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ABSTRACT

ADVANCING THERMOELECTRIC RESEARCH WITH NEW MEASUREMENT
SYSTEMS AND THERMOELECTRIC MODELING FOR AC ELECTRICAL
MEASUREMENTS
By

Adam Darwin Downey

Bulk thermoelectric materials are created and studied at Michigan State University
(MSU) for use in high temperature power generation devices. These new materials
exhibit figures of merit, ZT, which approach values of 2 near 800K, and are being used to
develop power generators that convert heat flow to electricity. To help with the
development of the thermoelectric materials, new measurement systems are needed to
evaluate the components of the figure of merit (electrical conductivity, thermal
conductivity, and thermopower).

In this research work, two measurement systems are developed for the
simultaneous measurements of electrical conductivity, thermal conductivity, and
thermopower. Both systems use a new "drifting in temperature" technique where
measurements are made as the overall sample temperature slowly drifts in time. The first
system called the “Drift System”, is for low temperature measurements (100K to 300K)
and the second system, “Ultra High Temp System”, is for high temperature
measurements (300K to 900K). The accuracy of these systems was verified using
reference materials. The Ultra High Temp System has become a very useful tool in the
investigation of new thermoelectric materials as doping concentrations and material

synthesis parameters are changed.
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In addition to this research, the AC impedance characteristics of thermoelectric
modules and single pellets were investigated. This research led to the development of a
new AC model for thermoelectric modules using AC electrical measurements by
comparing the impedance behavior of thermoelectric modules to a simple RC circuit. The
modeling of thermoelectric materials was then expanded upon by the application of
transmission line theory to describe the thermal dynamic behavior in a module. This new
model could be applied to commercially available modules as well as unicouples, and
single thermoelectric pellets. Infrared imaging was used to verify the existence of a
thermal wave developing along the module legs due to an AC electrical signal at the
module's inputs. This thermal wave can be modeled with the transmission line theory,
but not with the simple RC one-port model.

Finally, this research discusses a new ZT measurement system for rapid figure of
merit measurements of new materials. This system is capable of measuring the figure of
merit on more than 30 samples per week at room temperature. For the first time, large
amounts of data can be collected for statistical analysis on doping concentrations and

thermal processing to determine the optimal sample preparation conditions.
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Chapter 1: Introduction to Thermoelectrics Research

1.1 Introduction

Michigan State University (MSU) explores thermoelectric research to identify new
materials and measurement techniques and explore applications for these thermoelectric
materials. This research is a collaborative effort not only between departments at MSU
(Electrical and Computer Engineering, Mechanical Engineering, Chemistry, and Physics)
but also with the University of Michigan and Iowa State University. The goal of this
thermoelectric research, which has been guided by the funding from the Office of Naval
Research (ONR), is to advance the scientific community’s knowledge of thermoelectric
materials, obtain a better understanding of how to manufacture the most efficient
thermoelectric material for high temperature applications, and to create a 1kW
thermoelectric power generation device for hot and cold side temperatures at 850K and
300K, respectively, with the highest efficiency. My role in this research includes:

e to be a part of the team that tests and characterizes thermoelectric materials that

have been made at MSU

¢ to identify new materials with good prospects of being used in thermoelectric

devices

¢ to help better understand what makes a good thermoelectric material

e and to determine how to use these materials to create a functional device for

power generation.
As a member of this measurement team I have not only used existing equipment at MSU
to characterize thermoelectric materials, but have developed a new transport

measurement system capable of measuring transport properties of materials over the
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temperature range of 25°C to 1000°C. Typical measurements include temperature
dependant thermopower, electrical conductivity, and thermal conductivity. In addition, I
have also investigated impedance spectroscopy on thermoelectric materials to develop a
new measurement technique along with two theoretical models to describe the frequency
dependent behavior of thermoelectric materials. The three physical properties of
electrical conductivity, thermopower, and thermal conductivity determine the figure of
merit of a given sample. The transport measurement system described in this thesis
provides a capability to reach measurement temperature as high as 1000°C which was not
previously available in this laboratory. The development of a system capable of
measuring the frequency dependant behavior of thermoelectric materials along with the
described circuit based models for understanding these behaviors is unique to the
scientific community to the best of our knowledge. This has provided new investigative
techniques for measuring the figure of merit for faster, more reliable, and more accurate
measurements.

The uniqueness of the research into developing a new transport measurement
system for high temperatures is that high temperature properties of quaternary cubic
thermoelectric material, along with other materials developed at MSU, have been
obtained for the first time. Since these measurements will give the first insight into
thermoelectric properties at higher temperatures, the system is an important tool used to
investigate these new materials.

Finding the figure of merit for thermoelectric materials at MSU typically involves
measuring thermoelectric power and electrical conductivity at high temperatures while a

similar sample is measured for thermal conductivity elsewhere. The uniqueness of the



research into
isthat the fiz
drcth. The

maedance

could he pert

amimportant -

12 Thesis O

In'md,\
ad fundame-
knowledee. w
W 'Lhi.’ffnl\eiv
tharspran.
w-..lk;tnl;:;
search dope
Dt System,

[

X




research into investigating the frequency dependant behavior of thermoelectric materials
is that the figure of merit for these materials over a temperature range can be found
directly. The models developed for this research help to explain the frequency dependant
impedance behavior and can also be used to explain how a faster figure of merit test
could be performed on multiple samples. This system along with the relevant models is

an important tool in characterizing thermoelectric materials.

1.2 Thesis Outline

Introduced in the first part of the thesis is a brief overview of the history, theories
and fundamentals applied to thermoelectrics. These sections will outline the background
knowledge, which will be needed for the proceeding chapters. Descriptions of old and
new thermoelectric materials will be discussed along with various techniques of
characterizing thermoelectric materials and devices. The next sections describe the new
research done at MSU, which includes a new system for low temperature measurements
(Drift System), a new system for high temperature measurements (Ultra High Temp
System), and finally the investigations of impedance spectroscopy on thermoelectric
materials. Impedance spectroscopy measurements will lead to the development of two
models that describe the AC frequency dependant behavior of the thermoelectric
materials (RC One-Port Model and Thermal Transmission Line Model). Based on
investigations of the impedance, a final system is created for rapid figure of merit
measurements at room temperature of multiple samples simultaneously (ZT Machine).
The experimental results will be presented for all systems along with detailed analysis

performed on the frequency dependant impedance measurements.
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Chapter 2: Thermoelectric Fundamentals

2.1 Introduction

Thermoelectrics (converting thermal energy to electrical energy and vice versa) has
been a topic of research for many years. In everyday life, people are using refrigerators,
air conditioners, fans, and heat sinks to keep objects cool. Thermoelectrics provide
alternate ways to cool objects that may be more practical or effective. People also
generate enormous amounts of wasted heat energy from automobiles and industrial plants
which could be transformed back into useful electrical energy with the help of
thermoelectric generators. Converting waste heat back into useful power can have major
global impacts. For example, making trucks more fuel-efficient may reduce gas
consumption. Using less gas can lead to lower automobile emissions, which impacts the
atmosphere.

