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We have successfully developed a Seebeck coefficient Standard Reference Material (SRM™),
Bi,Tes, that is essential for interlaboratory data comparison and for instrument calibration.
Certification measurements were performed using a differential steady-state technique on 10 samples
(15 measurements) randomly selected from a batch of 390 bars. The certified Seebeck coefficient
values are provided from 10 to 390 K, and they are further supported by transient measurements. The
availability of this SRM will validate measurement results, leading to a better understanding of the
structure/property relationships and underlying physics of potential high-efficiency thermoelectric

materials.

. INTRODUCTION
A. Background

The main mission of the National Institute of Standards
and Technology (NIST) is to promote U.S. innovation and
industrial competitiveness by advancing measurement
science, standards, and technology in ways that enhance
economic security and improve the quality of life. Activ-
ities associated with the mission of advancing the standards
and measurements include those which

(i) develop, maintain, and retain U.S. primary standards
for the structure and properties of materials and provide the
means and methods for making measurements consistent
with those standards, for example, develop and distribute
reference materials

(i) contribute to the development of technically sound
standard test methods by participating in national and
international standards developing organizations

(iii) and provide critically evaluated materials data to
customers.

The efficiency of thermoelectric energy conversion or
cooling is related to the dimensionless figure of merit (Z7)
of a thermoelectric material,l’2 given by ZT = §? oT/k, where
T is the absolute temperature, S is the Seebeck coefficient, c is
the electrical conductivity, and k is the total thermal conduc-
tivity. ZT is directly related to the coefficient of performance
of a thermoelectric material and is the principal criterion by
which these materials are judged. Low conversion efficiency

Y Address all correspondence to this author.
e-mail: winnie.wong-ng @nist.gov
DOLI: 10.1557/jmr.2011.118

J. Mater. Res., Vol. 26, No. 15, Aug 14, 2011

has restricted the commercial use to only small-scale devices.
Thermoelectric materials with desirable properties (ZT > 1,
i.e., characterized by high electrical conductivity, high
Seebeck coefficient, and low thermal conductivity) could
have widespread military and industrial applications. In recent
years, relatively high ZT values have been found in both thin
films and bulk materials.>® Continued efforts to identify
novel materials and optimize existing materials are crucial
for large-scale applications. Most importantly, the accuracy
and precision of reported high ZT" measurements must be
confirmed.

Characterization of thermoelectric materials is per-
formed through measurements of the electrical resistivity/
conductivity, the thermal conductivity, and the Seebeck
coefficient. These measurements are often demanding;
however, one of the most important initial measurements
is that of the Seebeck coefficient. Measurement of only the
Seebeck coefficient can filter out those materials that do not
have the desired thermoelectric properties.

The Seebeck effect, illustrated in Fig. 1, is the direct
conversion of a temperature gradient, A7, maintained
between the two interfaces formed of two dissimilar
conductors A and B, into an electric potential, V, (in the
presentation of results later, this is called AV). The voltage
produced is directly proportional to the temperature
gradient, and the proportionality constant, S4p, is defined
as the Seebeck coefficient:

V:SABAT . (1)

The Seebeck coefficient is equal to the difference in the
Seebeck coefficients of the two materials:

© Materials Research Society 2011 1983


https://doi.org/10.1557/jmr.2011.118

https://doi.org/10.1557/jmr.2011.118 Published online by Cambridge University Press

N.D. Lowhorn et al.: Development of a Seebeck coefficient Standard Reference Material™

Material A

Material B

FIG. 1. Schematic of the Seebeck Effect.

SAB:SB—SA . (2)

Thus, if one knows the Seebeck coefficient of one of
the materials in the loop, the Seebeck coefficient of an
unknown material can be determined.

