sent out simultaneously with the step inmit $igis
works by sending both signals as one package similar to a modulation of signadéstheher
directional signal acts an envelope for the step inputs carrier signat. difeetwo directions,
each with a high or low value (i.e. left=high, right=low). Once a high or low command is

specified, then that direction is sent along with the step input signal.
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Figure 3.2 UCN5804B Stepper Motor Dri\je#]
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Figure 3.3 National Instruments USB-6501 schenjast
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Figure 3.4: X-Y-Z Three Motor Control Printed Circuit Board Layout

3.3.3 Measuring Equipment

Keithley Instruments 2400 Digital Source Meter

This meter has four capabilities: current source, current meter, vottage @ind voltage
meter. As a source it can supply up to 20 watts of power. For voltage measuremeats@ngd s
it ranges from 1V to £200VDC. For current measurements and sources it range4 0
to £1A. It can take readings at a high rate of speed and has on board data ktisragenected
to the computer via a General Purpose Interface Bus (GPIB) connectiors. apphication the

Keithley Instruments 2400 source meter provides current to heat up the probe.
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Keithley Instruments 2002 Digital Multimeter

This meter is used only for voltage measurements and provides a resolution +hgVon t
lowest scale setting. This meter contains an optional built in card which dtioves input
channels for measurements, and allows for high speed switching betweerhtmesels. The
meter has on board data storage for measurement collection and averagingp it@aécted to
a computer via GPIB connection. For this system, the B)0%2ed to measure thermocouple

voltages which range from £1uV to a few millivolts.

Figure 3.5: Data collection equipment

32



3.3.4 Probe

A 1" long cone shaped piece of copper withf#a diameter is used as the probe. The

copper-constantan thermocouple is inserted into the probe through 1mm diameter hole and
spark welded to the probe on the sharp end. A nickel chromium wire wound around the probe is
used as a heater when current is passed through it, as shown in Figure 3.6. Therobpper

and nickel chromium wire are separated by a silicone encapsulate.

Constantan Wire

Copper wire

Nickel-Chromium Wire

Figure 3.6: Scanning probe design

3.3.5 LabVIEW Program Overview

LabVIEW is a development environment similar to C and BASIC programming
languages, but it differs from its counter parts with its graphical l@egu&”, where structures
of block diagrams and icons are graphically wired together to build the code. Twiareaé

commonly used for data acquisition, instrument control, image analysis, ataigestdata
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analysis, and industrial automation. Subroutines are represented by grajgimsahihich are

connected by wires for data transmission.

The scanning probe system is fully controlled via PC by LabVIEW. In onegimdhe
movement of the X-Y-Z stage and instrument instruction can be controlled,la&sweta
collection. Figure 3.7 shows the program flowchart and Figure 3.8 shows the usacentéithe
LabVIEW program. Some of the more important components of the software can bars&aedm

as follows:

e Atroom temperature it takes 50-70 seconds for 500 mA of current to heat the
probe to a temperature where a satisfactory temperature differencepdevel
between the stage and the probe.

e The system is programmed to begin when the sample is placed on the stage and
the probe is touching the top surface of the sample. Beginning the measurements
this way takes away the need to measure the distance the probe needs to move up
and down to establish a connection with the sample. One way to make sure a
connection between the sample and probe is made is to look at the voltage
measurements. The voltage readings decline in a steady slope whendhere is
temperature gradient and conductivity between the probe, sample and stage. If a
connection at one of those three points is broken there will be significant noise in
the voltage measurements.

e For the motor control, the total distance is the length across the sample in the
direction the measurements are taken (i.e. Y-axis). The shift distance is the
distance between measurements in the Y direction, the total number of
measurements in the Y direction is the total distance divided by the shift distance
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The in/out distance is the distance to move the probe in the X direction to begin a
new scan at a different location on the sample. The number of measurements has

to be specified so the system can repeat the process for a specified number of

locations.
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Figure 3.7: LabVIEW software flow chart
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Figure 3.8: LabView user interface.

3.4 Thermopower Calculation Techniques
To determine the thermopower of the sample, measurements of the voltage across the

sample and the temperature gradient between hot and cold sides of the sampés ateatdkgh
sampling rate. Temperature measurements can be done directly by mehsunmogouple
voltages for the hot and cold sides of the sample and calculating a temperé&tueachf About

100-300 data points are taken for each measurement point and a fit of this data is megle. Figu
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3.9 and 3.10 show this graphically, where Figure 3.9 is the data taken and Figure 3.10 is the

linear fit of the data.
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Figure 3.9: Scatter plot of V1/(V2-V1) data.
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Figure 3.10: Scatter plot of V1/(V2-V1) data with linear fit.

3.4.1 Pulsed technique for measuring thermopower @l
One method used to measure thermopower is a pulsed technique where two
thermocouples are used to measure the thermopower in a homogeneous bulk d@ijteTiaé|

mounting configuration is shown in Figure 3.11 for type-T thermocouples.
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Figure 3.11: Pulsed technique measurement diagram.

