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Recent research and development of high-temperature thermoelectric mate-
rials has demonstrated great potential for converting automobile exhaust heat
directly into electricity. Thermoelectrics based on classic bismuth telluride
have also started to impact the automotive industry by enhancing air-condi-
tioning efficiency and integrated cabin climate control. In addition to engi-
neering challenges of making reliable and efficient devices to withstand
thermal and mechanical cycling, the remaining issues in thermoelectric power
generation and refrigeration are mostly materials related. The dimensionless
figure of merit, ZT, still needs to be improved from the current value of 1.0 to
1.5 to above 2.0 to be competitive with other alternative technologies. In the
meantime, the thermoelectric community could greatly benefit from the
development of international test standards, improved test methods, and
better characterization tools. Internationally, thermoelectrics have been rec-
ognized by many countries as a key component for improving energy effi-
ciency. The International Energy Agency (IEA) group under the Implementing
Agreement for Advanced Materials for Transportation (AMT) identified
thermoelectric materials as an important area in 2009. This paper is part I of
the international round-robin testing of transport properties of bulk thermo-
electrics. The main foci in part I are the measurement of two electronic
transport properties: Seebeck coefficient and electrical resistivity.
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INTRODUCTION

In the past decade, significant advances have
been made to improve the interrelated transport
properties of thermoelectrics.1–3 In particular,

materials with low thermal conductivity, high
Seebeck coefficient, and low electrical resistivity
have been developed to improve the figure of merit,
ZT. While some research efforts have been focusing
on low-dimensional materials, bulk thermoelectrics
have shown the greatest potential in automotive
applications. In bulk materials, the classic thermo-
electric materials are bismuth telluride,3 SiGe,4 and(Received August 31, 2012; accepted December 17, 2012;
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lead telluride.5 A new class of materials called
skutterudites6–12 emerged as one of the primary
candidate materials for waste heat recovery after a
5-year study sponsored by the US Department of
Energy.13 Skutterudite is an example of Slack’s7

ideal thermoelectric material with the characteris-
tics of phonon glass and electron crystal (PGEC).
Other notable materials with high ZT values
developed by various research groups are clath-
rates,14–17 half-Heusler alloys,18–28 (GeTe)1�x(Ag-
SbTe2)x (TAGS),5,29 lead-antimony-sliver-tellurium
(LAST),30–32 Zn3Sb4,33–42 Mg and Mn silicides,43–45

and oxides.46–52 These materials have been among
the top candidates for automotive applications since
2005.

The first round of selection to find the ‘‘best
automotive-suited’’ material was based mainly on
transport properties and ZT. During the selection
process, some bulk materials were found to be
unstable at high temperatures. The initial ‘‘good’’
properties could not be retained due to high-tem-
perature exposure. Other materials were found
‘‘unfit’’ in the thermal and mechanical cycling
environment. For example, PbTe is one of the
materials used for radioisotope thermoelectric gen-
erators (RTGs) in space probes for the National
Aeronautics and Space Administration (NASA).6 It
has been generating power successfully for tens of
years under a constant temperature gradient.
However, the same material was found to be dam-
aged after several thermal cycles due to its weak
mechanical strength and low resistance to thermal
shock. Unless the mechanical strength of PbTe is
improved, it might not be suitable for automotive
applications in which thousands of thermal cycles
are expected during service.

Another important selection issue recognized in
the past 5 years to 6 years was the veracity of
transport data. The successful design and develop-
ment of thermoelectric modules and devices require
accurate knowledge of transport properties, which
is critical in the specifications and ultimate perfor-
mance of the thermoelectric devices. However, some
of the materials with good figure of merit reported
in the literature could not be replicated or possessed
much lower ZT than predicted. An early standard-
ization effort was reported in the Thermoelectric
Handbook.53 Then, the material selected was
skutterudite, and the two laboratories that partici-
pated in the efforts were University of Cardiff,
UK and the German Aerospace Center (DLR),
Germany. The Physical Properties Measurement
System (PPMS by Quantum Design) at Aarhus
University, Denmark was also used for low-
temperature measurements. Although this study
addressed the critical issues regarding transport
property testing, the thermoelectric community did
not take heed. This was likely because thermoelec-
trics were still in a research stage and the critical
need for standardization becomes important during
the transition stage from materials research to

device manufacturing. Today, the same issues iden-
tified by the early study still exist and unreliable
transport data continue to be reported in the litera-
ture. The reasons for unreliable transport properties
may result from the following three issues:

