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The Seebeck coefficient is the most widely measured property specific to thermoelectric materials.

There is currently no consensus on measurement protocols, and researchers employ a variety of

techniques to measure the Seebeck coefficient. The implementation of standardized measurement

protocols and the use of reliable Seebeck Coefficient Standard Reference Materials (SRMs
VR

) will

allow the accurate interlaboratory comparison and validation of materials data, thereby

accelerating the development and commercialization of more efficient thermoelectric materials and

devices. To enable members of the thermoelectric materials community the means to calibrate

Seebeck coefficient measurement equipment, NIST certified SRM
VR

3451 “Low Temperature

Seebeck Coefficient Standard (10 K to 390 K)”. Due to different practical requirements in

instrumentation, sample contact methodology, and thermal stability, a complementary SRM
VR

is

required for the high temperature regime (300 K to 900 K). The principal requirement of a SRM
VR

for the Seebeck coefficient at high temperature is thermocyclic stability. We therefore

characterized the thermocyclic behavior of the Seebeck coefficient for a series of candidate

materials: constantan, p-type single crystal SiGe, and p-type polycrystalline SiGe, by measuring

the temperature dependence of the Seebeck coefficient as a function of 10 sequential thermal

cycles, between 300 K and 900 K. We employed multiple regression analysis to interpolate and

analyze the thermocyclic variability in the measurement curves. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4876909]

INTRODUCTION

The Seebeck coefficient, the proportionality constant

that quantifies the thermoelectric conversion of an applied

temperature difference into an electric potential, is an essen-

tial indicator of conversion efficiency and the most widely

measured property specific to thermoelectric materials.1,2

Materials that exhibit a large Seebeck coefficient, in addition

to high electrical conductivity and low thermal conductivity,

are considered candidates for use in thermoelectric applica-

tions. These applications include waste heat recovery in

engines for automotive, aerospace, and military applications,

and solid-state refrigeration for consumer products and

microelectronics. There is currently no consensus on mea-

surement protocols, and researchers use a variety of techni-

ques and contact arrangements to measure the Seebeck

coefficient, resulting in conflicting data that hinder the com-

mercialization of these energy-critical materials.3,4 In addi-

tion, the systems currently being used for measurement of

the Seebeck coefficient at high temperature include both

commercial and custom built systems. We have recently

completed a comprehensive experimental study to elucidate

the influence of these factors in the measurement of the

Seebeck coefficient at high temperature and to identify

standard testing protocols.5 The implementation of standar-

dized measurement protocols and the use of reliable Seebeck

Coefficient Standard Reference Materials
VR

(SRMs) will

allow the accurate interlaboratory comparison and validation

of materials data, thereby accelerating the development and

commercialization of new and efficient thermoelectric mate-

rials and devices. Thermoelectric devices will have enhanced

performance and shorter, less costly development cycles.

To provide the thermoelectric materials community the

means to calibrate Seebeck coefficient measurement equip-

ment for bulk materials, NIST (National Institute of Standards

and Technology) certified and released for purchase in late

2011 SRM
VR

3451, “Low Temperature Seebeck Coefficient

Standard (10 K to 390 K)”.6 Seebeck coefficient measure-

ments are generally divided into the low (<300 K) or the high

(>300 K) temperature regime, due to different practical

requirements in both instrumentation and sample contact

methodology. Following on the success of SRM
VR

3451, the

Materials Measurement Science Division of NIST is currently

developing a complementary high temperature Seebeck coef-

ficient SRM
VR

for the temperature regime 300 K to 900 K.

The material requirements for the high temperature

Seebeck coefficient SRM include: long term chemical and

transport property stability at high temperature after repeated

thermal cycles over a broad temperature range; homogeneity

in batch production; reasonable production availability and

development, production, and materials costs; moderately

large absolute Seebeck coefficient values (�40lV/K to

200 lV/K), moderate to low thermal conductivity (for thermal

gradient formation power requirements), and moderate to higha)joshua.martin@nist.gov
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electrical conductivity, over a meaningfully broad portion of

the high temperature regime; the ability to be shaped into the

specified geometry; and proven commercial history without

serious long term instability under ambient conditions, with

minimal environmental concerns (should be environmentally

friendly and non-toxic). Additionally, it may be advantageous

to select a material that is a viable candidate for other

thermoelectric-related SRMs, for other temperature regimes,

or for other sample geometries such as thin film.