In the above figure three voltage measurements are taken with two thermsecdbple
thermocouples are copper (Cu) -constantan (CuNi). An RTD provides the heat for tide lobt s
the sample. The thermopower is measured by supplying pulsed heat acrosgpthdtbe RTD
is turned on and of periodically). Over time the difference in temperature dveasample will
maintain a stable periodic function with a constant offset. This method allows fodiéféience
between the hot side and cold side temperature, this temperature gradientvartddleeacross
the sample are used to calculate the thermopower of the sample. The advantage behind
measuring thermopower with this technique is it eliminates any unknown tearpegeddients
along the measuring wires by using the slope of many data points in thatatcaf
thermopower, and ignoring the y-axis offset. This method also eliminates.@nyfixets that
might exist in the measurement meters. The calculation of thermopower usintgethod can

be shown mathematically as:
T T
Vi = f; " Scu (AT + [ Seuni(TAT = [ "[Scu(TAT = Seuni(MIAT — (3.6)
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T T T
VZ = fTRCSCu(T)dT + fTCR SCuNi(T)dT = fTRC[SCu(T)dT - SCuNi(T)]dT (3-7)

Vi= Vo = ;" Scu(TAT = Scuni(MAT = [ “[Scu(TAT = Scuni(T)1AT (3.8)
Ty TR Tc TR Th

= Src(T)AT — | Src(T)AT — Src(T)dT — | Src(T)dT = Src(T)dT
J sar= [ sar= | s | s - |

f:CH Src(MAT ~ Src(Taye) - (Tu — T¢), (TavG= average temperature) (39)

T, + T,
TH - TC << TAVG = 2
- SSample(TH) ~ SSample(TC) andSCuNi(TH) ~ SCuNi(Tc) (310)

Ssampie (T) and Scyni(Ty) are constant ovexT.
Vi = Vo = Spc(Ty — T¢) = Spc(Tave) - AT (3.11)

The difference betweewy andVs in this technique equals the thermopower of the

thermocouples used multiplied by the temperature gradient between the two theresdoupl

the techniqué/q andV> provide the temperature gradient needed to calculate thermopower of the

sample, to solve for the voltage difference you need a third voltage measuvgmehich is

derived as follows:

T T T
V3 = fTRH Scuni(T)AT + fT: Ssampte(T)dT + fTCR Scuni(T)dT (3.12)
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TH Tr Ty Tr Tc

— f ScuNi(T)dT—J- Scuni(T)dT — j Ssampie (T)AT + J- SCuNl-(T)dT_J- Seuni(T)dT

0 0 Tc 0 0
Ty Ty
= - j SSample(T)dT + J- SCuNi(T)dT
Tc Tc
whenTy — Ty K Tuyg = % - Stc(Ty) = Spc(T¢), Src(Ty) is a constant. Assuming the

sample thermopower and platinum thermopower are constant over a small terapggeatient

then

V3= [Scuni(Tave) — Ssample (Tave)] - AT (3.13)
Finally to solve for the thermopower of a sample, (3.8) is used in (3.13) to give,

Vs

3
SSample (Tave) = Scuni(Tave) — E = Scuni(Tave) — W
(STC(TAVG))
V.
= Scuni(Tave) — VIT3V2 *Stc(Tave) (3.14)

V3 and {/1-V5) are non-linear functions by themselves but they have a linear relation to each

. AV
other. Wherly — Ty K Tyye = % - Ssampie (T)is constant, thus the slogg IS constant.

In this techniqué/3 and {/1-V2) are plotted against each other which results in a linear function.

The thermopower is calculated by taking 200-300 data pointgfand §/1-V»), taking the best

fit of the linear function and finding the slope of that linear function.
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As stated before the advantage of this method, is it eliminates spurious voitaged c
by unknown temperature gradients along the measuring wires. This method is usedis va
measurements systems and provides accurate thermopower measun@merdsrh
temperature to very high temperatures. The disadvantage to this method igesrétpisample
being measured to have homogeneous composition in order to have accurate measUi@sents
can be problematic when samples are inhomogeneous, i.e. samples made of dagatentd.
The following sections will present methods for measuring thermopower, whiekh fal

measurements of homogeneous and inhomogeneous bulk TE material.

3.4.2 Method of Measuring Thermopower Using DirecAT Measurements

In this technique direct voltage measurements are taken by a probe aatesepar
temperature measurements are taken for the temperature gradiembr8ynone meter is used
to take both measurements, the meter needs to be able to switch between twanmeessuesy
quickly. This method does not provide instantaneously corresponding voltage and temperature
measurements as the pulsed technique, but the high speed switching between the two
measurement ports provides reasonable measurements that are comp#nabkfound using

multiple meters to collect instantaneous voltage and temperature gradéent da

The two voltages taken are the voltage across the sample and the voltageppéne c
constantan thermocouple. Using the procedure outlined in section 2.8.4, the thermocouple
voltage is converted to the hot side temperature. The cold side temperatuasusatidy a
resistance temperature detector (RTD), which is attached to the heath&rdifférence
between the hot and cold side temperatures is the valiE. &for this technique, the slope of
the data is what determines the value of the thermopower. Taking ovaV18TU data points, a

thermopower measurement for a single point is made where the probe tip toucheatleeosur

43



the samples. Over time the heat from the probe permeates the sample fpomttloé contact
between the probe and the sample. Taking many measurements from a singieqoitect
shows the gradual decline in temperature and voltage as the sample absorbs the lileat fr
probe. A linear fit to thaV vs. AT data then gives a slope that is a Seebeck voltage of the

copper to sample junction. The thermopower of the sample is then determined by retm®ving

contribution from the copper leads.