1. Material nonuniformity: Thermal and electrical
transport properties were not measured on a
single sample in the same direction; the combi-
nation of the best properties tends to overesti-
mate ZT.

2. Unrealistic extrapolation: Projections of low-tem-
perature and room-temperature data to high
temperatures were not valid.

3. Lack of standard test procedures and reference
materials: Measurement errors and system mis-
takes were not recognized.

The participants in the International Energy
Agency Advanced Materials for Transportation
(IEA-AMT) annex VIII identified these issues in
2009 and started an international effort on trans-
port property measurements through round-robin
testing. The focus was on issue 3, i.e., the lack of
test standards and test procedures. To address is-
sues 1 and 2, homogeneous materials from a com-
mercial source were used, and all the properties
were measured in the same temperature range. To
obtain the ZT value of a thermoelectric material
over the application temperature range, five sepa-
rate measurements might be conducted:

1. Thermal diffusivity (a in cm2/s)
2. Specific heat (Cp in J/gÆK)
3. Density (D in g/cm3)
4. Seebeck coefficient (S in V/K)
5. Electrical resistivity (q in Ohm-m)

The product of items 1–3 gives the thermal
conductivity,

k ¼ 100DaCp ðin W m�1 K�1Þ: (1)

Since the density of the material is usually known
or relatively easy to measure, only four potentially
error-prone separate measurements are carried out
to evaluate

ZT ¼ S2T=qk ðdimensionless) ; (2)

in which T is temperature in Kelvin. In the calcu-
lation of ZT, S2/q is also known as the power factor.
Alternatively, there are methods to measure k
directly, especially below room temperature. These
multiple transport measurements and the use of
Eqs. 1 and 2 can significantly influence the accuracy
of ZT.

The initial round-robin study on n-type and
p-type bismuth telluride was completed in May
2010. It was clear that the timely effort by IEA-AMT
addressed a very important issue to the interna-
tional thermoelectric community. After analyzing
the results and identifying measurement issues of
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the first round-robin, a second round-robin study on
p-type bismuth telluride was carried out and com-
pleted in August 2011. The low-temperature
National Institute of Standards and Technology
(NIST) standard reference material (SRM) for See-
beck coefficient from 10 K to 390 K became available
in October 2011.54,55 Although the cryogenic tem-
perature range, sample geometry (8 mm tall), and
the Seebeck-only nature of the NIST SRM prevented
the IEA-AMT group from utilizing the same material,
this IEA-AMT study used the same n-type Bi2Te3

composition provided by Marlow Industries, using a
slightly different processing technique. The NIST
SRM material values were compared with round-
robin results in the overlapping temperature region.
Part I of this study focuses on electrical properties:
Seebeck coefficient and electrical resistivity.

SEEBECK COEFFICIENT

The Seebeck coefficient was introduced over
200 years ago by Thomas Seebeck.56,57 The most
recent reviews on Seebeck coefficient measurement
are by Martin et al.,58 and a California Institute of
Technology group59 recently developed a new
apparatus for high-temperature Seebeck measure-
ment. By definition, under a given temperature
gradient and with no electrical current, the Seebeck
coefficient is the ratio of the voltage drop DV along a
temperature difference DT. Accurate measurements
of the Seebeck coefficient require the temperature
and voltage to be measured at the same location and
the measured Seebeck value subtracted from the
wires. Among the most common methods to mea-
sure the Seebeck coefficient, two methods are used.