Thermoelectric (TE) modules are devices the can convert thermal energy from a
temperature gradient to electrical energy for power generation or vice versa (providing
electrical energy to the thermoelectric module to create a temperature gradient across the
module) for cooling applications. Power generation devices work similarly to commonly
used thermocouples, which produce a voltage that depends upon the temperature between
the tip and base of the thermocouple and the materials used in that thermocouple.
However, unlike a typical thermocouple used for temperature measurements,
thermoelectric modules for power generation can generate enough electricity to power a
watch from body heat, power onboard electronics of a satellite in deep space, convert

wasted heat from an automobile to power electronic systems and make the overall vehicle
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performance more efficient, and provide electricity from nuclear heat of a submarine in
deep waters without any moving parts or added noise.

With no moving parts, TE modules are rugged, reliable, and quiet. They can be
operated in any orientation and in zero gravity environments. For cooling applications,
another important feature is the ease with which a TE module can be precisely
temperature controlled, an important advantage for scientific, military, and aerospace
applications such as infrared detectors and laser diodes.

Thermoelectric research is the study of the conversion between thermal and
electrical energy [1,2]. Thermoelectric technology has been around since the 1800s.
There are three main effects that appear in thermoelectrics: Seebeck effect, Peltier effect,
and Thomson effect. Thermoelectric material properties are governed by the figure of
merit, ZT, which is governed by the thermopower, a (also know as the absolute Seebeck
coefficient), electrical conductivity, o, and thermal conductivity, x, of a sample, while T’
is the absolute temperature [3]. Z has units of 1/K making ZT a unitless quantity. The
figure of merit, ZT, is extremely important for describing the thermoelectric performance
and will be discussed extensively throughout this paper. The equation for ZT is shown

below.

ZT=a el

-T  (unitless) 2.1

This section will describe the three main effects for thermoelectrics. It will also
discuss another important equation that is used quite extensively in thermoelectric
research, the Wiedemann-Franz Law. This law identifies the relationship between

thermal conductivity and electrical conductivity for TE materials. Finally, thermocouples
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and thermoelectric module configurations (layout), properties, and applications are also

discussed.

2.2 Peltier Effect

After the discovery of the Seebeck effect, Jean Peltier discovered in 1834 that heat
is absorbed or liberated when an electric current passes through an interface between two
different conductors. A diagram of this effect is shown in Figure 2-1. The Peltier effect
is caused by the fact that a heat current in a homogeneous conductor, even at a constant

temperature, accompanies an electric current.

Heat, Q
Electric Current, | Electric Current, |
S _
A O e DS SEB S|
Material A Junction Material B

Figure 2-1: Peltier effect diagram

The Peltier coefficient, I143, is directly related to the change in heat between two

materials (A and B), per electric current, /, as shown here.

Nyp= % ™) (2.2)

The Peltier coefficient can also be related to the Seebeck coefficient times the

temperature of the junction.
Ngp=ayp-T (V) (2.3)

The Peltier heat, Py, is related to the electric current by the Peltier coefficient as,

rp=2-ngp-1 W 2.4)
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Peltier also discovered that the effect is reversible. If the direction of current is reversed,

so is the direction of heat exchange at the boundaries of materials A and B. [4]

2.3 Thomson Effect

In 1854 a phenomenon discovered by William Thomson (Lord Kelvin) found that a
reversible transverse heat flow occurs into or out of a conductor of a particular metal
where the direction depends upon whether an electric current flows from the colder side
to the warmer or from the warmer to the colder side of a metal. Any temperature gradient
previously existing in the conductor is thus modified if an electric current is applied [5].

A diagram of this is shown in Figure 2-2.

AQ
2V ERN
/"‘:
N / ,
\\_\ //"”"‘\‘ //
L v
N

Figure 2-2: Thomson effect diagram

The Thomson effect, v, is related to the Seebeck effect,

da
Y=ar T (V/K) (2.5)

or
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T .
a(T) = j'7—(TT'—2-dT' (V/K) (2.6)
0

The Thomson coefficient relates the Thomson heat, I'p, and electrical current through,

FQ=—§—-=—7-I~AT W) 2.7

2.4 Wiedemann-Franz Law

Thermal conductivity is the ability for a material to conduct heat. Both the
phonons and the charge carriers can conduct heat through the material such that the total

thermal conductivity will include electronic and lattice contributions as shown here.

Ktotal = Klattice + Kelectronic (Wm'K™) (2-8)

When a sample is placed in a low temperature environment, the atoms in the crystal
lattice will vibrate at a lower intensity which can make the contribution of thermal
conductivity from the lattice very small or even negligible compared to the electronic
contribution. At sufficiently high temperatures, the lattice will vibrate so much that the
contribution of thermal conductivity from the lattice dominates the electronic
contribution. Between these two extremes, both mechanisms will contribute to the total
thermal conductivity. With thermoelectric materials, it is often possible to reduce one
component of the thermal conductivity without appreciably affecting the other material
properties.

For metals, the thermal conductivity is high, and those metals, which are the best
electrical conductors, are also the best thermal conductors. At a given temperature, the

thermal and electrical conductivities of metals are proportional, but raising the
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temperature increases the thermal conductivity while decreasing the electrical
conductivity. This behavior is quantified in the Wiedemann-Franz Law shown below.

K_L.T (wak? .9)
o
where

x = thermal conductivity (W/m-K)

o = electrical conductivity (S/m)

L = Lorenz number = 2.45x10® WQK?
T = temperature (K)

The value of this Lorenz number was found using quantum mechanics such that at

300K

2,2 .
=% _ ~245x1078  (WQK?) (2.10)
o-T 3.2

where x is the Boltzmann constant (1.3807x10”2 J/K). This constant of proportionality
applies for temperatures above the Debye temperature, 6.

The Wiedemann-Franz Law is useful for estimating the temperature dependent
thermal conductivity of measured TE samples. For example, the thermal conductivity on
a sample with a certain crystal structure can be found experimentally using the flash
diffusivity-specific heat method. This thermal conductivity will include contributions
from both the crystal lattice and the electrons. A published sample of LAST (Pb-Sb-Ag-
Te) material had a thermal conductivity of 2.3 Wm™'K™ and electrical conductivity of
1850 S/cm at room temperature [6]. For LAST materials (degenerately doped
semiconductors), at some arbitrary temperature with mixed scattering, the Lorenz number
can be calculated as 2.28x10-8 WQK? [7]. The lattice and electronic contributions may

be decoupled to give the electronic contribution from Wiedemann-Franz as
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Kelectronic =L 0T =127 Wm™'K 1. Now the lattice contribution can be found as

Klattice = Xtotal — Kelectronic =2-3—-1.27=1.03 wm K1, When another TE sample

is measured with similar composition and crystal lattice (but possibly doped at another
concentration), the electrical conductivity of the material will change. Assuming the
contribution from the lattice remains the same, the electronic contribution can again be

calculated and used in estimating the total thermal conductivity of the sample.