Measurement apparatus for the Seebeck coefficient
include both commercial and custom-built systems.
Although data from different systems are commonly
compared, there is no Seebeck coefficient SRM for either
the low (=400 K) or the high temperature (=400 K)
regime. A Seebeck coefficient SRM would provide
measurement reliability and interlaboratory comparison
capabilities. Furthermore, a higher level of certainty in the
value of Seebeck coefficient will lead to greater certainty
in the value of Z7. The low-temperature Seebeck
coefficient is important for potential electronic refrigera-
tion applications, whereas the high-temperature Seebeck
coefficient is important for power-generation applications.
As a first step, we have completed the development of
a Seebeck coefficient SRM for the low-temperature
regime (10 K-390 K). The temperature range that is
covered by this low-temperature SRM offers some cross-
over with the temperature range of the high-temperature
equipment as well. Therefore, this low-temperature See-
beck coefficient SRM will provide a full calibration for
low-temperature measurement equipment and a partial
calibration for high-temperature measurement equipment.

B. Requirements for the Seebeck coefficient SRM

A number of aspects had to be considered when
developing the Seebeck coefficient SRM.” First, the
material should possess long-term stability. In addition,
the material should be homogeneous and producible in
a large consistent batch. A large homogeneous batch
would allow for measurements of representative samples
to provide data indicative of the entire batch. Second, the
SRM had to be certified over a broad temperature range as
most researchers in this field perform temperature-
dependent measurements. Measurements are usually di-
vided into the low-temperature regime (=400 K) and
high-temperature regime (=400 K). Although there is
normally some overlap between these regimes, they typi-
cally require different measurement equipment. Third, it is
important that the SRM possesses a Seebeck coefficient with
a magnitude on the order of that typically measured in the

field. This value should be near the middle of the range of
25-400 pV/K. Fourth, the SRM should be available at
areasonable price to the community; therefore, the develop-
ment and production must be cost-effective. Fifth, as we
consider development of the SRM, considerations must be
given to future SRMs. It might be possible to use the same
material for future thermoelectric related SRMs. These
could be produced for other physical properties, for Z7, or
for other sample geometries such as thin films.

C. Previous round-robin measurement survey

Prior to the certification process, we completed a mea-
surement survey to determine the feasibility of producing
the SRM, the measurement consistency of the candidate
materials, and the best measurement technique for
providing the standard data.*’ Two candidate materials
were chosen. Constantan is well known as a simple alloy
(55 at.% Cu/45 at.% Ni), commonly used in thermocouples
with a moderate Seebeck coefficient at room temperature.
Cylindrical samples (6.47 mm long by 3.45 mm diameter)
were purchased from Concept Alloys (Whitmore Lake, MI).
Bi,Te; is a state of the art thermoelectric material with a high
Seebeck coefficient at room temperature. Samples with no
intentionally added dopants were obtained from Marlow
Industries (Dallas, TX) in a rectangular shape (approxi-
mately 6.08 mm long by 3.04 mm?).

Measurements were performed in two rounds by
12 international laboratories involved in active thermo-
electric research using a number of different commercial
and custom-built measurement systems and techniques.
The detailed statistical analyses on the interlaboratory
measurement results and the statistical methodology for
analysis of irregularly sampled measurement curves in
the interlaboratory study setting have been reported
earlier.®°. On the basis of these results, we have selected
Bi,Te; as the SRM (designated as SRM 3451).

Il. DESCRIPTION OF THE SEEBECK
COEFFICIENT SRM

SRM 3451 is entitled “Low-Temperature Seebeck
Coefficient Standard (10 - 390 K)” and provides members
of the thermoelectric materials community the means to
calibrate Seebeck coefficient measurement equipment (for
bulk materials), in the stated temperature range.