Figure 3.12: An illustration of the Method of Measuring Thermopower Using Difec
Measurements

One disadvantage to this method is the inability to properly analyze high imaesuoa
lower thermopower samples. This can be explained by breaking down the voltayeemsant
of the sample; illustrated in Figure 3.12. Using Kirchhoff's voltage lavexpeession for the

voltages in the loop is as follows:

Vmeasured - VCul - Vsample + VCuZ =0 (3.15)
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The voltages in equation (3.15) can be written in terms of the thermopower and teraperatur

using equation (2.2). This leads to an expression for the voltage measured by theerolt met

Tc Ty To
Vmeasured = f SCuldt +f Ssampledt +f SCuZdt
To Tc TH
Ty Tc
= ch Ssampledt + fTH Scudt (3.16)

The voltage due to the copper wires can be written as:

Ty
(s

Tc

This leads to the following equation for the voltage measured by the meter.

Vineasurea = Ssample (4T) - Scu (4T) (3.17)

The true voltage across the sample is given by the following expression.

Ssample (AT) = Vmeasured + SCu (AT) (318)

This voltage takes into account the added contribution of the Cu.leads
The measurements in Figure 3.13 show the vald@ksuredor a reference sample of

constantan (-39.5uV/K at 300K). The measurements range from -31uV/K to -33uV/K and
Figure 3.14 show the measured thermopower values for constantan afteraofozdtie
copper leads. These thermopower values range from -28uV/K to -31uV/K, whghrdm the
reference value by 20%-26% respectively. It is important to note that thesea® less

pronounced when the samples thermopower is higher that £100uV/K. These largeagrrors

“The thermopower of Cu is 1.97uV at room temperature.
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lead to unreliable measurements for samples with smaller thermopowert édsdde very time
consuming and inefficient to calculate how much the addition of the copper connection wires

thermopower affects the overall data.

0 T T T T T T T T T
.

-10

-15

-25

Order of Measurements

1

Vmeasured/AT (uV/K)
o
o

oY)
o
!

Figure 3.13: Voltag&(T data of constantan sample with the Cu contribution not yet removed.

N L

Order of Measurements

Constantan Thermopower(uV/K)

Figure 3.14: Corrected constantan thermopower data.
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While using this method finding the cause of measurement errors was veryldifhe
issue did not become apparent until a different method was attempted. This methed will

introduced in the following section and measurement results will be presented im dhapte

3.4.3 Thermocouple Method for Measuring Thermopower

To investigate improvements to the accuracy of the system the RTD useasiarenthe
base temperature was replaced with a copper-constantan thermocouple.t8itndanethod
presented in [13], two copper-constantan thermocouples were used to measure the hot and cold

side temperatures. Using equations the following equations

Vi=(Ss —Scu) - (T1 — Tp) (3.2)
Vo = (Ss = Scuni) - (T1 — To) (3.3)
(Ss—Scu) (T1—Tp) . n

(Ss=Scuni) (T1—Tp)—(Ss—Scu) (T1—Tp) Vo—Vq

1£1
V-1

Ss = (SCu - SCuNi) + Scu

The thermopower of the sample can be solved directly using the slopi\f -V1) as shown in

Figure 3.15, and the thermopower of constantan and copper. This also helps eliminatieatrrors
can be created by erroneous temperature measurements. The measurertensirggthis

method will be presented in chapters four and five.
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CuNi

Figure 3.15: An illustration of the Thermocouple Voltage Measurements MethGalimrlating

Thermopower using copper-constantan thermocouples.
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Chapter 4: Reference measurements

4.1 Introduction
To test that the system is operating as desired, thermopower values o vagials and

alloys were used as references. The ideal material for referensarereants are high purity
metals or alloys with thermopower values that remain constant over timdlesgaof the

method of which the material was formed. For example the thermopower valuesRij @nd Pt
have been known for decades, if measurements of a high purity sample made of omethisse
is taken with various systems in labs across the country, a result matchiisggaiblata would
be considered reliable since these materials have been used as sefadamda materials in
research. Another good candidate for reference measurements is tloeaditantan, which will
be explored further in a later section. Using well known thermoelectricialatgére. Si-Ge,
PbTe) as reference material is an unreliable method of checking tha@cotia system since
there can be significant variation in the properties of the samples even wheythe same

process. There are no standard reference materials for high thermopoweismaten though

BioTes has recently come into consideration to be named as a standard reference[tdteria

The following criterion for acceptable standard reference materadsleveloped by NIST [18]:

e First it was determined that the material should be able to achieve tongt&bility and
be homogenous, for reproduction at a large scale.

e The standard reference material should be able to have a thermopower vaargyregul
measured in the field (between 25uV/K and 400uV/K).

e A thermoelectric standard reference material should be reasonablykev/tolthe

research community as far as cost is concerned.