2.5 Thermocouples

Thermocouples are fundamental to thermoelectrics and are commonly used in
research and measurements. A thermocouple is made of any two dissimilar electrical
conductors such as copper and constantan. A type-E (chromel-constantan) thermocouple
that has been spark welded together is shown in Figure 2-3. There are eight NIST
standardized thermocouple types [8], which have been well characterized and are shown

in Table 2-1.

Chromel Constantan

Figure 2-3: Type-E thermocouple spark-welded together using 25.4pm in diameter wire.

10
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Table 2-1: Thermocouple types and their corresponding Seebeck voltage

Type Materials Thermopower (uV/K) | Temperature Range
at 25°C (°C)
N Nicrosil - Nisil 26.5 500 to 1000
T Copper-Constantan 41 0 to 350
J Iron - Constantan 51.5 0to 750
E Chromel - Constantan 61 0 to 900
K Chromel - Alumel 40.5 0 to 1250
Platinum 6% Rhodium — 800 to 1700
B Platinum 30% Rhodium 0
Platinum - 0 to 1450
R Platinum 13% Rhodium 6
Platinum — 0 to 1450
S Platinum 10% Rhodium 6

However, many other thermocouple combinations are available. Each type of

thermocouple has different features such as its voltage output sensitivity, the environment
in which it will work (vacuum or no vacuum, oxidizing or inert atmospheres, magnetic
fields, etc.), and the temperature range that it is appropriate for. Figure 2-4 shows a

configuration for a single ended thermocouple made of two different materials (A and B).

T,
Material A
T
+ O/ 2
Vas O/
) Material B

Figure 2-4: Single ended thermocouple

The ends of both thermocouples are thermally ground to T; and T,. The voltage,
VB, is developed based on the thermopowers of each material where,

) I T T
V4B = IaA dT + IaBdT= I(aA—aB)dT= IaABdT
4 ) 4 T

@2.11)

11
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Here, aag is used to represent the Seebeck of the thermocouple. See Table 2-1 for the
Seebeck of standard thermocouples at room temperature. To get an absolute temperature,
single-ended thermocouples can be used as long as the temperature at the measurement
end of the thermocouples is well known. A calibrated diode or platinum resistor can be
used to find this temperature. Extension wires can be used without any extra calculations
as long as both wires have the same thermopower and the same temperature gradient

between the ends of the wires. An example of this is shown in Figure 2-5.

T| TR
Material A r_/_’w_“_f"
; o Cu o/b ‘
Voltmeter |
O O/ ) T
Cu Material B B %

Figure 2-5: Typical thermocouple setup for temperature measurements

In this case, Ty is a reference junction where the temperature is known and the extension
wires are both copper. T, does not need to be known to find the junction temperature T).

This can be shown as follows,

TR T TR 4]
Vmeter = [acu dT+ [@qdT+ [apdT+ [acy, dT
T T T T
1 R J R 2.12)
T, T,
= I(aA —aB)dT = IaAB dT
Tg TR

From here, usually the junction temperature, T}, is desired. The first step is to measure
the thermocouple voltage with its reference junction at Tr and its measuring junction at
T), which was done above as Vpeter (now called Vg; “voltage between reference and the

junction™). The next step to achieving this value is to compute the emf voltage of an ice-

12
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point (0 °C) compensated thermocouple at the temperature Tr. This data is provided by
NIST where the representing equation is as follows,

Vor =F(TR) (V) (2.13)
This equation can be read “the voltage from 0°C to the reference temperature is the
voltage output function of the thermocouple evaluated at the temperature Tr.” Plotting
the output voltage data versus temperature for the thermocouple and using a curve fit to
the data can be used to find this function. Next, compute the emf voltage of an ice-point

compensated thermocouple at T). Here, the representing equations is as follows,

Vos =Vrs +Vor (V) (2.14)

Finally, the junction temperature, T, can be calculated from the ice-point calibration data
for the thermocouple as,

Ty=FWy) (C) (2.15)
Plotting the thermocouple data as temperature versus output voltage and using a curve fit
to the data can find this function.

Thermocouples are used extensively in the characterization of TE materials. They
are used in finding the temperature gradient that is placed across a TE sample for
thermopower measurements. Often, these same thermocouple wires are used to measure
the voltage produced by the TE material when a temperature gradient is established
across the sample. For this measurement, it is necessary to know the thermopower of the
measuring wires and to apply a correction to the measured voltage from the sample due

to the voltage developed by the wires themselves.

13
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2.6 Seebeck Effect

In 1821, Thomas Seebeck observed the thermoelectric effect using two different
metals as in the thermocouple, which is the only way to observe the phenomenon. It was
Thompson (Lord Kelvin) who later explained the observed effect. A temperature
difference between two points in a conductor or semiconductor results in a voltage
difference between these two points. Alternatively stated, a temperature gradient in a
conductor or semiconductor gives rise to a built-in electric field. This phenomenon is
known as the Seebeck effect. The Seebeck coefficient quantifies the magnitude of this
effect. The thermoelectric voltage developed per unit temperature difference in a

conductor is called the absolute Seebeck coefficient, also known as thermopower.

E E
T A
k Cold
<—— Temperature AT ——»
Er
< L2 -] B
) 3274
> /() > f(E)
0 1
<———  VoltageAV ~—»
+| @ O o O 63 b
Hot + ) O ° ©°°0 *| - Cod
+| @ (5] o ° oo -

Figure 2-6: Seebeck effect on an aluminum rod

For normal metals, i.e. an aluminum rod, when one end of the rod is heated relative
to the other end, the electrons in the hot region have more entropy and therefore have
greater velocities than those in the cold region (See Figure 2-6). The conduction

electrons around the Fermi energy have a mean speed that has a small temperature

14
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dependence. This difference in electron energy causes a net diffusion from the hot end
toward the cold end. This diffusion leaves behind exposed positive metal ions in the hot
region and accumulates electrons in the cold region. The diffusion of electrons will
continue until the electric field developed between the ends of the sample prevents any
further electron motion from the hot to cold end. At steady state (constant heat flow after
some time), the voltage difference across the aluminum rod due to the temperature
difference is called the Seebeck effect. The equation for thermopower is shown below.

dv
a=22 (V) (2.16)

By convention, the sign of & represents the potential of the cold side with respect to the
hot side. The coefficient a is also referred to as thermoelectric power even though this
term is misleading as it refers to a voltage difference rather than power. By integration of
thermopower, the voltage difference across the sample can be found as shown below.

T,
AV = [a-dT (V) (2.17)
T

The average energy E gy, per electron in a metal with the density of states

g(E)x EV2is given by

2
3 Sx kT
E TN==E 1+ — — 2.18
ave(T) 5 F0|i 12 (E 0]] ( )

where Ery is the Fermi energy at OK and & is Boltzmann’s constant. The Fermi-Dirac
distribution extends to much higher energies when the temperature is raised so that the

average energy per electron is actually greater in the hot end.