The SRM artifact, shown in Fig. 2, is a bar-shaped
piece of nonstoichiometric bismuth telluride (n-type,
Te rich, Bi/Te ratio approximately 2/3, formula Bi,Tes,y;
see, for example, Ref. 10). The SRM artifacts were custom
prepared (involving ingot solidification, cutting and
polishing of the bar-shaped pieces, and metal plating of
their ends) for NIST by Marlow Industries. No modifica-
tions were made at NIST to the as-received SRM artifacts.
The SRM artifact dimensions are approximately 3.5 mm X
2.5 mm x 8.0 mm.
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Marlow Industries carefully weigh the Bi and Te for
ingot preparation to achieve x = 0.004 * 0.002. The
correct composition range is verified by comparing the
measured electrical resistivity of the ingot to previous
composition/resistivity calibrations. According to Marlow
Industries, this optimal resistivity value at room temper-
ature is 1.2 = 0.1 mQ-cm. To facilitate good electrical
contact between the SRM artifact and the leads to be
attached to it, Marlow Industries deposited a 2—3-pm-thick
nickel (N1)/100-nm-thick gold (Au) bilayer on both ends
of the artifact, using a standard process.“’12 The outer Au
layer creates a wettable surface for soldering external leads
to the artifact; the inner Ni layer acts as a diffusion barrier
between the Au/solder and the bismuth telluride."?

Figure 3 contains three scanning electron micrographs
of a typical SRM 3451 artifact, showing the interfaces
between the Au, Ni, and bismuth telluride. X-ray energy-
dispersive spectroscopy analysis of the SRM was
conducted. Figures 3(b) and 3(c) show no observable
interactions at the bismuth telluride/Ni and Ni/Au inter-
faces. Diffusion of Au and Ni into each other and into

FIG. 3. (a) Scanning electron micrograph (backscattered electron
image) of a polished cross section of a typical SRM 3451 artifact,
showing the interface between the Au (light), Ni (gray), and bismuth
telluride (also light) regions; x-ray energy-dispersive spectroscopy maps
of the Standard Reference Material (SRM) showing (b) Te Lo
distribution and (c) Ni Lo distribution.

bismuth telluride is not significant at the Au and Ni
deposition temperatures (<100 °C)."* Nonetheless, the
Seebeck coefficient measured on the artifact, which
comprises the Au/Ni/bismuth telluride/Ni/Au bar, would
incorporate the effect of any insignificantly small amount
of impurity diffusion; moreover, since all the artifacts are
from the same lot and were similarly processed, the effect
would be the same for all pieces.

lll. SRM MEASUREMENT AND ANALYSIS
A. Measurement technique

Certification measurements were obtained using
a differential steady-state (DC) technique. Additional
reference measurements were obtained using a transient
(AC) technique. In this section, we discuss only the DC
technique; the SRM certification data are based only on
the DC measurements.

Ten artifacts were selected randomly from the batch of
390 received from Marlow Industries, and numbered
SRMO1 to SRM10. Using the DC technique, five of these
artifacts were measured once. The remaining five artifacts
were measured twice: for the second measurement, the
contact leads were removed and reattached on the opposite
ends of the artifacts. Thus, a total of 15 datasets were
obtained. In addition, all 10 artifacts were measured once
using the AC technique (see Sec. V for these data).

The measurements were performed under a vacuum of
<107 Pa. During the measurements, each artifact was
maintained at a constant base temperature while a range
of AT values (where AT =< 0.017) were applied, and the
corresponding AV values were measured. For each AT,
the artifact was stabilized for a period ranging from 25 to
400 s, depending on the temperature. The corresponding
AT and AV measurements were then made over an
additional time period of 25-100 s and averaged over that
period. Figure 4 shows AT as a function of time for eight
different AT values during the stabilization (gray) and
measurement (black) periods. Typical AT and AV fluctua-
tions during a measurement period are shown in Fig. 5.
The time-averaged values of AV were plotted as a function
of the corresponding AT for each base temperature; the
Seebeck coefficient was derived from the linear fit of these
data, as shown in Fig. 6 for a base temperature of 300 K.
This method of fitting the data obtained from multiple (A7,
AV) measurements avoids the assumption that any given
data point and the origin (AV = 0, AT = 0) are collinear,
thus effectively eliminating any offset voltage.

