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Abstract:
Cu0.2Ag2.8SbSeTe2 is new potential thermoelectric compound that exhibits very low
thermal conductivity and a region of glass-like thermal conductivity. The compound
phase segregates into AgSbTe2 and Ag2Te phases with Se and Cu acting as isoelectronic
dopants. Backscatter SEM imaging is used to study the resulting microstructure.
Normally cast samples exhibit cracks forming near the interfaces of the two phases. In
this work we show that the cracks are caused by a low temperature monoclinic to cubic
phase transition that occurs in the Ag2Te phase. We demonstrate that through rapid
quenching we can control the size and shape of the phase domains eliminating the
interfacial cracks. TEM data showing nanocrystaline domains suggest a possible
explanation for the amorphous thermal conductivity.
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Introduction:
The United States as well as the rest of the world is currently coming to terms with a
global energy crisis. Modern society has developed to the point where energy of every
form is the highest commodity with greater value going to those forms which are most
easily exploited. Thermoelectric devices provide a link allowing the conversion of heat
energy directly into useful electricity. This startling property of materials allows for many
opportunities to utilize thermal energy that would otherwise be wasted. Used in reverse,
these materials take an electrical current and transport heat energy, functioning as solid
state heat pumps.

The Peltier effect is used in making a practical thermoelectric heat pump. The efficiencies
of thermoelectric devices are relatively low with respect to mature thermo-mechanical
solutions. Low efficiency limits the application of thermoelectric coolers to applications
less demanding with respect to total efficiency. The cooling of laser diodes is an example
of one application where thermoelectric cooling is chosen for its ability to be extremely
localized[1]. Localization and flexibility are the reasons that thermoelectric devices have
found their way into the auto industry in the form of heating and cooling seats in luxury
vehicles[2].

The Seebeck effect has long been used to create inexpensive and robust temperature
probes. If properly scaled, the voltages produced can garner useful electricity; for
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example NASA used thermoelectric generators to power numerous spacecraft including
CASSINI[3]. Thermoelectric generators face many of the same hurdles faced by
thermoelectric heat pumps, the efficiency is generally low. However, if the energy
converted would normally be discarded, overall efficiency becomes a lesser concern. The
cost of production for a thermoelectric generator will have to be offset by the energy
output over the device’s effective lifetime.

Thermoelectric devices may offer some hope in the looming energy crises, especially
those reclaiming waste heat. The field of thermoelectrics has grown considerably in the
last decade and there have been many solutions offered to the ever-present efficiency
problem. The challenges to making a high efficiency thermoelectric material are nontrivial, but the field continues to try new approaches. Through studying thermoelectric
materials, more possible solutions are opened to ever- growing global energy demands in
a manner that advances the understanding of physics and materials science.

An Overview of Thermoelectrics: Problems and Proposed
Solutions.
Thermoelectric Overview:
The Seebeck, Peltier, and Thompson effects are interrelated and describe the conversion
between heat and electrical energy in a thermoelectric material. The Seebeck effect
occurs when there exists both a junction of two dissimilar materials and a temperature
differential (figure 1). In this case, an electrical voltage proportional to the temperature
differential is developed across the free leads (equation 1). The Peltier effect occurs when
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a current is passed through the junction of two dissimilar materials (figure 2). Heat is
absorbed or rejected proportionally to the current passing through the leads (equation 2).
The Thompson effect occurs in a single material when there exists both a current and a
temperature gradient across the material (figure 3). Heat is thereby absorbed or rejected
proportionally to the product of the current and the temperature gradient (equation 3).

T
a
b
T

b

V

T

Figure 1: A schematic representation of the Seebeck effect; it is assumed the
base temperature remains isothermal[4].

 ab  lim

T 0

V
T

Equation 1: where  ab is the relative Seebeck coefficient between the
materials a and b, V is the voltage, and T is the difference in temperature
between the junctions.
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Figure 2: A schematic representation of the Peltier effect; the entire model
system is assumed to be isothermal[4].

Q
I
is the relative Peltier coefficient, Q is the heat flow,

 ab 

Equation 2: where  ab
and

I is the current traveling through the junction.
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Figure 3: A schematic representation of the Thompson effect [4].
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Q
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Equation 3: where  is the Thompson coefficient, Q is the heat flow across
the gradient,

I is the current through the material, and T is the difference in

temperature across the gradient.

These three thermoelectric effects are interrelated by the Kelvin relations which can be
derived through a physical model. Assume that two materials form a loop created
between two junctions held at different temperatures, a current will travel around the loop
and three thermoelectric effects will be in application (figure 4). For the sake of
simplicity assume that the current is small and thus Joule heating can be neglected.
Conservation of energy dictates that the heat generated in the system must be equal to the
electrical energy consumed. Combining all three phenomenological equations implies:



ab T   ab T  I  
T

T2

2

1

1

T2

( a   b )  I  dT    ab  I  dT
T1

which can be differentiated yielding:

d ab
  a   b   ab
dT
which is the first Kelvin relation

[4]

. The second Kelvin relation is classically derived

making use of the second law of thermodynamics, which assumes only reversible effects.
These relations can also be derived using irreversible thermodynamics, though the
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reversible case will be presented herein for simplicity[5]. Using the second law it is
assumed that the entropy does not change around the loop (figure 4) in which case:
T2



T1

Id (

 ab
T

T2

a b

T1

T

)

IdT  0

which upon differentiation produces:

d ab  ab

  a   b  0.
dT
T
The two equations can be solved and yield the two Kelvin relations (equation 4, equation
5) which respectively relate the Seebeck to the Peltier and the Seebeck to the Thompson
coefficients.

I
a

T1

b

T2

Figure 4: A pair of thermocouples forming a circuit such that heat and charge
are conserved[4].
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 ab 

 ab
T

Equation 4:
d ab  a   b

dT
T

Equation 5:
It is clear that the Kelvin relations allow the use of the Seebeck coefficient to perform any
necessary calculations about the thermoelectric effects. It should also be visible from
inspection that, though the Seebeck coefficient was defined as a relative property, the
absolute Seebeck coefficient can be experimentally determined by means of a
superconductor as the Seebeck coefficient is zero below the superconducting transition[4].