To determine which materials (and prismatic dimension

preference) are most appropriate for the high temperature

Seebeck SRM, we have performed a literature search and col-

lected opinions from community experts. Accordingly, we

have distributed questionnaires and have held panel discus-

sions during several international conferences. The three most

promising candidates are (no particular order): (1) a metal

alloy: Constantan
VR

(nominally Cu 55%–Ni 45%), and (2) a

semiconductor: p-type single crystal SiGe, and (3) another

semiconductor: p-type polycrystalline SiGe. Constantan dis-

plays moderate Seebeck coefficient values (�40 lV/K at

300 K) but very high electrical conductivity and high thermal

conductivity. Silicon germanium alloys are well studied, high

temperature thermoelectric materials with reasonably high

Seebeck coefficient values (�100 lV/K to 400 lV/K at

300 K, depending on dopant concentration), high electrical

conductivity, and low thermal conductivity. Constantan was

obtained from Goodfellow7 in annealed 4.0 mm diameter rod

form, and was machined into prismatic dimensions 2.5� 2.5

� 14 mm3; p-type single crystal Si90Ge10 (SC-Si90Ge10) was

prepared by a Czochralski method8 and cut into the same pris-

matic dimensions using an abrasive slurry wire saw; and

p-type polycrystalline Si80Ge20 (poly-Si80Ge20) was obtained

from JPL (Jet Propulsion Laboratory) (also cut using a wire

saw to 2.5� 3� 14 mm3).

While most of the stated material requirements for the

high temperature Seebeck coefficient SRM are readily discov-

erable, the thermocyclic stability is less characterized.

Repeatedly heating a material to high temperature can result

in changes to the grain structure, surface oxidation state, com-

position homogeneity, and dopant homogeneity through

migration or precipitation, and thereby perturb the Seebeck

coefficient. Although constantan is used in thermoelectric

thermometry applications at high temperature, there is very

little data on the long-term stability of these alloys,9 and we

could not identify any reliable data on the effect of short-term

thermal cycling on the alloy itself (i.e., decoupled from the

thermocouple data). For the silicon-germanium alloys, the

solid solubilities of the dopants exhibit temperature dependent

retrograde characteristics.10 When the concentration of dopant

in the solid solution exceeds the solubility limit at a specific

temperature, the dopant can precipitate out of solution. The

kinetics of precipitation in silicon-germanium alloys can be

described using the diffusion-limited Lifshitz and Slyozov

dopant precipitation model.11 Accordingly, these effects are a

function of time and temperature, and cumulative and may

therefore be detrimental to the thermocyclic stability.

Precipitation effects have been investigated by a number of

researchers for both n- (phosphorus-doped) and p-type (boron-

doped) silicon-germanium alloys.10,12–15 Since the diffusion

coefficient for phosphorus in Ge is larger than that of boron

(�100 times at 1000 K),10 and the activation energy smaller,

n-type dopants precipitate at significantly lower annealing

temperatures. For the p-type materials, the Seebeck coefficient

has been measured as stable under isothermal annealing for

39 210 h below 875 K (Si75Ge25),12 for 1500 h below 925 K

(Si78Ge22),
13 and for 100 h at 1000 K (Si63.5Ge36.5).10 We note

that dopant precipitation is largely reversible by quenching af-

ter a brief 1300 K isothermal anneal.14 However, the 1300 K

anneal imposes an impractical burden for a commercial refer-

ence material. Further, there are no available data that indicate

the stability of these silicon-germanium alloys as a function of

non-isothermal annealing, as would be the case for repeated

calibration measurements using the SRM. We have therefore

conducted thermocyclic Seebeck coefficient measurements to

characterize the stability of each candidate material, between

300 K and 900 K, for a series of 10 sequential thermal cycles.

EXPERIMENTAL

To realize the accuracy requirement for SRM develop-

ment and certification, we designed and constructed a fully

custom high temperature thermoelectric measurement appa-

ratus that enables the unprecedented direct comparison of

multiple probe arrangements, techniques, and sample geome-

tries. Reference 16 comprehensively describes the primary

instrumentation components, measurement capabilities, and

design innovations that culminate in extremely low (and

deterministic) measurement uncertainty. For thermocyclic

stability studies, Seebeck coefficient measurements were

conducted under high vacuum following a triple helium gas

purge cycle. The Seebeck coefficients were measured

between 300 K and 900 K. The maximum sample tempera-

ture was 900 K to minimize dopant precipitation. The entire

measurement procedure was repeated 10 times sequentially

for each sample using the same mounting and contacts (i.e.,

the samples were not removed/remounted between cycles).