49



e Lastly a standard reference material has to be able to be used in the future for

development of reference materials for broader and different tempeiatgesr

Most thermoelectric materials are tailor made with specific opétiaizs in mind, i.e. doping
concentration, annealing time, etc. Even though thermoelectric matemgismat be useful as
reference samples for absolute thermopower measurements, they can be ussdgunmgthe
polarity of a material due to their high thermopower values. The polarity of thgeolta

measurement of a sample is the indicator that shows if the sample is n-typger p
4.2 BbTez Reference Measurements
BioTez samples from the Tellurex Corporation were used to check if the system would

produce a voltage measurement with the proper polarity. Samples with dimensions ®f 5mm

5mm x 2mm were used to check for n-type and p-type polarity. For the n-typarereant, a

single point on the surface of the sample was measured. The resulting Sig{{¥'B#/1) was

negative indicating that the sample was indeed n-type, and the magnitudeseasbde for

these samples as shown in Figure 4.1.

50



B x 107 M-type Bi2Te3 Thermopower DatalLinear Fit
O  Thermopower Data
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Figure 4.1: N-type BiTe3 reference measurement.

Likewise for the p-type sample, the resulting slop¥@{V>-V1) was positive indicating that the
sample was p-type and the value of the thermopower was 220uV/K which is in goodesgreem

with high quality p-type BiTes materials.
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s x 107 P-type BiZTe3 Thermopower DatalLinear Fit

O Thermopower Data
Thermopower Fit T
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2.1 Thermopower(uViK)=220 368864 = |

2.2

Sample Yoltage W1 V)
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Figure 4.2: P-type Bil'ez reference measurement.

4.3 Constantan
Constantan is an alloy composed of 55% Cu and 45% Ni, it is a suitable material for

reference measurements in this system because it is commonly &hrregroducible, and is
stable in time. Constantan is an n-type material, with a thermopower of -3B.8fikbom
temperature. A fit for the thermopower of constantan was determinadafiole temperature
range using the thermopower of a type T thermocouple and Cu [16]. The thermopavigpe

T thermocouple is the difference between the thermopower of Cu and constantan. The
thermopower of Cu was published by Roberts [19]; the literature also provided a theenopow
scale for temperatures ranging from room temperature to 900K. The thermagower

thermocouples can be calculated by using data provided by NIST for thermocougesolta
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versus temperature for a wide range of thermocouple types. Table 4.1 showshtloedar
polynomial coefficients for the fit of the thermopower of constantan over a wigeetature
range and Figure 4.3 shows the thermopower data from 290K to 680K.

Table 4.1: The coefficients for the fit of the thermopower of constantan [16]

Y =

MO+M1*x+... +M8*x S+Mo*x
MO 2996.557
M1 13.94639
M2 20.08016
M3 0.000223
M4 -2.45E-07
M5 -2.18E-10
M6 9.67E-13
M7 1.12E-15
M8 5 38E-19
M9 7.47E-23
R 0.999999981
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Constantan Thermopower
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Thermopower (UV/K)
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Temperature(K)

Figure 4.3: The thermopower of constantan from 290K to 680K.

An 8.1mm diameter x 3.1mm thick cylindrical piece of 99.999% pure constantan wasssed

reference sample (see Figure 4.4).

Figure 4.4: cylindrical piece of constantan.

Figure 4.5 shows ten measurements of constantan using the thermopower scabeing pr
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Constantan Thermopower(uV/K)

Order of Measurements

Figure 4.5: Constantan thermopower data.

The measurements range from -31pV/K to -33uV/K, with the average being -32.458[M8K
corresponds to an error between 20%-15% from the reference -39.5uV/K, with tgeaseor

of the ten measurements being 17.94%.
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Order of Measurements

Figure 4.6: Constantan measurement errors.
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Using the method presented in section 3.4.4 the thermopower of constantan fell reliably
within the range presented in Figure 4.5. These measurements for constantan aaa@timport
because they help to show the limits of accuracy of this system.

4.4 Low thermopower material measurements

Metals such as Cu and Pb were measured and the error between measured thermopower
values and expected values was substantially larger than the error foundcfumstastan
measurements. Cu has a room temperature thermopower value of 1.97uV/K and Pb has a room
temperature thermopower of -1.05uV/K [19]. When the thermopower of these two matals w
measured using the thermopower scanning probe, a measurable thermopower could not be
detected. Lower thermopower values of a sample correlated to higheraberement error
while using this method to measure thermopower.

4.5 Error Analysis

To begin to understand the errors in these measurements, the key components of this

measurement technique have to be explained in detail. As stated in the previousiohawter

voltages are defined as
Vi = Vewr — Vsampie + Veuz = 0 and
Vo — Veunit — Vsampte + Veuniz =0
As shown in section 3.4.3, these equations can be represented the following way
Vi = S+ (AT) — Scy - (AT)

Vo, =8¢+ (AT) — Scyni - (AT)
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This results to the following representation which will be used for the rermahttes thesis:

Vi=(8 —Scu) - (T1 — Tp)

Vo = (Ss = Scuni) - (Tr — To)
From the above equation the temperature gradient is calculated in the foliommmgr

Vo=V = (Ss - SCuNi) : (T1 - To) = (8s = Scy) - (T, — Ty)

AT = %21

= 4.1
(SCu_SCuNi) ( )

Using the above equation for the temperature gradient, the expectexs \HIAT can be

calculated foNM, — V4 values (as shown in Figure 4.7).