The derivation of the Kelvin relations herein assume the application of only reversible
thermodynamic effects, but actual materials exhibit irreversible thermodynamic effects
leading to a reduction in efficiency. The two irreversible effects most pertinent are heat
conduction and Joule heating. Seeking to minimize these loss terms, it was realized as
early as 1909 by Altenkirch that an optimal material would exhibit both low thermal
conductivity and high electrical conductivity in order to minimize the respective losses[6].

A thermoelectric generator, when properly optimized, will have a theoretical maximum
efficiency that can be expressed as the product of the Carnot efficiency and the
thermoelectric efficiency as shown in equation 6.
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max  Carnot
T T 
1 Z  1 2  1
 2 

T T  T
1 Z  1 2   1
 2  T2
T T
Carnot  2 1
T2

Equation 6: where  is efficiency and  is the thermoelectric efficiency.
Equation 6 introduces the thermoelectric figure of merit Z as defined in equation 7.

Z

 2


Equation 7: where Z is the thermoelectric figure of merit in units of K-1,  is
the Seebeck coefficient,  is the electrical conductivity, and  is the total thermal
conductivity.

From inspection of equation 6 it is clear that in the limit as Z approaches infinity the
thermoelectric efficiency approaches unity and the system approaches the ideal Carnot
efficiency[5].

The thermoelectric figure of merit Z contains most of the essential information about the
thermoelectric properties of a given material. The numerator of Z is comprised totally of
electrical properties and is often referred to as the thermoelectric power factor (equation
8). The denominator consists of the total thermal conductivity which can be expressed as
the arithmetic sum of the lattice thermal conductivity and the electronic thermal
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conductivity (equation 9). In metals, the electronic thermal conductivity is related to the
electrical conductivity by the Wiedamann Franz relationship (equation 10)[4]. It must be
stated that examples with abnormal electrical contributions to the thermal conductivity
have been reported in semiconductors[7].

thermoelec tricpowerf actor   2

Equation 8: the numerator of Z
   lattice   electronic

Equation 9: the lattice and electronic contributions to total thermal
conductivity

 electronic  L 0T

Equation 10: where L 0 refers to the Lorenz number of the material.

As a generality, the electrical conductivity for a material can be expressed as the product
of the charge carrier density times the charge of an electron times the electronic mobility
(equation 11)[4]. The conductivity of the material is thus dependent on charge carrier
concentration and charge mobility which are coupled to some degree by the electronic
mean free path.

  ne 0

Equation 11: where n is the number of charge carriers per unit volume, e is the
charge of an electron, and  0 is the electronic mobility.
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Peltier effects at the junction of two dissimilar materials can be explained using a
physical sketch of the interface and the band gaps between the two materials. In this case
it will be assumed that the two materials are semiconductors, though the models can be
extended to metals and insulators. A semiconductor is differentiated schematically from a
metal through the existence of a finite energy gap caused by forbidden states between the
valence and conduction bands. The probability of finding an electron in a given state can
be expressed as the difference in energy between the given state and the Fermi level of
the material. In order for an electron to flow across the interface of materials, it must
absorb an amount of potential energy equal to   where  is the Fermi potential. The
electron while traveling through the semiconductor has a kinetic energy  , when
crossing the junction it therefore must absorb (   ) energy in order to cross between
materials. This energy change (   ) when driven by thermal excitation is the cause of
the Peltier effect [4]. For metals and degenerate semiconductors it has been shown that the
Seebeck coefficient in a material is given by equation 12.
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2

8 2 k B2 *    3

m T 
3eh
 3n 

Equation 12: where n is the carrier concentration and m* is the effective mass
of the carrier.

Problems:

The quantities that comprise the thermoelectric figure of merit Z are interrelated (figure
5). All three parameters can be considered as functions of the carrier concentration. The
electrical conductivity increases as a function of increasing carrier concentration,
conversely the Seebeck coefficient decreases with an increase in carrier concentration. As
mentioned before, thermal conductivity also increases with an increase in electrical
conductivity which again increases with increasing carrier concentration. These
relationships bias most thermoelectric research toward semiconductor materials with a
carrier concentration of about 1x1019 carriers per cubic centimeter. In normal isotropic
crystalline materials this coupling of the three constraints on Z severely limits the options
for optimization.
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Figure 5: A cartoon representation of the relationship between carrier
concentration and the thermoelectric properties that make up the thermoelectric
figure of merit Z[5].
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A Phonon Glass Electron Crystal (PGEC) was proposed by Slack as being the optimal
thermoelectric material[8] A PGEC material exhibits electrical properties of a crystalline
semiconductor and the thermal properties of a glass. Crystalline semiconductors have
shown the greatest compromise in terms of maximizing thermoelectric power factors.
Glasses exhibit some of the lowest lattice thermal conductivities as amorphous solids
transfer heat via random walk in comparison to rapid transport via phonons as in
crystalline materials. An optimal thermoelectric material needs to scatter phonons while
preserving the electrical conductivity. Heat flow in a thermoelectric material is carried by
a spectrum of phonons with varying wavelengths and mean free paths ranging from less
than a nanometer to tens of microns. In order for a thermoelectric material to be
sufficiently glass-like, it must scatter phonons on a variety of length scales [9].

Proof of principal experiments have been conducted using thin film superlattices where
lattice thermal conductivity has been reduced to near the glass limit with little apparent
reduction in the electrical properties. The results of these experiments are promising even
considering the large uncertainty involved in measuring the transport properties of thin
films

[10-12]

. A bulk material would be the most practical material for device

implementation, thus research continues into how bulk materials may be made to exhibit
similar effects due to disorder in the material. Thin film research suggests that a bulk
material with thermodynamically stable, coherent, and epitaxy-like interfaces between
constituent phases represents a promising path to nanostructured bulk thermoelectric
materials. These proposed materials depend on the spontaneous partitioning of a
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precursor phase into thermodynamically stable phases[9]. PbTe-Sb2Te3 is a composite of
two thermoelectric materials that forms a eutectic that yields many layered and dendritic
microstructures that fulfill the requirements for a nanostructured bulk material [13].