15
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For an electron to diffuse from the hot region to the cold, it has to do work against
the potential difference. This work done decreases the average energy of the electron.
So, for metals, the Seebeck coefficient is as follows,

_7t2k2T
2eERq

~
~

(V/K) (2.19)

For the above explanation to be valid, some assumptions were made. First, the
electrons in the metal behave as if they were “free”. Second, the electron energy E =
KE. = 1/2m,="‘v2 and the effective electron mass m.* is constant. Finally, the electrons
with higher energy have greater mean speeds and longer mean free paths so that they
diffuse from the hot to cold region. These assumptions only apply to what are called
normal metals (e.g. Na, K, Al, etc.).

The diffusion of electrons from the hot to cold region assumes that the electrons in
the hot region have higher speeds. In reality, the interactions of the conduction electrons
with the metal ions, the lattice vibrations, and thus on how the conduction electrons are
scattered, have to be considered. Except for certain metals, the free electron theory is
unable to account for the sign of the thermoelectric effect. It has been found that the net
electron migration, hot to cold, or cold to hot, is determined by the energy dependence of
the electron concentration, n, the mean free path (MFP), 4, and the mean scattering time,
7. In those metals in which the MFP decreases strongly with the energy, electrons will
migrate from the cold to hot and the thermoelectric power is positive. By including the
energy dependence of the scattering processes, Mott and Jones [9,10] have derived the

following expression for the Seebeck coefficient,

16



Wher X 1S &

dharge trar:

oan be scatt,

g M) A




~

_x%keT x (VK) (2.20)
2eEFq

where x is a numerical constant that depends on the energy dependences of various

charge transport parameters. This equation does not apply to metals in which electrons

can be scattered from one transport band to another transport band as in transition metals

(e.g. Ni). A list of thermopower values of some metals is shown in Table 2-2. [11]

Table 2-2: Thermopower of various metals

Metal Thermopower (uV/K)
at 25°C

Al -1.66
Pb -1.056
Pt -5.28
Mo 5.6

Cu 1.83
Ag 1.51

2.7 Thermoelectric Modules

Thermoelectric modules behave similarly to thermocouples in that both have the
ability to convert heat energy to electrical energy and vice versa. However,
thermoelectric modules are typically made of degenerately doped semiconductors where
the charge carriers carry the heat from one end of the semiconductor to the other. The
modules are also typically made of many couples electrically connected in series (n-type
connected to p-type) (connecting many thermocouples together electrically in series
creates a thermopile). This way, a module for power generation can convert enough
thermal energy to electrical energy to provide a considerable amount of power, where as

thermocouples do not. For cooling applications, the module can actively transfer enough

17
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thermal energy from one side of the module to the other to make a functional cooling
device. Thermocouples are typically only used for temperature measurements.

Many thermoelectric modules consist of p-type and n-type semiconductors
connected electrically in series and thermally in parallel as shown in Figure 2-7 and
Figure 2-8. Figure 2-7 (a) shows a pn module used for cooling applications while (b)
shows the same device being used for power generation. By the Seebeck effect, heat
flow through this thermoelectric material will tend to move the charge carriers in the
same direction as the heat flow. Examples of thermoelectric modules for both power
generation and cooling applications are shown in Figure 2-9 where (a) shows an example

of a stacked module.
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Figure 2-7: PN Thermoelectric Modules. (a) Cooling applications. (b) Power
generation.
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Figure 2-9: E

This combination of p-type and n-type materials does not form a diode because the
semiconductors are highly doped causing the junctions to be ohmic. A diagram of this
behavior can be examined more closely if instead, we look at a connection between a
highly doped n-type semiconductor and a metal shown in Figure 2-10 where the work

function of the metal is smaller than the work function of the icond In Figure

2-10 (a) electrons are flowing from the metal to the conduction band (CB) of the
semiconductor. Current is carried by the electrons near the Fermi level, Egm, in the metal.
‘When the electrons cross over into the CB of the semiconductor, their energy is Ec plus

average kinetic energy (KE). Therefore, there is an increase in the average energy per
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electron in the contact region. The electron must therefore absorb heat from the
environment (lattice vibrations) to gain this energy as it moves through the junction.
Passing an electron from the semiconductor to the metal results in a release of heat at the
junction (Figure 2-10 (b)). There is Joule heating which arises from the finite resistivity
of the materials and it is due to the conduction electrons losing their energy gained from

the field to lattice vibrations when they are scattered by such vibrations.

| Q .CB - ’ Z;.\ Q :CB
| ',,y.b ' Ec | et ® ol Ec
EF .—L . EFn EFm - < .‘»‘/ """ EFn
VB : | iVB
o |
| / L
e L e
Ohmic Contact - Ohmic Contact
Region Region
Metal n-Type Metal n-Type
Semiconduct Semiconduct
(@) (b)

Figure 2-10: (a) Current from an n-type semiconductor to the metal results in heat
absorption at the junction. (b) Current from the metal to an n-type semiconductor results
in heat release at the junction. [9]

The efficiency of a thermoelectric generator is titled efficiency, 7, while the

efficiency of a cooler is titled the coefficient of performance (COP), 4. TE devices can
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be scaled without loss of efficiency making the COP derivable from a single TE couple.
The ideal efficiency for power generation (neglecting contact resistance) is as follows,

AT

T
Hot (Ideal efficiency) Q.21

f’:
[ 1 AT 4 ]
2——- +
2 THot Z-THot

The coefficient of performance for a thermoelectric cooler and its maximum efficiency

are shown below

apN-TCOId-I—%-IZ-R—K-AT

¢ = (2.22)

apy -AT-1+1%-R

, _Tavg-l(/1+Z.Tavg—‘l)_l o)
T AT (142 Tgyg +1) 2 '

The limit to the maximum efficiency is called “Carnot Efficiency”, which is the ratio of

the work to the input heat and is shown below.

_ AT
THot

Ne (Camnot Efficiency) (2.24)

Thermoelectric modules cannot be made ideally. They will always suffer from at
least one major contributor, which is contact resistance between thermoelectric materials.
The equations below show how the percentage of contact resistance to the overall
resistance of an entire module can degrade the ZT of the module linearly. If we let R be
the total electrical resistance of a module and separate it into the resistance of the
thermoelectric materials (R7x) and the contact resistance (Rc), and we let the contact

resistance be a percentage of the total resistance, the resulting Z7T can be found.
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2, 2,
ar=2_K_ a” K (2.25)
R (RTE +RC)

Let Rc =x%-R

Then R = _RTE
(1-x%)

_az-K

ZT -(1-x%)

This formula shows that if you know the contact resistance and the resistance of the TE
materials, then you can determine what the ideal ZT value would be. Clearly, low
resistance contacts are very desirable and have a major part in research for making

thermoelectric devices. [12,13]
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Chapter 3: History and Current Developments

3.1 Introduction

This section discusses the renewed interest in thermoelectric research. Efforts in
enhancing the figure of merit of these TE materials will be briefly described including
descriptions of common thermoelectric materials. Finally, measurement techniques for
characterizing TE properties will be given along with measurements currently being done

at Michigan State University.