Measurement of the relative Seebeck coefficient

requires a minimum of three voltage measurements: one for

the thermoelectric voltage DV and one each for the hot and

cold thermocouple voltage for T2 and T1, respectively, that

determine the temperature difference DT. Acquisition proto-

cols for these parameters adhere to the following criteria,

defined previously3 as (1) the measurement of the voltage

and temperature at the same locations and at the same time;

(2) contact interfaces with the sample that are Ohmic and

isothermal; and (3) the acquisition of small voltages with

minimal extraneous contributions. The measured Seebeck

coefficient Sab is explicitly relative and requires the correc-

tion Sab¼ Sb� Sa, where Sb is the contribution of the second

conductor (platinum), to obtain Sa, the Seebeck coefficient of

the sample (hereafter referred to as S). Using the differential

method, a small thermal gradient DT was applied to the sam-

ple at an average temperature of interest To¼ (T1þ T2)/2,

where T1¼ To�DT/2, and T2¼ ToþDT/2. Here,

S¼DV/DT, where DV is the electric potential, and

DT¼T2� T1 is the applied temperature difference. The max-

imum temperature difference was between 0.001To and

0.02To. We applied an increasing heat flux wherein the

193501-2 Martin et al. J. Appl. Phys. 115, 193501 (2014)
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voltage and temperature difference were simultaneously

recorded in 5 s intervals with gradient heating rates between

5 mK/s and 50 mK/s. The Seebeck coefficient was then

calculated as the slope of the unconstrained linear fit of mul-

tiple electric potential/temperature difference data points

{(DT, DV)}. This avoids the assumption that the experimen-

tal data are collinear with the ordinate (V¼ 0, DT¼ 0) and

eliminates extraneous voltage offsets. However, thermal off-

sets cannot be eliminated using this technique.

We have previously demonstrated experimentally that

the contact geometry, dependent on the thermal interface, is

the primary limit to high accuracy, while the measurement

technique, under ideal conditions, has little influence on the

measured Seebeck coefficient.5 The measurement of surface

temperature by contact (a common high temperature design)

is influenced by intrinsic thermal errors. Application of a

sensor to the surface of the sample modifies the thermal

interaction of the contacted surface with the environment,

inducing a parasitic perturbation of the local temperature

field. This error is larger for the 4-probe arrangement.5

Therefore, we selected the 2-probe contact geometry for

these thermal cycling experiments.

DATA ANALYSIS AND DISCUSSION

The temperature dependence of the raw Seebeck coeffi-

cient data for each of the selected candidate materials is

shown in Figure 1. The room temperature (�295 K) Seebeck

coefficients measured during each of the first thermal cycles

are �29.67 lV/K, 445.66 lV/K, and 118.47 lV/K, for the

constantan, SC-Si90Ge10, and poly-Si80Ge20 samples, respec-

tively. The Seebeck coefficients for each sample appear to

be generally consistent throughout the 10 sequential thermal

cycles. However, statistical analyses are required to mean-

ingfully compare the relative performance of each sample.

We employed multiple regression analysis using paramet-

ric models to interpolate and analyze the thermocyclic vari-

ability in the measurement curves that were sampled at

different base temperatures. We first defined a consensus

mean curve for the data set of individual measurement curves.