Cu0.2Ag2.8SbSeTe2 (abbreviated as Cu-ASST) is a compound that shows promise as a
thermoelectric material. Cu-ASST is a eutectic composite of AgSbTe2 and Ag2Te both of
which are well known thermoelectric materials with notably low thermal conductivity.
Upon cooling from the melt, the compound eutecticlly segregates into AgSbTe2 and αAg2Te phases of varying size with very clean boundaries between the phases[14]. This CuASST material has also shown amorphous thermal conductivity at low temperatures
(~4K). The thermal conductivity is, as expected, low (0.6Wm-1 K-1) and the Seebeck
relatively high (230μV K-1) at 700K[14], however, measured electrical resistivity varies
from sample to sample. As the resistivity is dependent upon the carrier concentration and
mobility and the Seebeck indicates that the carrier concentration is stable, it was
hypothesized that the microstructure must be affecting the resistivity. Backscatter SEM
measurements confirmed the existence of small micro-cracks near the interfaces between
phases which could be detrimental to the electrical resistivity. Through modifying the
microstructure it may be possible to stabilize or improve the thermoelectric properties of
Cu-ASST.
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Measurement Techniques:
In order to characterize the physical properties of the Cu-ASST samples a variety of
techniques were used to measure both the high temperature and low temperature
properties of these materials.

Microstructure:
The microstructure of samples was measured using a Hitachi SEM3500, a Hitachi SEM
3400N and a Hitachi SEM4800. Backscatter micrographs were taken on polished samples
in order to visualize the two phases present in the Cu-ASST composites. In backscatter
mode the dominant contrast is a function of the Z-number of the element that the electron
beam is interacting with. Contrast as a function of Z-number allows a backscatter
measurement to show fluctuations in composition as a difference in intensity allowing for
the spatial resolution of phases on a surface. [15] However, in this system the Ag-rich
phase shows greater reflectance than the Te-rich phase; it is believed that this is caused
due to the electron channeling contrast between the two crystal structures dominating Z
contrast[16]. This phenomenon leads to the Ag-rich phase appearing as the lighter phase
under backscatter imaging. Compositional analysis was performed using EDX X-ray
measurements. EDX measurements were calibrated using copper tape attached to the
surface of the sample.
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Samples were mounted in Conductobed®, a 2 part conductive resin in preparation for
SEM measurements. The resin was air cured for at least 4 hours then heat cured in
vacuum at 90C overnight. The samples embedded in resin were then polished using a
Bueller Micromet® automated polishing system at 320, 400, 600, 800, and 1200 grit
metallographic paper. Final polish was done using 1.0, 0.30, and 0.05 micron alumina
(Al2O3) slurries on a porous paper substrate. 1-3mm thick slices containing the samples
were then cut by diamond saw to ensure good electrical contact with the SEM sample
holder thus preventing sample charging. The SEM microscopes were operated in high
vacuum mode for all micrographs. Accelerating voltages of 15-30Kv were used
depending upon the sensitivity of the backscatter detector fitted to individual microscopes.
Working distances were between 8mm and 25mm with the larger working distances
being used for EDX measurements.

Resistivity and Conductivity versus Resistance and Conductance:
Electrical resistivity  is the specific electrical resistance, and is the multiplicative
inverse of the electrical conductivity  (Equation 13). Experimentally,  is determined
by dividing electrical resistance by the sample length and multiplying it by the cross
sectional area (Equation 14). Conversely, the thermal conductivity  (specific thermal
conductance) is experimentally determined using the same relations, except using the
thermal resistance instead of an electrical resistance. Electrical resistance for a sample is
most accurately determined using a four probe measurement, whereby a known test
current is passed through a cross section and a voltage is measured by two leads located
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between the current injection points (figure 6). It is assumed that a near ideal voltage
measurement is made, therefore negligible current is lost to the conduction leads, since
current flow is negligible, the effects of contact resistance are also negligible. Using
Ohms law, V  IR , where V is the voltage measured between the leads and I is the test
current, it is possible to calculate R , the resistance. Resistivity is then found using
equation 14 and applying the cross sectional area of the test sample and the separation of
the voltage leads for the sample length. The voltages measured only relate to the
resistivity if the sample is sufficiently isotropic and homogenous across the volume
integrated by said voltage measurement. However, research studying the resistivity of
high strength magnetic wires, which also exhibit dendritic phases, supports the assertion
that as long at the distance between the voltage leads is large compared to the length scale
of the phase inhomogeneities, a continuous medium model is still valid[17].



1



Equation 13: where  is the electrical conductivity and  is the electrical
resistivity.

R

A
l

Equation 14: where R is the Resistance, A is the cross sectional area in the
direction of charge transfer, and l is the length over which the electric field
potential is measured.

18

19

V
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V  0
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Vs
I lead  0

Rcontact

Figure 6: A schematic of the four probe resistivity technique.

Low Temperature Resistivity and Seebeck (R&S) Measurements:
Low temperature electrical measurements were conducted using a custom designed
modular measuring system[18]. This system uses a helium cryostat to simultaneously
measure both sample resistivity and Seebeck coefficient as a function of temperature
from ~10K to 325K. Bar shaped samples (2mm x 2mm x 8mm) are mounted to a
removable 24pin chip that allows for high sample throughput. Measurements are carried
out under high vacuum provided by a turbo-pump.
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A large copper heatsink is used to provide an isothermal link to the helium cryostat head.
The sample is connected to copper block by means of either silver paint or low
temperature solder which provides both a strong mechanical and thermal linkage between
the sample and the copper heat sink. A constant T across the sample is created by use
of a small resistor that is thermally anchored and electrically separated from another
small copper block attached to the free end of the sample (figure 7). A differential
thermocouple is thermally anchored to either copper block allowing the measurement of
the temperature differential across the sample.

20
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l

T

Figure 7: A schematic drawing of a sample and mount for low temperature
R&S measurement. Pin locations are chosen for visual clarity and may not
represent actual locations[18].