Four-Point Method

In this method (Fig. 1a) no current is applied
through the top and bottom electrodes, one of which
is heated to generate a temperature gradient. Two
thermocouples are usually used to measure tem-

peratures by spring-loaded mechanical contact or
direct bonding using conductive paste. Sometimes
two small holes are drilled to embed the thermo-
couple leads. One wire of each thermocouple is also
used as a voltage lead to obtain the voltage differ-
ence. This method can ensure that voltage and
temperature can be measured at the same point.
However, the contact wires can act as heat sinks
causing measurement errors.

Two-Point Method

In this method (Fig. 1b) two electrodes are placed
at the top and bottom of the specimen. The electrodes
are often integrated as the hot- and cold-side heat
sinks. Voltage leads and thermocouple wires need to
be placed in the electrode. The measurements need to
be as close to the contact surface as possible, and
contacts must be of good quality, which is also the
major source of measurement errors.

In thermoelectric research, both methods have
been used and reported. The four-point method has
been used more often, especially after the intro-
duction of a commercial system by ULVAC-Riko.
Since there were no standard Seebeck coefficient
reference materials available until late 2011, cali-
brations of the Seebeck coefficient have relied on
alloys such as constantan. The Seebeck values of
constantan are 3 to 5 times lower than those of
classic thermoelectrics such as bismuth telluride
and lead telluride. A new SRM, especially in the
higher temperature range (300 K to 800 K), will
greatly benefit the thermoelectric community. Most
participating laboratories are equipped with com-
mercial instruments. There were not enough labora-
tories to use alternative techniques. Some techniques,
such as the drilling and embedded contacts, were not
practical for round-robin study. For the Seebeck
calculations, most laboratories used the slope method
instead of the ramping method. This is mainly due to
the requirement to measure resistivity simulta-
neously. No temperature gradient should be present
for resistivity measurements. The measurement
atmosphere is usually helium or argon. The gas
selection usually does not affect the results, but it is
critical for the system to reach thermal equilibrium,
especially near room temperature.

ELECTRICAL RESISTIVITY

Electrical resistivity (q in Ohm-m) is related to
electrical conductivity (r in Siemens/m) by a simple
inverse relationship: r = 1/q.

Electrical resistivity is a material property and
for a rod- or rectangular-shaped sample is defined
as q = RA/l, where A is the cross-sectional area and l
is the length of the measured segment of material,
and R is the measured resistance. For thermoelec-
tric materials, electrical resistivity measurement is
often coupled with Seebeck coefficient measure-
ment. The same setups for Seebeck coefficient
measurement in Fig. 1a, b are used.Fig. 1. (a) Four-point and (b) two-point measurement setups.
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The Peltier effect in thermoelectrics presents a
special challenge to electrical resistivity measure-
ment. The current passing through the specimen
during resistivity measurement will induce an
additional current, and the Joule heating effect will
create measurement errors. The practical solution is
to measure electrical resistivity before applying a
temperature gradient to the specimen and to use
fast switching of the polarity to cancel out the
Peltier effect. It is believed that, due to the low
thermal conductivity of most thermoelectric mate-
rials, the Peltier heating effect will take longer than
typical measurement times, thus being only a minor
source of error. The low-frequency AC technique60,61

has been shown to be effective in canceling the
unwanted Peltier contribution. Since the round-
robin requires both Seebeck coefficient and resis-
tivity measurements on the same samples and the
known AC technique requires drilling holes for
electrical contacts, no participating laboratory used
the AC method.

Most electrical resistivity measurement errors
come from the uncertainties of dimension mea-
surements or contact resistance. In the two-point
method, contact resistance could be a source of error
for materials with high resistivity or metal–semi-
conductor nonohmic contact between the electrode
and sample. In the four-point method, uncertainties
of the locations of the center of the contact probe are
a major source of error. The typical probe distance is
from 4 mm to 8 mm. The dimensions of the contact
tips, or conducting paste ‘‘dot,’’ are on the order of
0.4 mm or larger. Taking the contact tips, for
example, the true contact point could be at the edge
if the tip is slightly bent. The uncertainty of the
probe spacing alone could be 10% or higher.