. 107 The expected values of Delta T vs. V2V

1
0 2 4 G d 10 12 14 16 15

|:| & 1 1 1 1

Temperature Gradient (K}

Figure 4.7: The expected valuesAdf vs. Vo —V.
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While doing reference measurements, the samples with the largest pexmesnirem the

expected values were those with low thermopower values. The source of thisrebyer ca

explained using the thermopower of copper and constantan and the above equadpasdor

V1.To begin, the expected values of copper can be calculated in the following manner.

Vi = (197uV /K = S¢y) - (Ty — To)

Vo, = (1.97uV /K — Scyni) - (Ty — Tp)

For the range of T values shown in Figure 4.7, the corresponding valu®s ahdV, are

shown in Figure 4.8.

% 107 The expected values of V2 and V1 for Cu
E T T T T T T T T

W2 and W

0 2 4 ] a 10 12 14 16 18
defta T (K)

Figure 4.8: Expected values¢f andV5 for Cu
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When a copper sample was measured using the thermopower scanning probe thel vedasure

had a very high error with respect to its expected value. Looking closerda#téhehe voltage

values forV1 andV» were offset in a negative direction with respect to their expected values.

This offset was equal in magnitude for bdhandVs as shown in Figure 4.9.

" 104 The expected and measured values of V2 and V1 for Cu
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Figure 4.9: Expected and measured valueg &ndV, for Cu.

The expected value &f value is zero but for all measurements the valuég ahdV, are

offset from 200V to 160uV in the negative direction with respect to their expectes val
Although it might seem that the offset is decreasing, this does not mean thabitlvarive

reduced with a decreasing temperature gradient since the calculationeshfiegature gradient

59



depends oV, —V1. Figure 4.9 shows a snapshot of the voltage measurement3 aetween 8

and 10K. Using the same procedure used to calculate the expected value of coppeectld ex

values ofV1 andV5 for constantan are shown in Figure 4.10.

¥ O The expected and measured values of V2 and V1 for Culi
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Figure 4.10: Expected and measured valudg aindV>, for constantan.

The offset for constantan was shifted to more positive voltages than expegted @-10),
while the offset for the copper sample was to more negative voltages thatedxpégure 4.9).
In Figure 4.11 it can be seen that the magnitude of the offset correlates withr¢hsena

voltage magnitude; as the temperature gradient increases the magritheéesmeasured

voltages fol/1 andVs increase. Figure 4.11 shows the 3Q@ndV, measurements used to
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calculate each thermopower values in Figure 4.5. This data shows the effecteshperature
gradient to the voltage magnitude. The initial measurements were done whileltéevais cool,
which led to a smaller temperature gradient. The probe was heated withfia spsaunt of
current for a short amount of time, lowered to the surface of the sample antchdessgements
were taken. Some measurements were taken consecutively, repeatargehmacess after a
short break which caused the probe temperature to rise; as a result somemmasurad

higher temperature gradients than others.
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Figure 4.11: Measured values\¢f andV» for constantan.

These two measurements show the major source of errors using this techoique. F

samples with thermopower values near those of constantan and copper, there veais an er
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created by an offset in voltage. This error is less pronounced for constantanisutat that

the offset did not greatly affect the magnitud&/fwvhich is used to determine the thermopower
as {1/Vo -VV1). For samples with thermopower values closer to copper the offset has a large

effect in the magnitude &f; which accounts for the large errors.

In the previous examples the thermopower of the samples were either equalbtoppe
constantan where either \or V, was expected to equal zero respectively. To investigate a
reference material with a thermopower between that of copper and constant&e| aample

was prepared. Nickel has a room temperature thermopower of -19.5uV/K [20{pHutes

values ofV1 andV5 for nickel are shown in Figure 4.12.

¥ 1[}'4 The ex pected values of V2 and 1 for Mickel

W2 and Wi
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Figure 4.12: Expected values\df andV> for nickel.
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Figure 4.12 shows the values\6f andV» diverge as the temperature gradient gets larger.

Measurements of a nickel sample showed the valués ahdV> were equal in magnitude.

Unlike the other samples where one slope of a particular voltage grewtteagehe other, for

nickel which has a room temperature thermopower value approximately halfimaaehecopper

and constantan the values\gfandV, are almost equal in magnitude and their magnitudes

increasing equally to each other with a rising temperature gradientmakiss it possible for
equation 4.1 to be used to calculate an accurate temperature gradient for sattmples w
thermopower values in a similar range. From the measured values of nickel/éne no

noticeable offsets from the expected voltage values (shown in Figure 4.13).
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Figure 4.13: Expected and measured valuag @ndV> for nickel.
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Figure 4.14 shows ten measurements of the thermopower of nickel ranging from 1 ¥4K7&8

-22.044V/K with an average thermopower value of -28/2K.