Finally, each measured Seebeck coefficient value was
corrected for the Seebeck coefficient of the lead wires
attached to the artifact (made of manganin, a well known
alloy of 86 at.% copper, 12 at.% manganese, and 2 at.%
nickel), according to Eq. (2), using the interpolated
manganin S values listed in Table L.
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FIG. 4. AT as afunction of time for eight different AT values during the
stabilization (gray) and measurement (black) periods. For each AT, the
artifact was stabilized for a period ranging from 25 to 400 s.
Corresponding AT and AV measurements were then made over an
additional time period of 25-100 s and averaged over that period. These
data are from SRMO1 at 300 K base temperature.
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FIG. 5. Typical data showing AT and AV during the measurement

period. The x-axis starts at 360 s (after the stabilization period). These
data are from SRMOI at 300 K base temperature and a AT of 2.86 K.

B. Measurement hardware and software

The measurements were performed on a Quantum
Design Physical Property Measurement System (PPMS;
Model PPMS-9, San Diego, CA)."* Two third-party instru-
ments were interfaced with the system: a Keithley 2182A
nanovoltmeter (Keithley Instruments, Inc., Cleveland, OH)
used to measure AV and a Kepco ABC125DM power
supply (Kepco, Inc., Flushing, NY) to generate the heater
current for creating the A7. A schematic of the measure-
ment system is shown in Fig. 7.

The artifacts were mounted with a dual-probe configu-
ration, shown schematically in Fig. 7. A disk-shaped copper
contact lead was soldered to each end of the artifact. These
contact leads had a circular middle section with two thin
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FIG. 6. Plot of time-averaged values of AV and AT. These data are
from SRMO1 at 300 K base temperature. The slope is the Seebeck
coefficient at this temperature.

TABLE 1. Seebeck coefficient values for manganin lead wires.

Temperature (K) Seebeck coefficient correction (LV/K)

0 0

5.4 0.190
10.1 0.346
15.1 0.500
19.4 0.580
29.9 0.654
40.0 0.686
50.2 0.664
59.9 0.601
70.0 0.521
80.1 0.426
89.8 0.313
107.0 0.143
125.6 0.027
150.0 —0.061
175.6 —0.109
200.0 —0.117
225.6 —0.053
250.0 0.035
275.0 0.160
300.0 0.306
325.0 0.466
350.0 0.670
368.0 0.791
387.0 0.970
400.0 1.100

extensions for attaching the thermometer (Cernox 1050,
Quantum Design, San Diego, CA) and heater (resistive chip
heater). The artifact and attached leads were mounted on the
Quantum Design Thermal Transport Option (TTO) puck.
One side of the bottom lead was screwed into the heat sink.
The cold thermometer shoe was screwed onto the other side
of the bottom lead. The heater shoe was screwed onto the
bent side of the top lead, while the hot thermometer shoe was
screwed onto the opposite side. The hot and cold thermo-
meter shoes also acted as electrical probes for measuring AV
along the artifact.
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FIG. 7. Schematic depicting artifact mounting for Seebeck coefficient measurement.

The hot and cold thermometers were calibrated prior
to starting the certification measurements, using the
Quantum Design calibration procedure with the TTO
calibration fixture assembly (P/N 4084-595). In this pro-
cedure, the thermometers are mounted to a gold-plated
copper calibration sample provided with the TTO system,
which acts as a thermal short between the system thermom-
eter and the hot and cold thermometers. Helium gas in the
measurement chamber and the thermal short allow the three
thermometers to be at the same temperature. The system
thermometer is calibrated to a NIST-traceable primary
Cernox thermometer for temperatures <100 K and
a NIST-traceable platinum thermometer for temperatures
>100 K. The resistance of the hot and cold thermometers is
measured as a function of the system temperature to
generate a resistance—temperature calibration curve.

Custom software was written using National Instruments
LabVIEW (National Instruments Corporation, Austin, TX)
to automate measurements and data collection.

C. Seebeck coefficient measurements

The Seebeck coefficient is derived by plotting the
measured electric potential, AV, as a function of the
measured temperature difference, AT, as shown in Fig. 6.
To determine the Seebeck coefficient as a function of
temperature, such measurements were carried out at 32
different base temperatures. Figure 8 displays the tempera-
ture dependence of the Seebeck coefficient; this plot con-
tains 15 datasets measured on 10 different artifacts (since, as
described earlier, 5 of the 10 artifacts were measured twice).