MEASUREMENT SYSTEMS AND MATERIALS
USED IN ROUND-ROBIN

In the round-robin tests, three measurement
systems were used by participating laboratories:

� ULVAC ZEM-2 or ZEM-3 (four-point method)
� Laboratory system (two-point method)
� Modified Harman method

The basic round-robin rules were set as:

1. Each laboratory should use its normal practice to
test the samples and report the results;

2. No laboratory will be identified in the reports;
3. The purpose of the round-robin is to identify

testing issues, not to rank laboratory perfor-
mance;

4. Round-robin data analysis may require system
calibration data; failure to provide system cali-
bration could result in the data not being
included in the combined results.

n-Type and p-type nonproduction materials were
made for round-robin testing by Marlow. The crite-
ria for material selection were not the best ZT, but

the best uniformity and consistency from sample to
sample. The nominal composition of the n-type
material is Bi2Te3 with slight excess Te, and the
nominal composition of the p-type material is
Bi0.5Sb1.5Te3. The average grain size of the materi-
als was about 20 lm.

To measure all the transport properties for ZT
calculation, multiple sets of specimens (both n-type
and p-type Bi2Te3) were prepared. Figure 2 shows
one set of IEA-AMT specimens for measurement of
electrical properties.

The specimens were prepared and machined to
specifications by Marlow Industries:

1. A subset of two n-type bismuth telluride speci-
mens

� A 2 mm 9 2 mm 9 15 mm bar for Seebeck coeffi-
cient and electrical resistivity tests

� A 3 mm 9 3 mm 9 12 mm bar for Seebeck coeffi-
cient and electrical resistivity tests

2. A subset of two p-type bismuth telluride speci-
mens

� A 2 mm 9 2 mm 9 15 mm bar for Seebeck coeffi-
cient and electrical resistivity tests

� A 3 mm 9 3 mm 9 12 mm bar for Seebeck coeffi-
cient and electrical resistivity tests

FIRST INTERNATIONAL ROUND-ROBIN

One set of round-robin specimens were sent to
each laboratory with instructions on temperature
range. Each laboratory was asked to measure
these samples to a maximum temperature of 498 K

Fig. 2. Round-robin 1 samples sent to each laboratory: two p-type
(top row) and two n-type (bottom row) samples.
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starting from room temperature. No guidelines for
testing procedures were given, and each laboratory
was asked to perform the tests using their best
practice. Specifically, the following instructions
were sent to each laboratory for testing:

1. Seebeck coefficient from 323 K to 498 K: Each
laboratory needs to describe the equipment used
(in-house or commercial system). Parameters to
report: current electrode material, voltage/
thermocouple type, and test atmosphere. Mea-
surement mode: set point with multiple DT or
temperature ramping. Analysis: raw data and
detailed analysis steps, corrections for probe
Seebeck values.

2. Electrical resistivity from 323 K to 498 K: Use the
same specimen as in test 1. Parameters to report:
current electrode material, voltage/thermocouple
type, specimen dimensions, voltage probe dis-
tance, and test atmosphere. Measurement mode:
I–V test to confirm contact, ramping or set-point
mode, current reversal, if DT exists during
resistivity measurement. Analysis: how resistiv-
ity is determined at each temperature.

All participating laboratories performed Seebeck
coefficient and electrical resistivity measurements.
In the following discussion the laboratory identifi-
cation numbers are not the same in each section.
The laboratory identities were intentionally mixed
because the main purpose of the round-robin was
not to rank the performance of each laboratory but
rather to identify all the issues related to mea-
surements of transport properties of bulk thermo-
electrics.