Resistivity is measured via a pulsed DC four probe method. A current is pulsed through
the sample over a short period to minimize the effects of Peltier and Joule heating, the
direction of the current is then reversed and a second pulse occurs. While the current
pulse is taking place the total current is measured by means of a standard resistor in series
with the sample, a voltage is then measured across a section of the sample by means of
two voltage leads attached to the surface of the sample. Current is injected from either
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end of the sample to ensure uniform charge propagation through the entirety of the cross
sectional area of the sample. As the samples measured are thermoelectric materials, the
voltage measured at the lead is the sum of voltage due to Ohms law and the Seebeck
voltage generated by the T in the sample (equation 15). The Seebeck voltage is
generated by the T created by the resistive heater and therefore not dependent on the
direction of the pulsed current. The voltage generated by Ohms law may therefore be
calculated by subtracting the voltage from the negative current direction from the positive
current direction thereby canceling out the Seebeck voltage. The resulting voltage can
then be divided by two to yield a single Ohmic voltage (equation 16).

Vmeasured  VOhmic  VSeebeckab
Equation 15: where Vmeasured is the voltage measured at the resistivity leads,
VOhmic is voltage from resistance that would be generated if there were no
temperature differential, VSeebeckab is the voltage generated by the product of the
relative Seebeck coefficient of the material with respect to the voltage leads and
the temperature gradient across the sample.
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V forwardcurrent  VOhmic  VSeebeckAB
Vreversecurrent  VOhmic  VSeebeckAB
2VOhmic  V forwardcurrent  Vreversecurrent
VOhmic 

V forwardcurrent  Vreversecurrent
2

Equation 16: a demonstration of bi-directional pulsed current to remove the
thermoelectric contributions from resistivity measurement.

The Seebeck coefficient of the sample is determined by measuring the open circuit
voltage across the sample by means of copper wires attached to either copper block. The
voltage is measured before and after each direction of the current pulse for a total of three
voltage measurements, the T is also measured simultaneously with each of the Seebeck
voltage measurements. To calculate the absolute Seebeck coefficient of the material, the
absolute Seebeck voltage of the wire is subtracted from the measured voltage. Copper,
used for the Seebeck leads, has a very low absolute Seebeck coefficient (~+/-2μV K-1).
The T is measured between the two copper blocks and it is assumed that the copper
blocks are isothermal with the ends of the sample, however if they are not, the Seebeck
coefficient will be underestimated [18].
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High Temperature Resistivity and Seebeck Measurements:
Resistivity and Seebeck measurements from room temperature to 873K were measured
using the commercially available Ulvac ZEM2. The ZEM2 allows for measurement of
electrical properties in a low pressure inert atmosphere with temperature control provided
by a low thermal mass IR furnace. Resistivity on the ZEM2 is carried out using the same
pulsed 4 probe technique used in the low temperature Resistivity and Seebeck
measurement systems. As in the low temperature R&S systems the charge is injected
through the end of the sample, in the ZEM2 however the voltage is measured through
thermocouples that also serve as voltage leads (figure 8).
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Figure 8: A schematic of a sample and mount of the Ulvac ZEM2®.
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The Seebeck coefficient is determined on the ZEM2 by measuring the voltage between
two leads of two separate thermocouples that are in electrical contact with the sample. A
platinum resistive heater is attached to the lower electrode in order to generate a stable
T .The magnitude of T is determined by subtracting the temperature measured by

each thermocouple. Absolute Seebeck coefficient for the sample is calculated, as in the
low temperature R&S system, by subtracting the absolute Seebeck voltage of the wire
(thermocouple) from the measured Seebeck voltage of the sample. The tip of the
thermocouple has finite size and the measured temperature will be the average
temperature across the entire volume of the junction. If the electrical resistivity of the
thermocouple tip is significantly lower than the resistivity of the sample, the voltage
measured will depend highly on the contact resistance and the quality of the electrical
contact. The voltage measurement is not guaranteed to be taken from the same position as
the temperature measurements and this uncertainty dominates the uncertainty of Seebeck
coefficient measurements taken in this manner (figure 9)[19].
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Ttip

Vmeasured

Ttip

T1measured

Tmeasured
T2measured

Figure 9: a sketch of the uncertainty of the ZEM2 method of measuring the
Seebeck coefficient.

1D High Temperature Resistivity Probe:
A 1D high temperature resistivity probe was built to facilitate this research. This probe
measures resistivity using the same pulsed DC technique that the low temperature R&S
system uses, however this probe has an array of pre-spaced voltage leads allowing it to
precisely measure smaller samples and also probe multiple regions of larger samples.
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The sample is sandwiched between two sapphire plates under a compression force
provided by a stainless steel spring (figure 10). The sapphire plate at the top has a
thermocouple embedded in it. The bottom piece of sapphire has parallel notches cut in
both sides with a spacing of approximately 0.6mm, the notches facing the sample have a
depth approximately one half the thickness of the voltage wires, the notches on the
bottom are deeper than the thickness of the voltage leads (figure 11). Voltage leads made
of ChrOmega wire (a trade name for a Chromel alloy) are then looped between a set of
top and bottom notches and twisted together. Instrument leads of ChrOmega wire are
then welded to the voltage leads and attached to an automated control system. ChrOmega
current leads are attached to either end of the sample using Ag conductive epoxy in order
to promote homogenous charge injection. The sample current leads are joined electrically
to the rest of the system through a crimp fitting made of Inconel (Ni-Cr Alloy).
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T

I

dV

Figure 10: A schematic drawing of the probe head for the 1D high temperature
Resistivity probe. Current is injected from either end of the sample through a
contact made with silver epoxy. Voltages are measured through Chromel leads
that are in mechanical contact with a sample. Sample temperature variations are
minimized through the use of sapphire contacting the sample, the sapphire is kept
isothermal using holders made from oxygen free Cu. Mechanical contact is
provided through stainless steel springs allowing for samples to expand and
contract as the temperature is varied.
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0.6 mm

Figure 11: A cut-away drawing showing the electrode array for the 1D high
temperature resistivity system.
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Custom software controls a set of relays that allow any two voltage leads to be addressed
(figure 12). The separation of the voltage leads is determined from a lookup table which
when combined with the cross sectional area of the sample allows for the calculation of
Resistivity. Voltage lead separation is determined by making an impression in a Pb or In
bar and using a digital optical microscope to measure the separation of the imprints left
by the voltage leads (micrograph 1). The software also calculates a least squares
regression of the resistance versus separation to determine a statistical average for the
Resistivity using all of the voltage measurements. The probe assembly is housed in a
fused quartz jacket under vacuum, and heating is provided by a tube furnace.
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Figure 12: A schematic drawing representing the organization of the 1D high
temperature Resistivity probe.
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(A)

(B)
Micrograph 1: (A): an imprint in Pb made by the Chromel voltage leads. (B):
an imprint in In made by voltage leads from a different modular probe. Images
were made through stitching frames taken through an optical microscope. Lengths
are then measured using software calibrated to the microscope.