3.2 Renewed Interest in TE Research

In 1954, Goldsmid suggested that bismuth telluride (Bi,Te3) alloys would make
good TE materials [14]. Over the years, Bi,Tes; has been one of the best known
thermoelectric materials with a ZT of about 1 near room temperature. Much effort has
been done to increase this Z7 but without much improvement. A renewed interest in
thermoelectrics research (Early 1990s) has been due to predictions of large improvements
possible through nanostructured materials due to quantum confinement of charge carriers
and the resulting modification of the band structure [15]. Materials with a ZT of about 4
or 5 are needed in order to compete with a compressor-based refrigerator, and a ZT of 2
could prove to be useful in many applications such as automobiles. However, any
improvement in ZT is expected to increase the number of applications of thermoelectrics.

Quantum confinement effects have been realized in thin film devices (TFD) and
have shown a great increase in efficiency. However, unlike traditional bulk grown

materials, TFDs still have challenges to overcome in order to be useful power generation
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or cooling devices. Such challenges include the ability to have large temperature
gradients across them and the need for improvement of manufacturing cost and time. As
shown in equation (2.21), the power produced from a TE generator is directly
proportional to the temperature gradient established. Therefore, higher gradients are
required to yield more power out. Bulk samples may use the benefits of quantum
structures found with TFD research but can be made without the complex manufacturing

process along with the ability to withstand higher temperature gradients.

3.3 List of TE Materials

The following paragraphs discuss many of the thermoelectric materials that have
been investigated over the years. This is a non-exhaustive list of materials and new
materials are still currently being discovered. Many of the materials can be used for
different operating temperatures and functions. It is also possible to combine different
materials in a segmented leg of a TE module so that each material is operated at its
optimized temperature range, which improves the overall efficiency of the TE module.
This list also helps to show the many ways thermoelectric performance can be enhanced
by adjusting the thermal conductivity of materials using quantum confinement, cage-like
structures, complex crystal lattices, etc.

One of the most commonly used thermoelectric materials is bismuth telluride
which exhibits a ZT~1 near room temperature. It is currently made in mass production
for cooling applications and for power generation. Usually, it is alloyed with antimony-
telluride (SbyTes) which has the same rhombohedral crystal structure. The alloy helps

reduce the thermal conductivity to values as low as k=1 W/mK which is a significant
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contribution toward achieving the high Z7 value. The main disadvantage of this material
is the limited maximum operating temperature of ~470K. Therefore, this material is not
well suited for high temperature applications.

II-IV semiconductors such as PbS, PbSe, and PbTe have the cubic NaCl crystal
structure. PbTe is a narrow gap semiconductor often used in TE generators because it is
a good material for hot side operation around 700K. The standard alloy is Pb;.xSnsTe and
with x=0.25, the ZT is greater than 1 near 800K.

Silicon germanium (SiGe) alloys have been chosen for many radioisotope
thermoelectric generators since 1976 where they were first used in space in the SNAP-
10A nuclear reactor. In space, its spherical radioactive core serves as a heat source.

SiGe can be used up to 1300K without significant degradation and the cold side to the
thermoelectric material is maintained by heat fins where heat is flowing out into space by
means of radiation. Primary considerations for space applications are reliability and high
operating temperatures to take advantage of the T* (temperature to the forth power)
dependence of radiator heat rejection rates. Therefore, high operating temperatures give
rise to higher temperature gradients which correlate to a larger output power and
efficiency.

At the other extreme, bismuth-antimony is an alloy for TE devices that operate at
low temperatures. The highest ZT for Bi-Sb is 0.6 and it is reached with 10-15% of Sb
alloying with Bi. This alloy exhibits a magnetothermoelectric effect where magnetic
fields can double the value of the ZT for a value greater than 1 near 200K.

The family of skutterudite compounds has also been of great interest recently.

Skutterudite is a naturally occurring mineral, CoAs;, with an open, or cage-like structure.
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When atoms are placed into the interstitial voids, or cages, of these materials, the lattice
thermal conductivity can be substantially reduced compared to that of the unfilled
material. A ZT greater than 1 has been achieved in these materials at 700K.

Another open structure is found in the clathrates which have crystalline structures
similar to that of ice that occur when water molecules form a cage-like structure around
smaller ‘guest molecules’. Common guest molecules are methane, ethane, propane,
isobutene, normal butane, nitrogen, carbon dioxide, and hydrogen sulfide. Clathrates
crystallize in the cubic system rather than in the hexagonal structure of normal ice. When
the cage-like structure of these materials is filled with guest atoms, they strongly scatter
low frequency phonons by what is called “rattle” scattering. Low frequency phonons
have the highest group velocity and contribute the most to the lattice thermal conductivity
of a material. With high Seebeck coefficients and electrical conductivities, clathrate
materials are gaining interest for thermoelectric applications.

Half-Heusler alloys are cubic materials (MgAgAs type) with the general formula
MNiSn where M is a group IV transition metal (Ti, Zr, or Hf). Half-Heusler is formed
by removing the Ni atoms on one of the two Ni sublattices of the full Heusler alloys
(MNi,Sn) and replacing them by an ordered lattice of vacancies. Half-Heusler alloys are

intermetallics and exhibit a high negative thermopower (-40 to —250 pV/K) and low
electrical resistivities to form materials with some of the highest power factors (S o)
known. Unfortunately, they also exhibit a high thermal conductivity (~10 W/mK) and
several efforts are under investigation toward lowering the thermal conductivity without

significantly reducing the power factor.
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Tellurium (Te), Antimony (Sb), Germanium (Ge), Silver (Ag) alloys known as
TAGS have been used successfully in numerous space and terrestrial applicatiohs. Basic
TAGS-type materials have the general formula of (AgSbTe;);x(GeTe)x. TAGS-80 and
TAGS-85, 80% and 85% of GeTe respectively, are two of the most commonly studied
materials. TAGS-80 exhibits a ZT of ~1.85 at 800K and TAGS-85 exhibits a ZT of ~1.35
at 700K. TAGS-85 is the preferred TE material because it is more stable and has better
mechanical properties than TAGS-80 [16].

New efforts are being made using quantum dot superlattice (QDSL) structures.
They have been reported to show enhanced TE device performance due entirely to a high
density of quantum nanodots of PbSe composition embedded in a matrix of PbTe. These
quantum dots allow electron transport while decreasing the thermal conductivity.