Seebeck Coefficient

Seebeck coefficient results from seven laborato-
ries and Marlow are shown in Fig. 3. Three different
types of instruments were used: ULVAC ZEM sys-
tems, modified Harman method, and a laboratory-
made two-point system. The values for both n-type
and p-type materials indicated that the Seebeck
measurements produced consistent results among
the participating laboratories. Data from NIST SRM
3451 are also plotted. It has the same true compo-
sition of n-type bismuth telluride as the samples
from Marlow. The agreement with IEA-AMT
materials is very good given that the materials were
from a different batch with slight processing
parameter variations. Among laboratories using the
ULVAC ZEM system, the scatter was about ±4% for
the short and long specimens. When the other two
techniques are included, the scatter becomes about
±5.5%. The major difference comes from contact
location and where temperature and voltage are
measured. The ULVAC ZEM systems (four-probe
method) seem to give a slightly higher absolute
Seebeck value. The system using end contacts gave
a slightly lower Seebeck value. The Marlow data
obtained by modified Harman method (a Z-point
setup) seem to be a good compromise, although it
only measured data up to 343 K. The other source of
error in Seebeck measurements may come from
probe calibration. A correction value is needed to
calculate the Seebeck coefficient as the probes are
part of the measurement loop. Knowing the correct
calibration value determines the measurement
accuracy. However, the probe Seebeck values could
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Fig. 3. Seebeck coefficient results of round-robin 1 from seven laboratories and Marlow.
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change after high-temperature exposures, espe-
cially when interdiffusion between the probe tips
and thermoelectrics occur. The standard materials
(constantan for ULVAC ZEM system) need to be
periodically examined to monitor probe calibration
drift.

Electrical Resistivity

Electrical resistivity results from seven laborato-
ries and Marlow are shown in Fig. 4. Similar to
Seebeck coefficient measurements, three different
types of instruments were used, as these two prop-
erties are normally measured on the same specimen
using the same probes. The resistivity results
showed much larger scatter for both p-type and
n-type specimens. The largest scatter for n-type
material near 373 K was about ±12.5%. The scatter
for the p-type material was smaller, although it
seemed to show greater scatter at high tempera-
tures. There was no clear difference between
the short (3 mm 9 3 mm 9 12 mm) and long
(2 mm 9 2 mm 9 15 mm) samples. However, the
most significant errors were identified to come from
the measurement and determination of probe dis-
tance. In some early ZEM systems the probe dis-
tance was not measured every time. Since the probe
size is about 0.5 mm, this could easily introduce a
10% error in a measurement when the probe spac-
ing is 5 mm. In the current model of ULVAC ZEM-3,
a digital microscope is used to accurately measure
the probe distance. Using the sample dimension
measured by a micrometer as calibration in the
captured image, the estimated accuracy of the dig-
ital microscope method is ±0.01 mm. The main

source of error for electrical resistivity is the
uncertainty of geometry measurements.

The first round-robin among seven laboratories
using the Marlow Bi2Te3 was completed within
4 months. The study achieved its original goal, i.e.,
to identify problems in measurements of bulk
transport properties. Using the commercially
available materials and moderate temperature
range, the IEA-AMT annex study observed the
following:

1. Seebeck coefficient measurements showed very
good agreement among the laboratories. The
measurement errors were about ±5.5% for both
types of materials and two sample geometries.

2. Electrical resistivity measurements of both
p-type and n-type materials showed large errors.
The largest error of ±12.5% occurred for the
n-type material near 100�C. The uncertainty for
dimension measurements was identified as the
main source of error.

The round-robin 1 tests used Marlow hot-pressed
materials. Although it is known to have consistent
properties, it is still possible to have scatter due to
localized material nonuniformity. Since each lab-
oratory received a separate set of specimens, the
possibility that errors were caused by the materi-
als did exist. In order to understand the
material uniformity, groups of 12 n-type and
p-type Marlow materials were selected and tested
at room temperature at Oak Ridge National Lab-
oratory.