The mean Seebeck coefficient (S,,) was then computed
at each base temperature, and the means are listed in the
second column of Table II.

D. Parameterization of the Seebeck coefficient
data

The mean Seebeck coefficient data (Table IT) have been
parameterized as a Taylor expansion around 7 = 200 K:

-150 -100 -50
1 1 1

Seebeck Coefficient (uV/K)

-200
1

T
[*] 100 200 300 400

Temperature (K)

FIG. 8. Seebeck coefficient as a function of base temperature
(15 datasets).

Su(T) = ag + a;T + ax(T — 200)* + a3(T — 200)°
+ a4(T —200)* | (3)

where the parameters ag,a1,a,,a3, and a4 are determined to
be —25.02319, —0.7739003, 0.001841421, 7.723781 x
107%, and —1.065563 x 10°, respectively.

This equation serves as an interpolation model for
obtaining Seebeck coefficient values at temperatures in
between the 32 measured values. The model is purely
empirical, and the parameters have neither physical
meaning nor units. Figure 9 shows the excellent fit to
the data.

E. Seebeck coefficient uncertainty analysis

Uncertainty analysis was conducted in accordance with
the procedures and policies outlined in NIST Technical
Note No. 1297."> Uncertainties associated with the results
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TABLE II. Certified Seebeck coefficient values for SRM 3451.

Certified Seebeck Expanded uncertainty Coefficient
Temperature (K) coefficient, S, (LWV/K) Ga Cp G (coverage factor = 2) of variation
10.09 —20.83 0.39 0.18 0.43 0.85 0.021
12.58 —22.98 0.47 0.2 0.52 1.03 0.022
15.1 —24.56 0.41 0.22 0.47 0.93 0.019
17.6 —25.95 0.42 0.23 0.48 0.96 0.018
20.09 -27.3 0.25 0.24 0.35 0.71 0.013
25.1 —29.79 0.35 0.27 0.44 0.88 0.015
30.11 —33.36 0.17 0.30 0.35 0.7 0.010
40.14 —40.42 0.27 0.37 0.46 0.92 0.011
50.16 —48.01 0.39 0.44 0.59 1.18 0.012
60.25 —56.26 0.60 0.52 0.80 1.60 0.014
70.29 —65.28 0.93 0.61 1.11 222 0.017
80.33 —74.1 0.94 0.69 1.17 2.34 0.016
100.34 -92.79 1.30 0.88 1.57 3.13 0.017
120.37 —111.6 1.69 1.06 1.99 3.99 0.018
140.38 —129.6 1.95 1.23 2.31 4.61 0.018
160.4 —147.22 2.21 1.39 2.61 5.22 0.018
180.41 —163.81 2.41 1.53 2.85 5.70 0.017
200.43 —-179.4 2.61 1.65 3.09 6.19 0.017
220.49 —193.96 2.71 1.76 323 6.46 0.017
240.52 —206.22 2.73 1.84 3.03 6.59 0.016
260.52 —217.26 2.73 1.91 333 6.66 0.015
280.71 —226.11 2.64 1.95 3.28 6.56 0.015
300.73 —231.36 243 1.98 3.13 6.26 0.014
310.74 —232.82 2.27 1.98 3.01 6.03 0.013
320.74 —233.48 2.08 1.98 2.87 5.75 0.012
330.87 —232.99 1.81 1.98 2.68 5.37 0.012
340.84 —231.45 1.55 1.98 2.51 5.02 0.011
350.81 —228.93 1.26 1.97 2.34 4.67 0.010
360.76 —225.28 1.03 1.96 2.21 4.42 0.010
370.9 —220.43 0.80 1.94 2.10 4.21 0.010
381.04 —214.58 0.79 1.93 2.08 4.16 0.010
391 —208.17 0.90 1.92 2.12 4.23 0.010

-150 -100 -50
1 1

Mean Seebeck Coefficient (uV/K)

-200
1

T T T T
0 100 200 300 400
Temperature (K)

FIG. 9. Mean (symbols) and parameterized (curve) Seebeck coefficient
data as a function of base temperature.

of the Seebeck coefficient measurements may be catego-
rized as either type A or type B, defined classically as those
uncertainties that can be evaluated statistically (A) or those

that cannot (B). Type A components must be characterized
by a statistically analyzed series of observations, while
type B components may be systematic in origin. The final
standard uncertainty is the combined uncertainty of type
A and type B uncertainties.