0 - T T T T T T T T
5 -
-10 A
-15 A
-20 A
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Figure 4.14: Nickel thermopower data.

The correspondinygq andVo measurements for these values are shown in Figure 4.15.
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Figure 4.15: Measured values\6f andV» for nickel

In conclusion while analyzing the voltage measurements used to calculate the
thermopower of reference samples, the source of errors between measurqubatetieesults
was found to be an offset in the magnitude of the voltages. This offset was fargesistantan

and copper. The error was greatest in samples with relatively smalbi@nar due to the fact

thatVq was greatly shifted from its expected value, causing a greaterrethaM/(Vo —V1)

slope which is used to calculate the thermopower of a sample. These measursmshtsized

thatVo -V is a reliable method of measuring the temperature gradient acrosmjlesa
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Chapter 5: Measurements of segmented thermoelectrlmulk material
composed of BiTez and LAST/LASTT.

5.1 Introduction:
Devices such as thermoelectric generators operate over largedampgradients, but

the materials used to create these devices have limited efficiency dudact tthat their peak
ZT is restricted to a small temperature range. To maximize the avErayer the hot to cold
side temperature range, segmentation of the thermoelectric legs can.bénubesicase, two or
more n-type materials are joined to form the n-type legs, and likewise tworerp-type
materials are joined to form the p-type legs. Such a configuration allovesder temperature
gradients by combining lower melting point materials with higher meltingt poaterials. The
larger hot to cold side temperature gradients also improves the efficiemmrmobelectric
generators since they are Carnot efficiency limited. For smatigvdrature gradients
segmentation based on a single material system with minor compositioaéibvafiloping,

alloying) can also be used [21].
In this chapter segmented legs for thermoelectric devices using n ape Biiyez and
LAST (lead-antimony-silver-tellurium) and LASTT (lead-antimonlyex-tin-tellurium) are

presented. BiTezis a well known thermoelectric material which has a pghkf ~1.0 at room
temperature. LAST and LASTT are n-type and p-type materials tesggavith peakZT
values near 700 K. Each material was in powder form and PECS processing was usedhe for

segmented samples. The following sections will document this process and siueamesnts

taken by the room temperature thermopower scanning probe of these samples.
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5.2 PECS
Both samples were made using Pulsed Electric Cugierering (PECS). Also known .

Spark Plasma Sintering, this mettuses a pulsed DC current to heat the po sample by
Joule heating. High heating and cooling rates @udsed since this method allows a direct
of heating. This allows for densification overigrgrowth promoting diffusion mechanism
maintaining be intrinsic properties of na-powders in their fully dense products. Tempera
gradients inside the sample should be minimizemtder to permit homogenous sinter

behavior [22].

Figure 5.1: PECS system at M.

5.3 LAST/LASTT
LAST is an n-typesemiconductor with a chemical formula of A(zSbTez+m while

LASTT is a ptype semiconductor with a chemical formula of A¢1 xSn)mSbTer+m[23]. In
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recent years LAST was considered a material of interest becatsédighiZT value compared
to other TE materials. LAST exhibits desirable properties such as isomopphology, high
crystal symmetry, low thermal conductivity and controllable carrier coradént [24]. LASTT

has been reported to exhibit high performance p-type TE properties, sugi-as4b at 630 K.
A sample with the composition AgPbsSmSiy 2Tejghad a reported electrical conductivity of

1000 S/cm and a thermopower of roughly 50 V/K at room temperature [25].

5.3.1 Preparation of LAST/LASTT

Due to their desirable properties at high temperatures, LAST and LASfETused as a
hot side material for the n and p-type segmented samples. Each materrapeasieér form
before PECS processing. Approximately 3g of LAST and LASTT powder veastadill a
12.7mm diameter graphite die. They were placed separately inside the PEDSayd
processed in an argon environment at a maximum temperature of 550°C and pressureaof 60MP

The following profile was used during the PECS process:
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Figure 5.2: Temperature and pressure profiles for LAST/LASTT PEG&gsing.
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Figure 5.3 shows the finished sample after PECS processing. The LASTRS&T billets were

approximately 2.5mm thick after pressing.

LASTT

“\“\\\\\\\\\\\
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Figure 5.3: LASTT coin after PECS processing.

5.4 Preparation of BpTes

BioTez was used as the material for the cold side of the segmented sample. The

preparation process began with 5mm x 5mm x 2mm cubes of n and p+4yeg Bom the

Tellurex Corporation. The cubes were crushed into powders using a mechanicabmubrtar
pestle, and 3g for both the n-type and p-type were prepared by sieving thiadigim sieve.
The powder was placed in a 12.7mm diameter graphite die with the already REESed

LAST/LASTT samples inside, as illustrated in Figure 5.4.
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Figure 5.4: ByTesz powder placed on top of PECS processed LAST/LASTT material.