Instead of using the mean of fitted regression coefficients for

the measurement curve of each thermal cycle, we used an all

data regression approach.17 A single parametric model was fit

to the complete 10 cycle data set for a given sample

SmðTÞ ¼ SA þ
Xn

i¼1

aiT
i 1� A

T

� �i

; (1)

where Sm(T) is the interpolated value of the Seebeck coeffi-

cient and A is the temperature around which the polynomial

is expanded (295 K�A� 900 K). This form allows physical

interpretation for the units of the coefficients: lV/K for SA

and lV/Kiþ1 for each coefficient ai. For constantan and

poly-Si80Ge20, n¼ 2; for SC-Si90Ge10, n¼ 5, selected to

yield the best fit to the data as determined by a coefficient of

determination, R2. The parametric model was then applied to

the measured data for each individual thermal cycle to com-

pute a set of interpolated curves having specified base tem-

peratures. To determine the distribution of the data, we

computed the pointwise variance v(T) as the mean of the

squares of deviations of each curve from the consensus mean

curve Sm(T) (this can be smoothed by applying a spline

regression). The confidence band for the consensus mean

curve is then Sm(T)¼6 k
ffiffiffiffiffiffiffiffiffi
vðTÞ

p
with k¼ 2 for a pointwise

95% confidence interval.

Uncertainty analysis was conducted in accordance

with recommendations contained in the ISO Guide to the

Expression of Uncertainty in Measurement18 and the proce-

dures and policies outlined in NIST Technical Note #1297.19

Uncertainties associated with the results of the Seebeck coef-

ficient measurements were categorized as components that

can be evaluated statistically (type A) and those that cannot

(type B). Type A uncertainties were obtained as the square

root of the variance function v(T) for the data set of each ma-

terial. Type B uncertainties are systematic in origin and pri-

marily derive from instrumentation, data acquisition, and/or

calibration errors. For type B uncertainty, only those system-

atic uncertainties arising from the measurement of the hot

and cold thermocouples and the electric potential were con-

sidered. We note that the uncertainty component derived

from the thermoelectric voltage was negligible compared to

the temperature components and was therefore ignored. At

295 K, the voltage reading for an R-type thermocouple is

�10 lV and the standard uncertainty is 0.4%. In addition, the

thermocouple manufacturer’s quoted accuracy is 0.25 K.

Therefore, the combined standard measurement uncertainty

for each thermocouple is 0.48% T. The uncertainty in DT is

(0.482þ 0.482)1/2%¼ 0.68%. Consequently, the Seebeck

coefficient, computed as the least square estimate of the slope

based on the data {(DT, DV)}, where the linear regressions

approximate the voltage and temperature difference data bet-

ter than 4r, has the same 0.68% uncertainty. There was also

an uncertainty arising from the average sample temperature

measurement, T, given by the compound average of the col-

lection of sample temperature values obtained for each DT
and DV pair, where each sample temperature was calculated

as the simple average of the hot and cold thermometer meas-

urements. The uncertainty for the average base temperature

was computed easily in terms of uncertainties for individual

temperatures, i.e., [(0.48/2)2þ (0.48/2)2]1/2%¼ 0.34%. The

Seebeck coefficient uncertainty component associated with

FIG. 1. The measured Seebeck coefficient as a function of temperature for

constantan (open circles), SC-Si90Ge10 (open squares), and poly-Si80Ge20

(open triangles) for 10 thermal cycles each.

193501-3 Martin et al. J. Appl. Phys. 115, 193501 (2014)
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this average base temperature uncertainty was then calculated

as ð0:0034ÞTjS0mðTÞj, where S0mðTÞ is the derivative of the

parameterized consensus mean (Eq. (1)). These are combined

for the total type B uncertainty (e.g., the type B relative

uncertainty is �0.7% in the stated temperature range). The

type A and B standard uncertainty components were then

combined using the RSS method (root sum of squares) for a

total standard uncertainty, uc. The total expanded uncertainty

for the Seebeck coefficient measurement curves is then

Sm(T)¼6 kuc with k¼ 2 for a 95% confidence band.

Figure 2(a) plots the Seebeck coefficient for constantan

as a function of temperature for the complete set of 10

cycles, including the consensus mean curve, the type A

expanded confidence intervals, and the total expanded uncer-

tainty confidence bands. To characterize the stability of the

material, we first compare the distribution of the data (the

type A component, obtained as the square root of the var-

iance function v(T) for the data set) with the type B compo-

nent. Figure 2(b) plots the type A and type B uncertainty

components (labeled as rA and rB, respectively) as a func-

tion of temperature. Throughout the temperature range, the

type B uncertainty component is <0.3 lV/K (�0.7% relative

uncertainty). In comparison, the type A uncertainty compo-

nent is smaller at lower temperature, increases monotonically

above 500 K, and exceeds the type B uncertainty at 800 K

and above. The increase in total uncertainty is exclusively

affected by the increase in the variance with temperature.