Figure 5 shows room-temperature electrical
resistivity results of 12 n-type and 12 p-type sam-
ples. A four-point inline probe station by Signatone
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Fig. 4. Electrical resistivity results of round-robin 1 from seven laboratories and Marlow.
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was used. As shown in Fig. 5, the standard devia-
tions were ±1.50% for p-type materials and ±5.81%
for the n-type materials. Based on the above results,
the n-type material showed larger sample-to-sample
variations in electrical resistivity. This could
have contributed to the measurement errors in
round-robin 1, especially in the electrical resistivity
results. It was determined by the annex partici-
pants to conduct a second round-robin using the
p-type materials only.

SECOND INTERNATIONAL ROUND-ROBIN

Seebeck Coefficient

Seebeck coefficient results from seven laborato-
ries and Marlow are shown in Fig. 6. Similar to
round-robin 1, the agreement in Seebeck measure-
ments was much better than other properties. All
seven laboratories used ULVAC ZEM systems. One
laboratory also ran the test using a laboratory-made
system which used a different contact mechanism.

Fig. 5. Electrical resistivity of 12 n-type and 12 p-type samples at room temperature.

Fig. 6. Seebeck coefficient results of round-robin 2 for p-type bismuth telluride among seven laboratories.
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The Marlow data were obtained using modified
Harman method on a 4 mm 9 4 mm 9 5 mm speci-
men. For all the ULVAC ZEM results, the scatter
was about ±4% in the entire temperature range. The
end-contact method gave lower Seebeck values. The
Marlow Seebeck values lay in between the ULVAC
values and end-contact values. Because of the size of
the probes in the ULVAC system, it is possible to
overestimate the Seebeck values. On the other hand,
the end-contact method could be underestimating
the Seebeck values. No large variations were ob-
served in the Seebeck coefficient results.

Electrical Resistivity

Electrical resistivity results from seven laborato-
ries and Marlow are shown in Fig. 7. All the data
were obtained from simultaneous measurements
with Seebeck coefficient. Each laboratory measured
a long (2 mm 9 2 mm 9 15 mm) sample and a short
sample (3 mm 9 3 mm 9 12 mm) for each set. The
scatter was about ±5% near room temperature and
increased to about ±9% at 473 K. A total of four
specimens were measured by each laboratory. Not
all the ZEM systems were equipped with the digital
probe spacing measurement feature. Errors intro-
duced by geometry measurements still exist. How-
ever, the increasing scatter at higher temperatures
indicated that the measurements and data analysis
have not been optimized. The Marlow data showed
very good agreement with the round-robin results
up to 343 K.

DATA SUMMARY AND TEST PROCEDURE

The results of the second international round-
robin were analyzed to produce summarized results

on Seebeck coefficient and electrical resistivity.
Since the actual temperatures of each set of result
are scattered, all the data points for Seebeck coef-
ficient and electrical resistivity were plotted as a
pool as shown in Figs. 8 and 9. The data scatter is
the maximum spread of the data and is not the
standard deviation. Since all the measurements
were conducted at slightly different temperatures, it
is not possible to apply standard statistical analysis.
Better defined measurement temperature steps will
be implemented in future round-robins to allow for
better analysis. For the Seebeck coefficient of p-type
bismuth telluride, a third-power polynomial curve
fit was used to represent the temperature range
from 293 K to 473 K:

S¼�7E�6T3�0:0042T2þ0:0:2862Tþ106:8 ðlV/K) ;

(3)

in which S is the Seebeck coefficient and T is tem-
perature in Kelvin. The data scatter over Eq. 3 is
±4.3%.

For electrical resistivity a linear curve fit was
used:

q ¼ 0:0094T � 1:587 ðmOhm-cmÞ; (4)

in which q is electrical resistivity and T is temper-
ature in Kelvin.

The main purpose of this IEA-AMT study is to
identify transport measurement issues and develop
standard test procedures. A recommended test
procedure for Seebeck coefficient and electrical
resistivity has been completed and is shown below.
This procedure will be updated as the high-tem-
perature (300 K to 800 K) round-robin is completed
in 2012.