Much of the research at MSU has been on materials called LAST (L = lead (Pb), A
= antimony (Sb), S = silver (Ag), and T = tellurium (Te)) for n-type bulk materials and
LASTT (extra T = tin (Sn)) for p-type bulk materials. These materials exhibit melting
points near 800°C and therefore target applications with hot side temperatures near
533°C (or 800K which is 2/3 of the melting point. The general formula AgPby,SbTem+2
(with m=18 to be called LAST-18) is a family of n-type bulk cubic compounds with
complex composition which combine a set of desirable features, such as isotropic
morphology, high crystal symmetry, low thermal conductivity, and the ability to control
the carrier concentration. Members of this family can be optimized to produce high ZT
values (~2) at elevated temperatures. These compounds possess an average NaCl
structure. Other materials also being investigated that show promising high ZT values at

high temperatures are Ag-Sb-Pb-Se, Pb-Sb-Te-Se, Na-Pb-Sb-Te, and K-Pb-Sb-Te. In
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addition to the creation of the bulk materials, MSU is also investigating embedding
quantum nanodots of CdTe into a bulk sample of PbTe. [17]

Over the years, it is apparent that many materials have been investigated with
several exhibiting good thermoelectric properties. Figure 3-1 is a graph showing some of
the best ZT values obtained over a wide temperature range. The graph shows that there is
aneed for improvement on thermoelectric materials if they are going to replace current

refrigeration technology by having average ZT values greater than 2.

—— Tl BiTe —&— p-TeAgGeSb
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Figure 3-1: Best ZT values obtained for a variety of materials
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3.4 Techniques of Characterization

Transport measurements of TE materials has been a main focus in my research. It
is important to be able to identify materials with good TE properties. This is
accomplished by acquiring accurate temperature dependant data for thermopower and
electrical conductivity of the TE samples. Using existing TE measurement techniques
and creating new measurement systems requires the knowledge of the thermoelectric
effects as well as computer and electrical engineering skills. The goal of the
measurements is to not only identify high performance TE materials, but to develop an
understanding of the materials to a level where improvements upon the materials can be
made. These improvements will be used for developing the materials into functional
devices. In the following paragraphs, I discuss various existing techniques developed to
measure electrical and thermal properties of TE materials as well as the measurements
and techniques currently being used in our lab. Studying the advantages and

disadvantages of these methods helps to design better measurements systems.

3.4.1 Steady-State Technique (Thermal Conductivity)

A common technique for low temperature measurements of thermal conductivity
(where heat radiated from the sample is much smaller than heat transported through the
sample) is the steady-state method [16]. With this technique, heat is applied to one end
of a sample for relatively long times in order to establish a steady state temperature

gradient along the sample. A diagram of the setup is shown in Figure 3-2.
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Figure 3-2: Diagram of measuring thermal conductivity using the steady-state technique

By measuring the temperature gradient along the sample, the heat, Q, being
supplied to the sample, and by knowing the sample dimensions, the thermal conductivity,
K, can then be calculated. The equation for thermal conductivity is shown below where

A is the cross sectional area of the sample, L is the length between the temperature

and AT is D gradient T-T.
K= & (3.26)
A-AT

If the sample has high thermal conductivity, then the length of the sample should be
sufficiently greater than the diameter. This helps to create a larger temperature gradient
along the sample. For low conductivity materials, equilibrium times become very long so
the length to area ratio should be kept small. The disadvantage of this technique is the

long stabilization period needed for precision measurements.
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3.4.2 Harman Technique (Thermal Conductivity and Z7)

The Harman Technique [18] is a measurement of electrical conductivity,
thermopower, and thermal conductivity by utilization of the Peltier effect. Because TE
materials can create a temperature gradient when electrical current is flowing through the
junctions formed to the material, the need for a heat source is eliminated. This
measurement allows one to calculate all parameters of ZT. A special feature of this
method is that ZT is given in terms of the ratio of two voltages (voltage produced due to
current passing through a resistance and voltage produced due to the Seebeck effect). By
applying an electric current through a thermoelectric sample, a temperature gradient is
induced as caused by the Peltier heating at one end of the sample and a subsequent Peltier
cooling at the other end of the sample. There will also be Joule heating and thermal
conduction. From here, it is possible to find the ZT using the Harman technique circuit
[18]. This circuit (which uses 8 measurement wires connected to the sample) also allows
for the measurements of thermopower, electrical resistivity and contact resistance. This
technique is only feasible if the two voltages can easily be distinguished, which can be

challenging for low ZT materials.

3.4.3 Pulse Technique (Thermopower and Thermal Conductivity)

The pulse technique [19] is a method for measurement of thermopower and thermal
conductivity. It is very similar to the steady-state technique but does not require an
extremely long waiting time. This is an AC method used to avoid offset voltages; the
heater current, which is used to create a thermal gradient across the sample, is pulsed

with a square wave (See Figure 3-3(a)). This method will produce piecewise exponential
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signals for the voltage across the sample (Figure 3-3(b)) and the temperature gradient
across the sample (Figure 3-3(b)). When the temperature gradient is small compared to
the average temperature of the sample, the voltage across the sample is directly
proportional to the temperature gradient across the sample. Here, AV versus AT can be
plotted (Figure 3-3(d)) and the linear slope of the measurements used to determine
thermopower. This allows for a large accumulation of data points to more precisely

determine the thermopower.
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Figure 3-3: Pulse technique example. (a) Plot of heater voltage vs time. (b) Plot of AV
vs time. (c) Plot of AT vs time. (d) Plot of AV vs AT.
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By pulsing the heater on the sample (on and off) the overall sample temperature
may slowly rise due to Joule heating. However, the temperature gradient across the
sample will reach a steady AC function with constant amplitude after a short time
(several minutes). Because the temperature gradient and the voltage gradient maintain
this steady state AC function, thermal conductivity measurements can be made much
faster than the DC steady-state technique. The pulse technique will be explained in more

detail in later sections discussing the Drift System and the Ultra High Temp System.

3.4.4 Modified Harman Technique (Z7)

Continuing from the work of Harman, a modified technique [20] was developed to
again measure ZT by utilizing only the voltage components in the measurement. In this
technique, a switching square wave current source (positive to negative) is used in one
step of the measurement. First, a high frequency electrical current signal is put through
the sample to prevent the thermoelectric module from developing a temperature gradient.
Without a temperature gradient, the electrical conductivity of the sample can be measured
without contributions from the Peltier effect. The second part of the measurement
involves applying a DC electrical current source through the sample and measuring the
voltage across the sample to calculate the resistance. This will of course have
contributions from the Peltier effect and the finite resistance of the material. Using the
two measurements, one can now separate the voltage due to Seebeck and the voltage due
to the electrical resistance of the material. Knowing the DC and AC resistance of the

material allows for calculations of the figure of merit, ZT. This technique will be
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discussed in greater detail in later sections involving impedance spectroscopy

measurements on thermoelectric materials.

3.5 Measurement Systems at MSU

Michigan State University typically works with bulk thermoelectric materials and
has many measurement systems to characterize the temperature dependent properties of
these materials (thermopower, electrical conductivity, and thermal conductivity). The
systems that are discussed here were used excessively throughout my research and do not
include all measurement systems available at MSU. These systems not only provided
measurement data on new materials, but were also used to help verify the new systems

developed during this research.