This result implies variability from within the sample, possi-

bly due to compositional inhomogeneity, rather than from

the instrumentation. We note however, that the type A uncer-

tainty component is very small (�0.5 lV/K at 900 K) and is

well within the uncertainty of most commercial and

custom-built Seebeck coefficient instrumentation.

To characterize the thermocyclic evolution of the

Seebeck coefficient, we next plot the Seebeck coefficient

interpolated at specified temperatures as a function of the

cycle number (Figure 3). The Seebeck coefficient data at

higher temperature appears marginally noisier than at lower

temperature, but are consistent within the type B uncertainty.

Any cycle dependent drift in the Seebeck coefficient is then

quantified by calculating the slope of the unconstrained lin-

ear fit of the data obtained for each temperature. The average

drift in the Seebeck coefficient is �� 21 nV/K per cycle and

is negligible in comparison to the total measurement uncer-

tainty. Based on this analysis, constantan exhibits moderate

stability in the selected temperature range, at least below

800 K. However, the moderately high thermal conductivity

(�19.5 W/mK) of constantan may impose a practical limita-

tion for measurement instrumentation designed to provide

thermal gradient heater power to thermoelectric materials

with specific (but low) thermal conductivity.

Figure 4(a) plots the Seebeck coefficient for SC-Si90Ge10

as a function of temperature for the complete set of 10 cycles,

including the consensus mean curve, the type A expanded

confidence intervals, and the total expanded uncertainty confi-

dence bands. The expanded uncertainty is clearly larger for

this material as compared to constantan and increases with

temperature. As before, we first characterize the stability of

SC-Si90Ge10 by comparing the distribution of the data (the

type A component) with the type B component. Figure 4(b)

plots the type A and type B uncertainty components as a func-

tion of temperature. In comparison to the type B uncertainty

component (�3 lV/K, or �0.7% relative uncertainty through

the temperature range), the type A component increases rap-

idly above 600 K and exceeds the type B component near

700 K, rising to nearly 4� that of the type B component by

900 K. The increase in total uncertainty is clearly dominated

by the increase in the variance with temperature.

We next plot the Seebeck coefficient interpolated at

specified temperatures as a function of the cycle number

(Figure 5). The Seebeck coefficient data at higher tempera-

ture is significantly noisier than at lower temperature. The

cycle dependent drift in the Seebeck coefficient is then quan-

tified by calculating the slope of the unconstrained linear fit

FIG. 2. (a) The Seebeck coefficient for constantan as a function of tempera-

ture for 10 cycles (open circles), including the consensus mean curve (dark

solid black line), the type A expanded confidence intervals (light solid black

line), and the total expanded uncertainty confidence bands (dashed blue

lines); (b) the type A and type B uncertainty components (labeled as rA and

rB, respectively) as a function of temperature.

FIG. 3. The Seebeck coefficient for constantan interpolated at specified tem-

peratures as a function of the cycle number. The solid lines are the slope of

the unconstrained linear fit of the data obtained for each temperature and the

error bars represent the type B uncertainty described in the analysis section.

The symbols are shown in contrasting shapes and fillings for visual clarity.
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of the data obtained for each temperature. The average drift

in the Seebeck coefficient is �� 285 nV/K per cycle. Since

the greatest rise in variance occurs in the intrinsic region

(>800 K),8 and the thermocyclic evolution of the Seebeck

coefficient is more random than cumulative, we suspect the

instability arises from silicon-germanium composition inho-

mogeneity, rather than from dopant precipitation. Thus, we

determine that SC-Si90Ge10 does not exhibit the stability

required for use as a SRM in this temperature range.

Finally, we present the Seebeck coefficient for poly-

Si80Ge20 as a function of temperature for the complete set of

10 cycles, including the consensus mean curve, the type A

expanded confidence intervals, and the total expanded uncer-

tainty confidence bands (Figure 6(a)). To characterize the

stability of this material, we first compare the distribution of

the data (the type A component) with the type B component.