Fig. 7. Electrical resistivity results of round-robin 2 for p-type bismuth telluride among seven laboratories.
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TEST PROCEDURE FOR SEEBECK
COEFFICIENT AND ELECTRICAL

RESISTIVITY

The standard Seebeck coefficient and electrical
resistivity tests are performed on a single specimen.
The test procedures for simultaneous measure-
ments are described below:

Specimen

The standard Seebeck coefficient and electrical
resistivity tests are performed on a single specimen.
The ideal specimen is a long cylinder or bar. For
typical thermoelectrics, geometries such as a
2 mm 9 2 mm 9 15 mm bar or a 3 mm 9 3 mm 9
12 mm bar are sufficient. Due to the large percent-
age probe distance error in resistivity measure-
ments on shorter samples, it is recommended that
the sample length be larger than 10 mm. The
specimens need to be machined with parallel sur-
faces. The top and bottom surfaces need to be flat
and parallel to ensure good contacts. Specimen
dimensions need to be determined using a cali-
brated micrometer. The voltage probe spacing needs
to be determined for each measurement. A better
solution is to use a digital microscope, with the
measured sample width used as calibration from the

same image. The center-to-center distance of the
voltage probes is used in the calculation.

Seebeck Coefficient and Resistivity Tests

The Seebeck coefficient and resistivity measure-
ments are usually performed using the potentiomet-
ric (four-probe) or the axial flow (two-probe) method.
For high-temperature measurements, the test envi-
ronment is usually vacuum, very low-pressure static
helium or flowing argon. Seebeck coefficient can be
measured by slowly ramping the furnace or using the
differential method in which the sample is stabilized
at a set point and a small DT is applied across the
specimen. To determine Seebeck coefficient several
DT settings are used and the slope of the DV versus
DT curve gives the total Seebeck coefficient of the
circuit. To obtain the true Seebeck value of the spec-
imen, the Seebeck value of the probe material needs
to be subtracted. The values for the probe are avail-
able for the thermocouple used (K or R type) and
provided as a lookup table.

In the differential method, it is preferred to mea-
sure electrical resistivity before the DT is established
at each set point for Seebeck measurements. Due to
the Joule heating and Peltier effect of thermoelec-
trics, a temperature gradient may be generated and
cause measurement error. In order to eliminate this
effect, the current is usually reversed quickly without
altering the voltage measurement polarity. However,
in order to minimize the Peltier effect, the measure-
ments must be completed within 1 s or even faster.

There are other techniques to measure electrical
resistivity such as the four-point probe (inline
probes) or the van der Pauw technique.62 For the
inline probe method, it is important to recognize that
the measurement is more accurate for isotropic thin
specimens. Measurements on materials with layered
structures, such as Bi2Te3, must be analyzed care-
fully since resistivity depends on orientation and
how the specimen is cut. The van der Pauw technique
is suitable for very thin specimens (<0.5 mm), and it
is also a surface resistivity measurement.

Calibration

The Seebeck values are less dependent on sample
geometry. However, it is common practice to place
the probes away from the current contact to avoid
nonuniform heat areas. The system should be cali-
brated using a reference material with known See-
beck values (such as constantan for certain
commercial systems). The Seebeck values of the
measured references need to be within the specified
accuracy limits. If there is drift outside the accept-
able range, a new probe is needed.

CONCLUSIONS

The international round-robin study by IEA-AMT
is a timely effort to enable the commercialization of
thermoelectric devices, especially for automotive

Fig. 8. Scattered data plot and curve fitting of Seebeck coefficient.

Fig. 9. Scattered data plot and curve fitting of electrical resistivity.
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applications. Using hot-pressed n-type and p-type
bismuth telluride materials from Marlow Indus-
tries, measurement issues for Seebeck coefficient
and electrical resistivity have been identified. The
two round-robin studies among four countries and
eight laboratories showed very good agreement in
Seebeck coefficient measurements but much larger
uncertainty in electrical resistivity data. It was
identified that probe distance determination is the
main source of error. A standard test procedure for
Seebeck coefficient and electrical resistivity has
been developed. In part II of this paper, thermal
conductivity measurements will be discussed and
the final evaluation of ZT will be presented.
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