High Temperature Thermal Transport:
Steady state measurements of thermal conductivity are notoriously difficult to perform at
higher temperatures due to radiation effects. However, thermal diffusivity can be used to
determine thermal conductivity via equation 17, whereby the product of the thermal
diffusivity D , the sample density d , and the specific heat at constant volume C v are equal
to the total thermal conductivity  of the sample. Thermal diffusivity was measured
using a LFA457 from Netzch, sample density was determined using Archimedes
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principle, and specific heat at constant volume C v was approximated using specific heat
at constant pressure C p as measured with a DSC405 also from Netzch. The LFA
measures thermal diffusivity by measuring the time resolved temperature response of the
free surface of a sample as it is thermally excited by a laser on the opposite surface.
Temperature is measured through the use of an IR radiation detector under an inert
atmosphere. Samples for diffusivity measurement were coated with a thin film of
graphite colloid in order to exhibit uniform radiation emissivity. Differential Scanning
Calorimetry (DSC) measurement is performed through heating a sample and a reference
in the same furnace and measuring the temperature differential relative to the reference.
Absolute calorimetry is determined through the use of a sapphire standard with known
C p and scaling the differential temperature response to the unknown sample.

  dCv D
Equation 17: where  is the thermal conductivity, d is the sample density,
C v is the specific heat at constant volume, and D is the thermal diffusivity.
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Low Temperature Thermal Transport:
Low temperature thermal conductivity and heat capacity measurements were performed
at Los Alamos National Labs by Jason Lashley on a Quantum Design Physical Properties
Measurement System (PPMS) [14].

Cu-ASST Material Background:
Cu0.2Ag2.8SbSeTe2 is a modification of AgSbTe2 with a focus on reducing thermal
conductivity. AgSbTe2 naturally phase segregates into AgSbTe2 and Ag2Te when cooling
from the melt [20]. Se is substituted on the Te site in Cu-ASST in order to cause lattice
disorder thereby theoretically reducing the lattice thermal conductivity. An earlier study
on Cu-ASST indicated that Cu substitution on the Ag site both reduces the electrical
resistivity and stabilizes the electrical properties of the composite over 400C [14].

No complete phase diagrams exist for this specific material because of the complex
composition; however phase diagrams are available for AgSbTe 2 and Se is isoelectronic
to Te allowing the AgSbTe2 phase diagram to be used as a rough map (figure 13).
AgSbTe2 should begin to precipitate out of the pure compound at a temperature of 575C
and at 548C eutectic solidification occurs. However the microstructure indicates that in
Cu-ASST it is the Ag2Te phase that precipitates first. DSC measurements of the CuASST samples show that melting occurs at closer to 530C for the double substituted
analog. As temperature is further reduced below 360C, the phase diagram suggests that in
AgSbTe2 there should be a solid state precipitation forming Sb2Te3, however this phase
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was not detected experimentally by EDX or X-ray (micrograph 7). The phase diagram
also shows that at 145C there should be a phase transition to the monoclinic phase of
Ag2Te. In the Cu-ASST samples, previously published X-ray data supports the
conclusion that the Se doped Ag2Te phase also exists in the monoclinic phase [14].

X-ray studies also confirm that in the Cu-ASST material there exist two visible long
range crystal structures, both a cubic rocksalt structure and a monoclinic structure (figure
14) [14]. As expected some perturbation of the lattice parameters is visible due to Se and
Cu doping. EDX data supports the assertion that Se is doping in both phases. A schematic
of the proposed unit cell is shown (figure 15), note that the partial occupancy between Te
and Se is not shown as the occupation and whether superstructures exist is currently
unknown for the Cu-ASST material.
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Figure 13: A pseudobinary Ag2Te – Sb2Te3 slice of the ternary Ag-Sb-Te phase
diagram[21].
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Figure 14: powder X-ray diffraction data showing crystalline peaks.

(A)

(B)

Figure 15: (A) is the cubic rocksalt structure exhibited by AgSbTe2 and (B) is
the monoclinic Ag2Te structure. Dark balls correspond to Ag and Sb locations and
white to Te and Se locations[14].
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Samples of Cu-ASST are brittle and metallic in luster and, as cast they exhibit small
(<1mm in diameter) spherical voids that are most prominent near the surface of the quartz
tube. It is believed that the voids are formed from gas bubbles that are trapped in the
molten liquid. Bar shaped samples show a propensity to crack when handled after high
temperature measurements. It is currently unknown whether the cracks are formed during
characterization or whether pre-existing cracks are growing as the material is heated and
cooled. When polished for microscopy, macro scale cracks are visible with SEM. These
macro scale cracks could however be caused when the sample is removed from epoxy.
When studying the microstructure in the previous work [14] it was noticed that small (~10
micron in length) cracks are found in the matrix (AgSbTe2) phase oriented with curvature
mirroring the features of the nearby precipitate phase (micrograph 2). Since the cracks
form near the interface and the material undergoes solid-solid phase transitions it is
believed that these cracks are formed due to shrinkage during solidification. Similar
defects which were also attributed to shrinkage have been observed in other materials
systems outside of thermoelectrics[22].
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Micrograph 2: A backscatter image of a polished surface of a normally
prepared Cu-ASST sample. The lighter phase is monoclinic Se doped Ag2Te, the
darker surrounding phase indicates Se doped AgSbTe2. The black areas are cracks
or voids. Note that cracks form in the AgSbTe2 phase around large sections of the
Ag2Te phase.