3.5.1 Room Temperature Electrical Conductivity Scanning Probe

A common system used to verify electrical conductivity measurements in the MSU
Electronic Materials PLD and Characterization Lab is the Room Temperature Scanning
Probe (RTSP) shown in Figure 3-4. To measure electrical conductivity of a sample, a
small current (typically ~10-50mA) is put through the sample via a Keithley Instruments
2400 current source. The current is a square wave function, 50% duty cycle, at
approximately 33Hz. The voltage is then measured along the sample either by using a
single probe and moving it along the sample in measured increments, or by simply
placing the array of ten pins on the sample and measuring the voltage at each pin (Figure

3-5). This system has three axes of motion (X, y, & z). The x and y direction allow the
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user to probe over the entire surface incrementally while the z axis is for raising and
lowering the spring loaded probes onto the sample. The switching of the current has two
purposes. The first is to keep the sample from establishing a temperature gradient, which
would cause an error due to the Seebeck voltage developing across the sample. The
second purpose is to cancel out any voltage offsets on the measurement wires due to
temperature gradients or diode effects. This is accomplished by taking a voltage
measurement for a positive current, taking a voltage measurement for a negative current,
subtracting the two measurements, and then dividing by two. This process is typically
done twenty times and the average of those values is used. By scanning the voltages
along the surface of a sample, the electrical conductivity can be found by plotting the
voltages versus the probe position and taking the slope (AV/Ax) as shown in Figure 3-6.
The slope can then be used along with the sample dimensions to find an average
electrical conductivity. This method is more accurate than the standard four-point probe
configuration because many points can be tested along the sample instead of just two.
Then, by knowing the sample dimensions, the resistance (R) of the sample is converted to

electrical conductivity (o) of the sample using the following equations.

__r 1
o= (ﬂ) — (S/em) (3.27)
Ax
o =L length om) (3.28)
R area
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Figure 3-6: (Left) Each probe typically measures 20 data points. Here is an example
showing 9 probes each taking 20 measurements. (Distance between probes is not
indicated on this graph). (Right) Each probe takes the average measured voltage and is
plotted versus position. This slope is then used in the calculation of the average electrical
conductivity between the measured distances.

3.5.2 4-Sample System

This well established low temperature system (80-400K) at Michigan State
University, called the 4-Sample System, is automated to measure properties of
thermoelectric materials on four samples at one time in a high vacuum environment
(~5x107° Torr). The system is capable to measure the thermopower, electrical
conductivity, and thermal conductivity. The thermocouple used in this system is a Type-
T (copper-constantan) differential thermocouple for measuring the temperature gradient.
Separate wire leads are connected to the sample using indium or silver paste very close to
the same location as where the temperature gradient is being measured. Figure 3-7 shows
a diagram of a sample mounted in the 4-Sample system. The method and sample

configuration are a variation of the pulse technique. The sample stage is temperature
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controlled using heaters connected to the stage. Liquid nitrogen (LN>) is then used to

lower the temperature of the stage.

Figure 3-7: Typical mounting of the thermoelectric sample in the 4-Sample System

This system proves to be extremely useful to measure the thermal conductivity of a
sample at low to room temperatures. A sample can start in the 4-Sample system and then
move on to the High Temp System for higher temperature measurements, which will be

discussed next.

3.5.3 High Temperature System (HTS)

The High Temperature System (HTS) [21] measures thermopower and electrical
conductivity from room temperature to 700K in a high vacuum environment (~5x107
Torr). This computer—controllled system was designed to measure the thermoelectric
power through a slope measurement technique, also called the pulse technique. Electrical
conductivity is measured in the standard four-probe configuration. This system was used
extensively to measure bulk thermoelectric samples. The HT System uses single ended

thermocouples, which are used in the thermopower and the electrical conductivity
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measurements. An example of a sample mounted in the HT System can be seen in Figure

3-8 while Figure 3-9 shows the entire cryostat of the HT system.

Figure 3-8: Typical sample mounted in HTS

Figure 3-9: HTS Cryostat

The HT system uses heaters on the stage where the sample is mounted to adjust the

average temperature of the sample. The heaters are PID (Proportional Band, Integral,
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Derivative) controlled so that the system stays at a maintained temperature while
measurements are being taken. The overall system is a good model for the development

of new measurement systems.

3.5.4 Device Testing System (DTS)

Systems that are used to measure thermoelectric properties of bulk samples
typically lack the capability of fully characterizing a thermoelectric device of various
sizes and types (single layer or stacked modules). The Device Testing System (DTS)
provides these capabilities [22]. This system measures device thermopower, resistance,
efficiency, and power out for varying load and gradient conditions. The DTS was
designed to place a large temperature gradient across a module by keeping the cold side
at room temperature and the hot side varying up to 900K. The DTS uses a method
adapted by Min and Rowe [23,24] to determine the figure of merit for non-short circuit
conditions including Joule effects due to Peltier current by testing under varied load
conditions. The calculation for ZT is shown below where AT, is the temperature
gradient across the module without any load. AT}, is then the temperature gradient with
aload. T, and T, are the hot side and cold side temperatures respectively. Rpome and
R1.04 are the resistances of the module and the load applied to the module respectively.

ATopen B
ZT e = ATLoad (3.29)

2
( RModule )( 2-Tp ]_( RModule J (Th T, J
RModule + RLoad \Th +T¢ RModule + RLoad Tph+T;
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This system is also provides a large space to perform other experiments at room
temperature under high vacuum such as ZT measurements using an AC electrical

technique discussed in later sections describing imp p Py

on thermoelectric materials. Figure 3-10 shows a picture of the DTS system and all of

the main components.

Figure 3-10: Picture of DTS

3.6 Properties of TE materials at MSU

Much of the thermoelectric material being manufactured and tested at Michigan
State University behaves very similar to each other. This is due to the fact that the

les are d ly doped icond The typical behavior can be seen by
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examining the temperature dependant electrical conductivity and thermopower behavior
of the LAST (Pb-Sb-Ag-Te) and LASTT (Pb-Sb-Ag-Te-Sn) materials.

The thermopower of the LAST materials are negative, which indicates n-type, and
increases in magnitude with increasing temperature (Figure 3-11). Some samples will
reach a peak in thermopower and then begin to decrease in magnitude similarly to Bi,Te;.
However, for high temperature applications, the thermopower doesn’t typically reach a
“roll-over” point until very high temperatures (>700K). The electrical conductivity of the

LAST materials decreases with increasing temperature (Figure 3-12).

"'IllllIllllllll'lll'lll]lll'l'lllll

n-type LAST Samples
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Figure 3-11: Plot of thermopower versus temperature for n-type LAST materials
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Figure 3-12: Plot of electrical conductivity versus temperature for n-type LAST
materials

The thermopower for the LASTT materials is positive, which indicates p-type, and

typically i with i ing temp e (Figure 3-13). The thermopower can also
reach a maximum value and “roll-over” but for high temperature TE materials, this peak
in thermopower happens at very high temperatures (>600K). The electrical conductivity

for LASTT samples, like the LAST les, d with i i e

P 3 p

(Figure 3-14).
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Chapter 4: Drift System

4.1 Introduction

For low temperature measurements on thermoelectric materials, a new system was
developed as part of this dissertation at Michigan State University called the “Drift”
System. This system measures electrical conductivity, thermopower, and thermal
conductivity of TE materials for the temperature range of 100K to 300K. This system
provided Michigan State with a second low temperature measurement system that could
measure four samples at a time. However, unlike the 4-Sample System, which uses PID
temperature control, the Drift System slowly, but continuously, rises (drifts) in
temperature from 100K to 300K while the system collects data. Allowing this system to
drift in temperature provides smooth data at the expense of not being able to take
multiple measurements at a single temperature.