The BpTez powder was processed at a gradually increase of temperature to a maximum

temperature of 430°C. The processing began with an initial increase in temgé&@m room
temperature to 110°C at a rate of 40°C/min, followed by a 10 minute hold at 110°C. Then the
temperature was increased to 410°C at a rate of 60°C/min. Finally at a ratérofrbti@

temperature was increased to 430°C. Throughout this process the pressure stayedatonstant
40MPa. At 430°C, the pressure was increased to 50 MPa and the temperature remained at 430°C
for a period of 20 minutes. At the end of that twenty minute period, the system graduadty cool

down using the previously stated process in reverse, from 430°C to room temperatuee55ig

shows the merged Biez and LAST material after PECS processing.



Figure 5.5: Finished PECS processeglBg and LAST.

After excess graphite material was polished off the surface, the sawggle cut into two
rectangular pieces. Figure 5.6 is an image from an optical microscope, slaogvtignction

between the two materials after processing.

Figure 5.6: Optical microscope image opBe3 and LAST surface after processing.
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5.5 Scanning Probe Measurements
The thermopower scanning probes was used to take several scans of the tvnbeskgme

leg samples. For the n-typeBies/LAST material the surface scan distance was 5mm across in

the Y-direction. The system was programmed to measure in 0.5mm incrementa. Afte
completed scan, the system moved a distance on 1mm in the X direction and another scan

initiated in the Y direction.
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Figure 5.7: LAST/BpTes scan across the center of the sample (as shown in the inset).

Figure 5.7 shows the LAST material has a high thermopower (approxirz@élyV/K).

The thermopower scan shows a clear demarcation between the LAST matktiad 8pTes

based material at approximately 2.8mm. The measurements also show a sitynifieaant
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thermopower for the BTez sample than expected based on the results from Figure 4.1. The

solid BipTe3 cubes used to create the powder for this sample had a thermopower slightly less
than -200uV/K, this scan shows that this thermopower dropped to ~-50uV/K. The cause of this
can be the BiTe3 cubes were not properly crushed into powder form. Also this can be a side

effect of using previously processed material in this procedure. This weasddor both n and

p-type BbTesmaterial, as will be shown in the following figures.
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Figure 5.8: LAST/BpTez scan at 1mm behind the first scan at the center of the sample.

Figure 5.8 shows the second scan 1mm behind the origin. This scan shows agreement in
measurements with the scan at the origin for the first 2mm, but between 2mm and 2.5enm the

was a dramatic drop in thermopower values. This is possibly due to a mixtureemateaturing
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the fusion of the two different alloys. The two measurements also shows towandsethedges

of the BpTeg material, the scans show a consistent drop in thermopower, which can mean the

sample becomes more metallic at this point. Electro-dispersive X-rayaguepy (EDS)
analysis of the samples surface was done to verify which material$srweszeh half of the
sample. Table 5.1 shows area 1 is predominantly Bi and Te. While the analyseaftwar

shows the two prominent elements were Te and Pb.

Figure 5.9: SEM surface image of LAST#Be3 sample.
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Table 5.1: EDS analysis of area 1 in SEM image of LASJT& sample.

Element | Weight | Atomic
% %

BiM 47.11 34.85

SbL 0.56 0.71

TeL 50.97 61.76

SeK 1.36 2.67

Table 5.2: EDS analysis of area 2 in SEM image of LASJT&4 sample.

Element | Weight | Atomic
% %

PbM 50.62 35.45

Agl 4.76 6.4

SbL 2.59 3.08

TeL 40.62 46.18

For the p-type BiTes/LASTT material the surface scan distance was 3mm as shown in
Figure 5.10. The system scanned at 0.5mm increments, when this scan was complstienthe s
moved a distance on 1mm in the X direction and another scan taken. The measurements for

LASTT were between 50uV/K and 65uV/K, which is comparable to the values prkesente

literature [26]. Similar to the n-type fFiezin the LAST/ BpTegsample, the thermopower of the
p-type BbTegzmaterial was significantly lower than the expected ~200uV/K. In this tbes

thermopower values for the p-typeyBes material were between 60-70uV/K. Unlike the
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LAST/BipTez sample, in this LASTT/BiTe3 sample there are no clear distinctions between the

two materials as shown in Figures 5.10 and 5.11.
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Figure 5.10: LASTT/BjTeg scan across the center of the sample.
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Figure 5.11: LASTT/BjTeg scan at 1mm behind the first scan.

Figure 5.12: SEM surface image of LASTT4Bez sample.
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Table 5.3: EDS analysis of area 1 in SEM image of LASTJV& sample.

Element | Weight | Atomic
% %

PbM 25.23 15.11

Agl 191 2.2

SnL 19.69 | 20.58

SbL 2.62 2.67

Tel 47.99 46.66

Table 5.4: EDS analysis of area 2 in SEM image of LASTJV& sample.