As the electrical resistivity of Cu-ASST is the current constraint on thermoelectric
performance, this research focuses on reducing the electrical resistivity. Early
measurements of the Cu-ASST sample indicated that certain samples had significantly
lower electrical resistivity (on the order of 1/3) than other samples of the same
composition. As the microstructure of a material is very dependent upon thermal history,
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it was hypothesized that the microstructure was the controlling factor to explain the
resistivity differences from sample to sample. The cracks found near the interfaces, in
theory, act as a third non-conducting phase which would effectively reduce the cross
sectional area, thereby increasing the resistivity. Through controlling the thermal history
of the sample it is possible to change the microstructure and it was hypothesized that the
interfacial crack density could be modified in Cu-ASST samples. Resistivity
measurements would then indicate if the microstructure was the cause of the instability in
the bulk resistivity.

Statement of Purpose:
The purpose of this research is to explore the interfacial cracks and to determine the
mechanism of formation as well as determining whether the cracks can be connected to
the bulk resistivity data. Backscatter electron microscopy will be used to probe the
microstructure and a series of bulk measurements will be used to characterize the
thermoelectric properties of Cu-ASST samples. EDX electron microprobe techniques will
be used to ensure that the relative composition of the compound remains unchanged after
the microstructure is modified through thermal treatment. Various cooling regimes will
be used in order to modify the microstructure so that trends may be inferred between
cooling rate and microstructure and microstructure and thermoelectric properties. The
composition will not be varied and all samples will have a nominal composition of:
Cu0.2Ag2.8SbSeTe2.
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Experimental:
Pure elements of Ag, Cu, Sb, Te, and Se, with respective purities of 99.9999%, 99.9999%,
99.9999%, 99.9999% and 99.999% from Alfa Aesar were placed in quartz tubes with the
stoichiometric ratio 2.8:0.2:2:1. The quartz tubes were evacuated with mechanical
vacuum and sealed and placed into a box furnace where different temperature programs
were experimented with in order to modify the microstructure. After samples had
solidified they were removed from the quartz tubes and prepared for measurement using
a diamond saw. The as cast mass of each sample was approximately 20g and all samples
formed homogenous ingots. The quartz tubes were clean after growth indicating that no
material was lost to the container during synthesis.

The temperature programs used in this study share a common starting point. Every
sample was initially heated to 1000C with a heating rate of 90C per hour. Temperature
was maintained at 1000C for a period of 5 hours to ensure that all constituent elements
melted and to allow time for thorough mixing. From this starting point of a molten liquid
mixture the manner of cooling was varied in order to modify the microstructure.

Both the analogous phase diagram (figure 13) and DSC (figure 16) data indicate that the
melting point of Cu-ASST is approximately 530C. The initial hypothesis was that
interfacial cracking was caused by stress generated in the material very near the melting
point of the material. It was suggested that as the two phases solidified from the melt,
stresses were generated that caused the seemingly more brittle AgSbTe2 phase to crack.
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Initial attempts at reducing the frequency of interfacial cracks focused on reducing the
rate at which the material solidified, thereby hopefully giving the material time to
pseudo-anneal and relieve the stress generated through solidification. An earlier study
conducted in this material used a cooling rate of 10C per hour from an initial high
temperature hold at 1000C to 500C. While attempting to reduce stress alternate cooling
rates of 5C and 20C per hour were tried, in addition a complex slow cooling profile was
used. In the complex slow cooling profile, temperature was reduced from 1000C at a rate
of 5 degrees per hour to 600C at which point the cooling rate was further reduced to 2C
per hour until the furnace reached 500C whereby a cooling rate of 5 degrees per hour was
used to reach 400C, after 400C the furnace was turned off and the sample was allowed to
reach room temperature at the natural rate of the furnace. These samples showed no
discernable changes in microstructure except for the 20 degree per hour sample which
showed an increase in the number of long range cracks extending from the interfaces and
traveling through the bulk (micrograph 3).
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Figure 16: DSC melting data for a Cu-ASST sample. Note that the onset of
solidification occurs at approximately 530C. The low temperature peak
corresponds to the monoclinic to cubic phase transition in Ag2Te at approximately
145C.
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(A)

500μm

(B)

1.00mm

(C)

1.00mm

Micrograph 3: SEM backscatter micrographs of slow cooled Cu-ASST
samples: (A) complex cooling 2C/hr from 600C-500C, (B) standard cooling rate
10C/hr from 1000C-500C, (C) high cooling rate 20C/hr from 100C to 500C. Note
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in the fast cooled sample (C) cracks propagate from large features across fields of
smaller features.

It was later suggested that what appeared to be cracks could actually be voids created by
volume change during solidification. It was then decided that quenching would indicate if
this theory were correct. As a quenched sample spends less time solidifying and the mass
transfer coefficients can be characterized as each having a distinct velocity for a given
temperature and driving force, it follows that the diffusion lengths would be reduced,
thereby reducing the likelihood of forming the postulated voids. A sample was therefore
quenched from 1000C in liquid nitrogen. The sample was sealed as normal in an
evacuated quartz ampoule and that quartz ampoule was itself sealed inside another
evacuated quartz ampoule due to concerns that the ampoule might burst and molten metal
might cause injuries. After quenching in liquid nitrogen, the resulting sample had a high
amount of internal stress which caused the sample to fracture uncontrollably when
attempts were made to cut it into pieces for transport characterization. However, a large
enough sample was available to prepare a polished surface for microstructure
characterization. Backscatter SEM measurements indicated that quenching the sample
had reduced the size of the largest features by approximately a factor of ten. Furthermore
the liquid nitrogen quenched sample exhibited no visible interfacial cracking (see
micrograph 6).
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In order to prepare quenched samples with less internal stress so that bulk transport
measurements could be made, new quenching methods were explored. A sample was
quenched from 944C in water, which yielded a different and more uniformly fine
microstructure than the sample quenched in liquid nitrogen. Water quenching the sample
however also caused internal stress that prevented preparation for bulk measurement. It
was discovered that turning the quartz ampoule containing a sample on its side and air
quenching from a temperature in excess of the melting point produced a highly reflective
surface on the sample. SEM confirmed that air quenched samples ( turned on their side
thereby increasing available surface area for cooling) all exhibited the very fine
microstructure of the water quenched sample, as well as being free from the interfacial
cracks found in the slow cooled samples. These air cooled samples could be cut for bulk
measurements and bulk transport property characterization was subsequently carried out.
Samples were air quenched in this manner from starting temperatures of 944C, 700C, and
600C (micrograph 4).
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(A)

200μm

(B)

100μm

(C)

100μm

Micrograph 4: SEM backscatter micrographs of air quenched Cu-ASST
samples: (A) quenched from 600C, (B) quenched from 700C (C) quenched from
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1000C. Note the pore elongation in the 1000C sample (C) when pores are near the
boundaries of super-grains.