In our analysis, we assume that all contacts are Ohmic
and that all lead wires (including solder interfaces) are
appropriately connected such that the law of intermediate
metals applies.'® Therefore, any temperature-independent
voltage or thermal offset between the contact and the
“measurement location” is effectively eliminated by line-
arly fitting the AV and AT data. Any nonsystematic offsets
are best treated statistically based on our combined series
of measurements.

1. Type A uncertainties

The type A uncertainty, G,, consists of two compo-
nents, 641 and G,4,. G4 is the average standard deviation
derived from identical measurements on 10 different
artifacts and, therefore, contains sample to sample varia-
tions. G4, is the average standard deviation on two
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measurements made on each of five of the artifacts (second
measurement with leads reversed) and, therefore, reflects
variations in the artifact-mounting technique.

The type A standard uncertainty is given by:

oa = (o4 + 01242)1/2 : (4)

o, values are tabulated in Table II as a function of
temperature.

2. Type B uncertainties

Type B uncertainties are systematic in origin and
primarily derive from instrumentation, data acquisition,
and/or calibration errors. Therefore, only those systematic
uncertainties arising from the measurement of the hot
and cold temperatures and the electric potential are
considered.

We must consider the uncertainty contributions from
both the hot and the cold thermometer measurements.
According to the calibration procedure described in
Sec. III. B and vendor design specifications, the standard
measurement uncertainty for each thermometer is 0.6%
T, for any T within the measurement range. Since AT is
calculated as the difference between the hot and the cold
temperatures, AT has an uncertainty of (0.6 + 0.6%)"2% =
0.85%. Consequently, the Seebeck coefficient, computed
as the least square estimate of the slope based on the data
{(AT;,AV))} (see Fig. 6, for example), at each temperature
point 7, has the same 0.85% uncertainty.'”'® This uncer-
tainty component, denoted Gpy, is given by:

o1 = (0.0085)S,(T)[ - (5)

Furthermore, there is an uncertainty associated with the
measurement of the average sample temperature, 7, given
by the compound average of the collection of sample
temperature values obtained for each AT and AV pair,
where each sample temperature is calculated as the simple
average using the hot and cold thermometer measurements.
The uncertainty for the average of two temperatures can be
computed easily in terms of uncertainties for individual
temperatures, that is, [(0.6/2)* + (0.6/2)*1"* % = 0.42%. To
derive the Seebeck coefficient uncertainty component for
the average base temperature, denoted Gp,, the Seebeck
coefficient data were parameterized [Eq. (3)], and the
derivative of the Seebeck coefficient data, S’,,(T), was
determined. The Seebeck coefficient uncertainty associ-
ated with the average base temperature uncertainty is
given as:

652 = (0.0042)(T)[S"(T)] . (6)

We now turn to type B errors associated with the
electric potential measurements. The manufacturer’s

stated uncertainty for the Keithley 2182A nanovoltmeter
is = (50 x 10° of the voltage reading, plus 4 x 10° of
the voltage range) at 1 year postcalibration. A typical
uncertainty calculation is as follows: we take the largest
AV that corresponds to the largest AT as a representative
voltage from the collection of AV-AT pairs at the base
temperature of 300.73 K. Using the Seebeck coefficient
from Table II (231.36 uV/K) and the largest AT (2.86 K,
see Fig. 6), we can calculate the thermoelectric voltage as
(231.36 pV/K) x 2.86 K = 6.62 x 10™* V. We are
justified in using the average Seebeck coefficient for this
estimation since the linear relationship between AV and
AT in Fig. 6 is strong (R* = 1). The voltage reading
uncertainty is then calculated as (50 x 107% x (6.62 x
107* V) = 3.31 x 10~® V. The voltage range uncertainty
in the 10 x 10™? V range (the range used in our certified
measurements) is (4 X 1076) X (10 x 1073 V) =4.0 x
10~ V. Therefore, the total measurement uncertainty
is + (3.31 x 107 V + 4.0 x 10°® V), resulting in
a percent uncertainty for our representative thermoelec-
tric voltage of (7.31 x 1078 V)/(6.62 x 10™* V) x 100 ~
0.01%.