Element | Weight | Atomic
% %

BiM 12.07 7.18

SbL 27.56 | 28.15

Tel 56.02 54.6

SeK 3.23 5.1

Using measurements of the TE materials composed of n-type LAST ghdsBind the

p-type LASTT and BiTE3, the thermopower scanning probe showed a roll this type of system

can have in TE research. For the n-type LAST and B material, the results showed relative
agreement between the expected and measured results for the LAST médtenmaéakured
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thermopower values of LAST were higher in magnitude than their expected valses; it
suspected this is due to increased doping. In the EDS results shown in Table 5.2, Ag and Sb

show a 2:1 relationship instead of a 0.8:1 relationship. This might be the cause of the increas

magnitude for the thermopower of the LAST material. For the n-typEH3imaterial the

measured thermopower values were drastically lower than their expatiedthe method of

which this material was processed is suspected to be the reason behind the droppother

values. For the p-type LASTT andJBEz material, the LASTT material showed close

agreement between measured and expected thermopower values. The pitkgerBiterial in

this sample also showed a drastic drop in magnitude between measured and expesged val

similar to the n-type BITE3 material. These initial measurements showed the potential this

system has in expanding future TE research, with greater improvement to taartcand
resolution future generations of this system will be able to provide bettdntiiig this type of

research.
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Chapter 6: Conclusion and Future Work

6.1 Conclusions
A new scanning probe system has been presented for better characterization of

thermoelectric materials. The system allows for charactenzaf the surface of a sample in
two dimensions. Using the Seebeck coefficient, the degree of homogeneignaple san be
attained by taking measurements from point to point across the surface qfle. Sdns
information gives researches greater insight into the composition of sgeaifies, where
other measurement methods only allow for single thermopower measurementogéheaus
samples. Reference measurements were taken to show the system opeedesdafor high

thermopower samples. The system was used in a study of segmented thermostetials

composed of n and p-typeBiez and LAST/LASTT to show the systems value in future

research of inhomogeneous samples.

6.2 Future Work
From the onset of this project the intent was to build a scanning probe system tllat woul

be able to measure thermopower at room temperature and create a two dimensional
characterization of a sample. As a prototype the system was successfubiypdyprogrammed

to work as it was originally intended. Over the course of the research vasaes with the

design and programming developed that showed areas that can be improved in the owgrall desi
of the system. Moving forward in order to build on the work presented in this thesis and improve

the capabilities of the system the following improvements are advised:

1. Motors — The three stepper motors used by the system required at least 12V- 2.5A to
work properly. These motors give off a considerable amount of heat after beimigeon f

short amount of time. This presents a few problems that will have to be addressed. The
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system was not tested for a prolonged period of time because it was uncleana/lwdt ki
damage this amount of heat would do to the motors and circuitry. Also this heat is
transported through the motor mounts into the translation stage. Since these
measurements are dependent on the temperature around the sample remainintg consta
any ambient heat given off by the stage and the motors can cause inasdort@e
measurements. If the system is to be operational for a prolonged period oh&éme, t

amount of heat given off by the motors has to be addressed.

. Probe - Another issue that needs to be addressed is the resolution of the probe. The true
resolution of the probe was not quantified in these initial tests of the system. Moving
forward a better understanding of the probes resolution can lead to greatss surfa
characterization. One area that can be studied is the interaction at treeentérf
thermoelectric materials and metal contacts in devices. With a fs@utien the
thermopower scanning probe would be able to show the effects of bonding metals and
thermoelectric material. Thermoelectric devices use metals sisthialess steel to

separate n and p-type thermoelectric material and to act as elemrnoalctions. This

system can be used to study any doping that occurs to the thermoelectrialsnatesn

they are bonded with the metal interconnects.
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Appendix A

Table A-1: Material composition of thermocouples and their temperature ranges [26]

Type Positive element Negative element Temperature Range ( C)
B Platinum(70%),Rhodium(30%) Platinum(94%),Rhodium(6%) 800 to 1700

E Nickel(90%), Chromium(10%) Constantan: Nickel(55%), Copper(45%) Oto 900

J Iron Constantan: Nickel(55%), Copper(45%) 0to 750

K Nickel(90%), Chromium(10%) Ni(95%), Al(2%), Mn(2%),Si(1%) 0to 1250

N Ni(84.4%), Cr(14.2%),Si(1.4%) Ni(95%), Si(4.4%),Mn(0.15%) 500 to 1000

R Platinum(87%),Rhodium(13%) Platinum 0to 1450

S Platinum(90%),Rhodium(10%) Platinum 0to 1450

T Copper Constantan: Nickel(55%), Copper(45%) 0 to 350

Table A-2: Coefficients of the calibration equation for voltage as a functitengferature
(eq.2.20) for type-T thermocouples [26]

0°C <T <400°C
bO | O

bl | 3.8748106364E-02
b2 | 3.329222788E-05
b3 | 2.0618243404E-07
b4 | -2.1882256846E-09
b5 | 1.0996880928E-11
b6 |-3.0815758772E-14
b7 | 4.5479135290E-17
b8 | -2.7512901673E-20
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Table A-3: Coefficients of the calibration equation for temperature as admé voltage
(eq.2.21) for type-T thermocouples [26]

OmV < Egj < 20.872mV
cO |0

cl | 2.5928E+01

c2 | -7.602961E-01

c3 | 4.637791E-02

c4 | -2.165394E-03

c5 | 6.048144E-05

c6 |-7.293422E-07

c7 |0
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