Data:
Air quenched samples exhibit a laminal structure forming between the cubic AgSbTe 2
phase and the monoclinic Ag2Te phase. Large circular regions of Ag2Te are found in both
the slow quenched and liquid nitrogen quenched samples, these regions do not normally
form in air quenched samples. As the liquid nitrogen quenched sample was double sealed
it is reasonable to assume that the achieved cooling rate was less than that of the air
cooled samples. The microstructure of the liquid nitrogen quenched sample supports this
assumption. In the liquid nitrogen quenched sample interfacial cracks are suppressed, but
there remain circular regions of the Ag2Te phase (micrograph 6). SEM micrographs show
that the air quenched sample appears to form a super-grain comprised of repeating
laminal structures of both phases that maintain a constant orientation until they intersect
with another super-grain (micrograph 4). Backscatter imaging of a fractured surface
supports the claim that the alternating regions visible from the polished surface are cross
sections of laminal plates (micrograph 5). Electron diffraction studies are needed to
confirm whether the phases maintain constant orientation in the lamella.
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Micrograph 5: A backscatter SEM micrograph showing the cross section of
the laminal structures formed in air quenched Cu-ASST.

50

51

(A)

100μm

(B)

30μm

Micrograph 6: SEM backscatter micrograph of Cu-ASST sample quenched in
liquid nitrogen. (A) Note how the maximum feature size is reduced from those
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found in slow cooled samples. (B) Higher magnification shows that interfacial
cracks are suppressed with rapid cooling.

EDX smart mapping allows for the spatial resolution of the relative concentrations of the
elements comprising the Cu-ASST material. EDX measurements were carried out on a
Hitachi S3400 and indicate the existence of highly oriented Cu regions that form at the
center of some of the Ag2Te regions. These regions appear as a very dark region in
backscatter SEM mode. Cu can be found in all areas of the material in lower
concentrations suggesting that there Cu becomes supersaturated and precipitates from the
liquid prior to the solidification of the Ag2Te phase; this hypothesis is supported by the
location of the Cu regions in the middle of Ag2Te regions. The EDX data also suggests
that Se shows a substitution preference for the AgSbTe2 phase as, though it can be
detected everywhere, there is a clear trend for higher detection in the cubic matrix phase
(micrograph 7).

The EDX data for Cu on the slow cooled sample suggest that Cu might faintly favor the
interface between the two phases. In order to rule out the effects of noise and false
resolution, a quenched sample was prepared for TEM EDX to be performed on a Hitachi
HD2000. The sample was thinned by Dr. Joan Hudson of the Clemson University EM
Facility using a microtome technique. Z contrast mode was used to identify a phase
interface and TEM EDX smart mapping was performed. An air quenched sample was
chosen because the smaller maximum feature size would increase the probability of
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finding an interface with TEM as the maximum field of view is significantly smaller
when compared to SEM. The TEM EDX smart map failed to indicate that Cu prefers
phase interfaces, however the mapping did reveal that Cu exhibits a textured occupation
in both phases which was unexpected (micrograph 8).

The bulk transport data indicates that the sample quenched at 600C shows no major
changes in the bulk transport. However, the resistivity measured across all samples still
shows large fluctuations irresponsive to composition with no clear relation to the
quenching. The interfacial cracks were likely not responsible for the instability in the
measured bulk resistivity; it was later determined that the samples contained voids and
macroscale cracks which invalidated the resistivity measurements. Air quenching had
little effect on the thermal conductivity as derived from thermal diffusivity. The two
quenched samples on which it was possible to cut a suitable sample exhibit a slight
reduction in thermal conductivity; however the magnitude change is within the error bars
for the measurement. Sample Seebeck measurements were stable as expected (figure 17).
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Backscatter
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Te

Micrograph 7: EDX smart map of a slow cooled Cu-ASST sample. Note that
Sb is the only element which shows zero detection in regions, this implies that
both Cu and Se are doping both phases, though Se shows a clear preference for
the Ag2SbTe phase. Images were taken at approximately 500x magnification.
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Micrograph 8: a TEM EDX smart map of a phase interface in an air quenched
Cu-ASST sample.
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Figure 17: (A) Electrical resistivity; note the instability across samples of the
same preparation and composition. (B) Seebeck coefficient; note the sign change

56

57

at the monoclinic to cubic phase transition. (C) Thermal conductivity; note that
quenched samples show a reduction in the thermal conductivity at the monoclinic
phase transition. Two identically prepared slow cooled samples are shown to
indicate sample variability.

Discussion:
Interfacial Cracking Mechanism:
Quenching was in response to the hypothesis that the interfacial cracks might be voids
indicating volume change due to solidification. After quenching it is clear that Cu-ASST
forms a two phase composite that forms super-grains (superstructures exhibiting multiple
domains that resemble normal grains) with boundaries that are distinct under inspection
with SEM techniques. If what appeared to be interfacial cracks in the slow cooled
samples were actually voids, then voids should have a higher frequency at the
intersections of multiple super-grains. As these super-grains are visible even in the slow
cooled samples and these slow cooled samples show no perceivable increase in cracks or
voids at the intersection of super-grains, it is clear that what appear to be cracks are
cracks. Quenching the samples has two major notable effects on the microstructure: the
elimination of micro cracks at the interfaces, and the elimination of large spheroidal
features. If the cracks are caused due to a thermal expansion mismatch at the low
temperature monoclinic-cubic phase transition, the material would be unlikely to be able
to absorb the stress generated. As thermal expansion is a tensor with linear terms along
axes, the force exerted during the phase transition will be proportional to the volume of a
single domain. The pressure exerted should depend on the area comprising the interface.
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Surface area to volume ratio is minimized for a spheroid, thus the pressure exerted by a
given volume in a spheroidal shape will be greater than the pressure exerted by a laminal
shape of equal volume. In the sample quenched at 600C it was possible to find a very
large spherical nucleus that had formed in a pattern similar to that exhibited by Ag 2Te
phases containing Cu. These spheroids had a diameter of approximately 20 microns and
were extremely rare in the quenched samples. However, the spheroids were surrounded
by the same interfacial cracks that were seen in slow quenched samples (micrograph 9). It
therefore appears that the interfacial cracks are formed by the thermal expansion
mismatch experienced by the material when one phase undergoes a structural phase
transition and that the location of cracks is determined by the geometry and size of the
Ag2Te phase.
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Micrograph 9: Backscatter SEM micrograph of a region of air quenched
sample where a third phase, linked in other samples to a Cu rich region, produced
a spheroid of sufficient size to cause interfacial cracks.