Comparing the type B electric potential measurement
uncertainty (=0.01%) with the type B temperature mea-
surement uncertainty (0.85%), it is clear that the contri-
bution from the voltage measurement is about two orders
of magnitude smaller and can be neglected.

Thus, the total type B uncertainty can be determined
by combining the two temperature measurement uncer-
tainty components:

o= (op + 01232)1/2 : (7)

op uncertainty values are listed in Table II.

3. Total uncertainty

The total Seebeck coefficient measurement uncertainty
is given by:

GZ(G§+G§)1/2 . (8)

o values are listed in Table II. Also listed in Table II are
the expanded uncertainties (co, with coverage factor ¢ =
2), and the coefficients of variation, which show that the
certified Seebeck coefficients have a relative uncertainty of
about 1-2%.

The certified Seebeck coefficient measurement data,
along with the mean values and the confidence (un-
certainty) intervals (S,, = co, the 95% confidence
intervals under the normal distribution assumption), are
plotted in Fig. 10. All dotted lines are guides for the eye.
The Seebeck coefficient uncertainty for any interpolated
temperature value [using Eq. (3)] is given approximately
by the o value at a nearby measured temperature value
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(Table II). This is a typical approach when only discrete
data are available.

IV. USE OF SRM

SRM 3451 is used for the calibration of instruments
that measure low-temperature Seebeck coefficients (10 K
to about 400 K). The SRM artifacts were packaged by the
SRM Office and placed inside a plastic vial (one per vial)
with screwed lid and gasket, under an inert atmosphere of
argon gas. The sealed vial was then placed inside a heat-
sealed mylar bag to keep out moisture.

Seebeck measurements should be performed by
mounting the artifact in a manner as close as possible
to that described in this document. We suggest that
artifacts be mounted in a two-probe arrangement, with
one probe connected to each end of the artifact with
solder. These probes should also allow attachment of
both a thermometer and a voltage probe. In addition,
a heater should be connected to one of the probes while
the other is connected to a heat sink. Measurements
should be performed under vacuum (<10*5 Pa).

V. SUPPLEMENTARY DATA

Here, we report two sets of supplementary reference
(informational) data: Seebeck coefficient data obtained on

the Seebeck coefficient as a function of temperature without
having to wait for stabilization at specific temperatures. AC
Seebeck coefficient data are shown in Fig. 11, and Table III
compares the certified (DC) and reference (AC) data.

-150 -100 -50
1 I 1

Seebeck Coefficient (UVIK)

-200
L

T T T

T
0 100 200 300
Temperature (K)

FIG. 11. Transient Seebeck coefficient data with 95% confidence
band.

TABLE III. Comparison of certified and reference (AC) Seebeck
coefficient data.