The motivation of this system was to not only create another low temperature
system but to also experiment with new mounting techniques to reduce the mounting
time. Investigations on using a different technique for calculating thermal conductivity
was also examined. Finally, the concept of drifting the sample environment in
temperature (as opposed to controlling only the temperature of the sample stage) was

examined for improved measurements of the thermoelectric samples.

4.2 Drift System Setup and Mounting

The Drift System comprises of a rough vacuum pump and a turbo vacuum pump to

provide a high vacuum environment (1x107° Torr) for thermal isolation shown in Figure
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4-1. A current source meter (Keithley Instruments 2400) is used to supply power to the
sample heater for thermopower measurements as well as to supply current to the sample
for electrical conductivity measurements. Four nanovolt meters (Keithley Instruments
2182) are used to measure the voltage across the sample heater, two thermocouples, the
voltage developed across the sample when a temperature gradient is applied, and the TE
sample for measuring electrical conductivity. A switch system (Keithley Instruments
7002) is used to switch the measurement meters between four different samples. A
temperature-monitoring unit (Neocera) uses a calibrated diode to identify the temperature

of the sample stage. There is also the chamber for the les to be d. A picture

of the measurement equipment is shown in Figure 4-2. Finally, there is a computer using

LabVIEW software for instrument control and automated data collection.

Drift System
Chamber
Turbo Pump
LN, Dewer

Rough Pump

Figure 4-1: Drift System chamber with LN, dewar and vacuum system
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Figure 4-2: Drift System measurement equipment

The measurement chamber is vacuumed sealed with the sample to be measured
inside. The chamber is cooled on the outside using liquid nitrogen (LN;). The advantage
here compared to the 4-sample system which uses an internal heater on the sample stage
with PID control is that this system has a much larger area of uniform temperature. This
helps to make the sample and its surroundings all at the same temperature instead of only
controlling the temperature of the stage. The outside of the chamber is placed in liquid
nitrogen approximately a third of the way up the chamber (Figure 4-1). The liquid
nitrogen is in a dewar and is allowed to slowly evaporate. As the liquid nitrogen
evaporates away, the level up the side of the chamber decreases causing the chamber to
slowly rise in temperature.

Each sample is mounted on its own gold plated stage using single ended
thermocouples (wire diameter = 25.4pm) and a resistor as a sample heater for
measurements similar to the HT System. Figure 4-3(left) shows an example of a
mounted sample. The idea here was to allow each sample to be pre-mounted to a

portable stage under a microscope without interfering with the mountings of other
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samples. This stage is much smaller than the one used in the 4-Sample system and
allows the experimenter to work in the entire space around the sample. The 4-Sample
system only allows for approximately 90 degrees of space around the sample.

Each stage has its own radiation cap, which is gold plated and screwed down onto
the stage (Figure 4-3(right)). This keeps the samples from radiating heat to each other.
This stage is then mounted to a larger main stage (Figure 4-4). This main stage is gold
plated and also has its own gold plated radiation cap to cover all four samples (Figure
4-5). The main stage is mounted to a stainless steel shaft, which has low thermal
conductivity. Along the shaft are radiation fins to reduce the thermal radiation flow
between the main stage and where the wire connections are made. This long shaft is then
inserted into a stainless steel tube where it is vacuum-sealed with a rubber ‘O’-ring. (See

Figure 4-6)

Figure 4-3: (Left) Individual sample stage with a sample mounted. (Right) Main stage
without radiation cap shown a four sample stages with their radiation caps on
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Figure 4-4: (Left) Sample stage on main stage without radiation cap. (Right) Sample
stage on main stage with radiation cap.

B

Figure 4-5: Main stage with radiation cap on.
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Figure 4-6: Drift System main chamber (Left) and inside shaft with sample stages
(right)

The wiring diagram for this system is shown in Figure 4-7. This diagram shows
how the four nanovolt meters and the current source are connect to each of the four
samples through the switch box. Voltages V; and V; are used to identify the hot and cold
side temperatures, respectively. V3 is the voltage between the copper wires of the
thermocouples for electrical conductivity measurements and to identify the voltage

developed across the sample during thermopower measurements.
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Figure 4-7: Wiring diagram for mounting each sample

4.3 Drift System Automation

Once the Drift System is loaded with the desired samples, the chamber is cooled
down to the desired start temperature, and is then to be allowed to slowly rise in
temperature. A computer takes control of the measurement process via a personally

designed LabVIEW program. This program performs many tasks and is very similar to
the HT System software.
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4.3.1 Thermal Conductivity Measurements

All sample heaters are connected in series. The sample heaters are pulsed on an off
together to establish an AC steady state temperature function across each of the samples.
The on time of the heater must be long enough such that the sample being tested can
reach a steady state AC function where the temperature gradient reaches steady state
before the sample heater changes to the next state. It is important that the temperature
gradient stabilizes so that an accurate thermal conductivity measurement can be made.
The program keeps track of when the heater is turn on and turned off. By doing so, the
temperature gradient and voltage gradient measurements are separated by the state of the
heater current.

The Drift System employs a new technique for measuring thermal conductivity.
Typical measurements require the samples using the pulse technique to reach a steady
state where the temperature gradient levels off before the sample heater changes to the
next state. From here, the average max change in temperature gradient is used to
calculate the thermal conductivity of the sample. The temperature gradient with respect
to time approximates piece-wise exponential curves. It is possible to speed up the
measurement by identifying the equation for the exponential curves so that it would not
be necessary for the temperature gradient to level off in order to locate the max change in
temperature gradient.

Because the program can easily separate the temperature data for when the heater is
on and when the heater is off, it is possible to separate the piece-wise temperate gradient
data in to a rising exponential function (when heater is turned on) and a falling

exponential function (when heater is turned off). The data is then curve fit to an
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exponential function such as the one shown here using LabVIEW where 4, 4>, and 43

are constants.

Ft)y=A + 4y -8B (4.30)
As t — o, the exponential term goes to zero leaving only the A4, term. This term
identifies the temperature that the sample is approaching. The program solves for this
constant for both cases where the sample is either rising in temperature or falling in
temperature. An example of the curve fitting is shown in Figure 4-8 where the curve fit
is projected out further in time where the temperature is stabilized to a constant value.
The difference between these two constant values is the appropriate change in AT across
the sample for a given heater power. Using this method of finding AT provides a more
accurate calculation of the thermal conductivity of the sample. One reason for the
increased accuracy is that instead of just the last few data points being analyzed to
calculate AT, the entire heating/cooling profile is curve fitted. Using the e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>