Low Thermal Conductivity:
The Cu-ASST material is designed to have low thermal conductivity; however, it also
exhibits a region of amorphous thermal conductivity. X-ray data clearly shows crystalline
peaks making this behavior more physically interesting (figure 14). The lamella
structures are of a scale that is still too large to theoretically exhibit amorphous thermal
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conductivity, thus there must be another mechanism causing this behavior. When
performing the aforementioned TEM EDX measurements, nano-scale crystallites were
visible. As the purpose of the TEM experiments was to measure composition, the TEM
was not set for maximum imaging resolution, however interesting features were
identified and future work should be done to better characterize these features
(micrograph 10).
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Micrograph 10: (A) A plot of thermal conductivity on an exponential
temperature scale, the linear range is characteristic of amorphous thermal
conductivity. (B) Circled is a 40nm crystallite found in a Cu-ASST sample that
was air quenched from 700C.
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Resistivity Inconsistencies:
Air quenching was successful at removing the interfacial cracks, yet the electrical
resistivity still varies wildly from one sample to another. When it was hypothesized that
interfacial cracks lead to a reduction in electrical resistivity, it was assumed that the
location would be random and the size of the cracks would be small compared to the
length scale of the electrical measurement. A series of resistivity measurements were
carried out on an air cooled sample before the respective microstructures were
characterized. It was assumed that the complexity of this materials system and the rapid
quenching might lead to zones of varying resistivity (figure 18). Therefore the ZEM2
system was used to take a series of resistivity measurements with different voltage lead
separations. It was found that the resistivity did vary wildly between different lead
separations; in fact, on one sample resistivity decreased with a wider lead separation. It
should not be possible for a larger separation to yield a lower resistivity as the sample has
constant cross sectional area and any defects that might increase the local resistivity over
a smaller sample area would be included in the larger measurement. It was decided that
after the electrical measurements were completed, the sample used for measurement
would be polished and the microstructure would be carefully studied. The sample in
question broke before the electrical measurements could be completely verified. A
portion of the sample that had been directly underneath the voltage electrode was
prepared for SEM. While polishing the sample it became clear that there were large
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spherical voids located directly beneath the electrode contact point that were large
enough to be visible with the naked eye after the sample surface had been polished away.
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Figure 18: Sample resistivities for different voltage separations. Note how the
star symbol has a greater resistivity than the half circle though the half circle
includes the volume measured by the star symbol.

The thought problem explained in the following diagram (figure 19) suggests a geometry
that could conceivably be created by voids and cracks and would lead to an
underestimation of the sample resistivity. If macro scale defects undercut the surface
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where the voltage measurement is taken, then the voltage recorded will be the voltage
across the longest uninterrupted cross section. However, the length used to convert the
resistance into a resistivity will use the greater length of the measurement thus causing an
underestimation of the intrinsic sample resistivity. Since the length of the macro scale
cracks that exhibit themselves in this material are of the same order of magnitude as the
separation values used for voltage measurements it is impossible to measure the
intrinsic resistivity. In order to measure the intrinsic resistivity, a sample must be
prepared that does not crack or that is of sufficient length that macro scale cracks and
voids will average themselves out. It may be possible to create a set of samples that are
sufficiently free of cracks through optimization of the cutting techniques or through a
powder consolidation method.

I test

lmeasured

Vmeasured

Figure 19: A schematic of a geometrical system that would underestimate
resistivity using a 4 probe method. If probes are placed on the undercut portion
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the electrode will only read the voltage from the portion that is contributing to
current flow. Thus, it is possible to underestimate the resistivity of a sample with
large defects.

Conclusion:
Interfacial cracks in Cu-ASST were eliminated using a quenching method and subsequent
SEM micro studies enabled the determination of the mechanism. The mechanism for
formation of the micro scale interfacial cracks is dependent on the surface area to volume
ratio of Ag2Te regions, with large spheroidal domains (diameter >15μm) causing micro
cracks during the monoclinic phase transformation.

Air quenching showed a slight

reduction in thermal conductivity. TEM and SEM EDX smart mapping indicated that Cu
dopes non-discriminately while Se favors the Ag2SbTe phase. No link could be made
between the interfacial cracks and the resistivity due to macro-scale cracks dominating;
interfacial cracks have now been eliminated which may make producing a homogeneous
sample more feasible. Finally TEM micrographs indicate nanometer scale crystallites that
may be responsible for the amorphous and low thermal conductivity in this material.

Future Work:
In order to evaluate the potential of this material for use in thermoelectrics, the intrinsic
resistivity must be known. Some manner of low stress synthesis or low stress processing
must be developed in order to produce a sample that can be reliably measured, not to
mention eventually commercialized. Powder consolidation might be a possible solution if
a high enough density can be achieved. Another rapid quenching method is melt spinning,
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which, because cooling only takes place on one surface, may allow the material to relieve
stress. The final direction is further optimization of the power factor through alternate or
additional substitutions. Scientifically, the most interesting future work is to perform
neutron and electron scattering on the material in order to attempt to explain the very low
thermal conductivity. The nanometer scale features seen in the TEM microscopy
certainly pose more questions than they answer.
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