Seebeck coefficient Seebeck coefficient

SRMOI to SRM10, measured using the AC technique Temperature (certified) (LV/K) (geference) (WV/K)
and electrical resistivity measurements. These data are 10.09 —20.83 —20.86
not certified. 12.58 —22.98 —23.09
15.1 —24.56 —24.57
A. AC Seebeck coefficient measurements 17.6 —2595 —25.84
20.09 -27.3 —27.26
The AC technique is provided as part of the Quantum 25.1 —29.79 -30.05
Design PPMS TTO. In brief, this AC technique continuously 30.11 —33.36 —33.49
monitors AT and AV, while supplying a transient heat pulse gg'ig 712'3? 733'2 |
to one end of the artifact and at the same time slowly varying 60:25 -~ 56:26 _ 56:69
the base temperature. This approach enables one to measure 70.29 _65.28 —64.99
80.33 —74.1 —74.17
100.34 —92.79 —92.78
120.37 —111.6 —111.87
N, 140.38 —129.6 —129.83
2 " 160.4 —147.22 —148.56
' * b 180.41 —163.81 —165.62
g ¥ Data 200.43 —179.4 —181.11
% 8. i . Mean Value 220.49 —193.96 —194.95
§ I t b --- Confidence Intervals 24052 —20622 —208.23
£ i 260.52 —217.26 —217.86
8 g § 280.71 —226.11 —225.07
2~ : 300.73 —231.36 —230.16
2 LS 310.74 —232.82 —231.63
e LSS 320.74 —233.48 —231.64
& : 8 330.87 —232.99 —230.74
R S0y ST §? 340.84 —231.45 —228.43
AR TEERAS 350.81 —228.93 —225.75
. " o - e 360.76 —225.28 —222.28
e 370.9 —220.43 —217.54
381.04 —214.58 —214.8
FIG. 10. Plot of certified Seebeck coefficient data with 95% confidence 391 —208.17 —213.16
band. Dotted lines are guides for the eye.
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FIG. 12. SRM artifact resistivity as a function of temperature showing
mean values and 95% confidence intervals.

TABLE IV. Electrical resistivity data for SRM 3451.

Temperature, K Mean resistivity (mQ-cm) Coefficient of variation

9.9993 0.0450 0.0346
12.5004 0.0460 0.0343
15.0004 0.0472 0.0332
17.5005 0.0487 0.0328
20.0020 0.0505 0.0320
24.9994 0.0551 0.0304
30.0017 0.0614 0.0292
39.9982 0.0800 0.0266
50.0034 0.0931 0.0249
60.0055 0.1132 0.0238
70.0048 0.1352 0.0253
80.0051 0.1589 0.0234

100.0047 0.2125 0.0216
120.0042 0.2744 0.0224
140.0021 0.3470 0.0224
160.0042 0.4302 0.0244
180.0042 0.5246 0.0242
200.0021 0.6284 0.0285
220.0016 0.7417 0.0304
239.9974 0.8654 0.0347
259.9942 0.9936 0.0388
279.9947 1.1275 0.0408
299.9905 1.2605 0.0435
309.9916 1.3264 0.0436
319.9921 1.3896 0.0440
329.9942 1.4493 0.0440
339.9958 1.5053 0.0433
349.9926 1.5556 0.0429
359.9963 1.5990 0.0424
369.9953 1.6359 0.0415
380.0026 1.6646 0.0406
390.0274 1.6854 0.0394

B. Electrical resistivity data

The electrical resistivity was measured on 6 of the 10
SRM artifacts using the AC transport option of the
Quantum Design PPMS. A standard four-point probe
technique was used. Figure 12 shows the resistivity data

as a function of temperature; these data are also tabulated
in Table IV.

Four-probe Hall measurements were conducted at
300 K on a representative artifact sliced (using a wire
saw) into the dimensions 0.5 mm X 2.5 mm X 8 mm,
using the PPMS infrastructure and a custom measurement
sequence. The Hall resistance, Ry, was measured as
a function of multiple positive and negative magnetic
fields (—2.5 T < B < 2.5 T) to mitigate voltage probe
misalignment effects and thermal instabilities. Ry
values for matching =B were averaged using multiple
zero field measurements. Using the relation n = 1/[(Ry/B)
(en)],'® where Ry /B is the fitted slope for the collection of
Ry and B values, n the carrier concentration, e the charge
per carrier, and ¢ the sample thickness, the carrier
concentration is calculated to be 1.4 x 10" cm™.

VI. CONCLUSIONS

In conclusion, we have certified a SRM for low-
temperature Seebeck coefficient measurements. The
availability of this SRM will improve and validate
measurement accuracy, leading to a better understanding
of the structure/property relationships and underlying
physics of new and improved thermoelectric materials.
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