The type A and type B uncertainty components are plotted in

Figure 6(b) as a function of temperature. Throughout

the temperature range, the type B relative uncertainty is

�0.7%. The type A uncertainty component is continuous

(�0.6 lV/K, or �0.5% relative uncertainty) and smaller than

the type B component throughout the entire temperature

range–about 2.5� lower at 900 K.

To characterize the thermocyclic evolution of the

Seebeck coefficient, we next plot the Seebeck coefficient

interpolated at specified temperatures as a function of the

cycle number (Figure 7). The Seebeck coefficient data are

extremely consistent and within the type B uncertainty. The

cycle dependent drift in the Seebeck coefficient is then quan-

tified by calculating the slope of the unconstrained linear fit

of the data obtained for each temperature. The drift in the

Seebeck coefficient, �� 18 nV/K per cycle at 300 K with an

average drift of �� 65 nV/K per cycle for the temperature

range, is negligible in comparison to the total measurement

uncertainty, �2 lV/K at 300 K. Furthermore, the direction of

the drift is in the opposite direction as compared to the trends

observed under long-term isothermal annealing, where the

absolute Seebeck coefficient increases as a function of both

annealing time and temperature.12,13 Based on the above

analysis, we determine that poly-Si80Ge20 exhibits extremely

favorable stability in the selected temperature range.

As an additional evaluation of the thermocyclic stability,

four-probe Hall measurements were conducted at 300 K on

representative silicon germanium alloy samples (sliced using a

wire saw into the approximate dimensions 0.5 mm� 2 mm

� 8 mm) using the Quantum Design PPMS infrastructure and

a custom measurement sequence. Samples were measured

before the first thermal cycle, then after the 5th and 10th ther-

mal cycle, cycled in place with the SC-Si90Ge10 thermocyclic

series. The Hall resistance, RH, was measured as a function

FIG. 4. (a) The Seebeck coefficient for SC-Si90Ge10 as a function of temper-

ature for 10 cycles (open circles), including the consensus mean curve (dark

solid black line), the type A expanded confidence intervals (light solid black

line), and the total expanded uncertainty confidence bands (dashed blue

lines); (b) the type A and type B uncertainty components (labeled as rA and

rB, respectively) as a function of temperature.

FIG. 5. The Seebeck coefficient for SC-Si90Ge10 interpolated at specified tem-

peratures as a function of the cycle number. The solid lines are the slope of

the unconstrained linear fit of the data obtained for each temperature and the

error bars represent the type B uncertainty described in the analysis section.

The symbols are shown in contrasting shapes and fillings for visual clarity.

FIG. 6. (a) The Seebeck coefficient for poly-Si80Ge20 as a function of tem-

perature for 10 cycles (open circles), including the consensus mean curve

(dark solid black line), the type A expanded confidence intervals (light solid

black line), and the total expanded uncertainty confidence bands (dashed

blue lines); (b) the type A and type B uncertainty components (labeled as rA

and rB, respectively) as a function of temperature.
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of multiple positive and negative magnetic fields (�2.5 T<
B< 2.5 T) to mitigate voltage probe misalignment effects and

thermal instabilities. RH values for matching 6B were aver-

aged using multiple zero field measurements. The carrier con-

centration was calculated for each sample using the relation

n¼ 1/[(RH/B)(et)],20 where RH/B is the unconstrained-

intercept fitted slope for the collection of RH and B values, n
the carrier concentration, e the charge per carrier, and t the

sample thickness. These carrier concentration values are listed

in Table I. Prior to any thermal cycling, the carrier concentra-

tion for the SC-Si90Ge10 sample was 3.66� 1018 cm�3 and

1.71� 1020 cm�3 for the poly-Si80Ge20 sample; after the 10th

cycle, the carrier concentration for the SC-Si90Ge10 sample

was 3.37� 1018 cm�3 and 1.75� 1020 cm�3 for the poly-Si80

Ge20 sample. The carrier concentrations were invariant as a

function of the thermal cycle for both materials within the

measurement uncertainty (5%).

CONCLUSION

We have characterized the thermocyclic variability of

the Seebeck coefficient by measuring the temperature de-

pendence of the Seebeck coefficient as a function of 10 se-

quential thermal cycles and by employing multiple

regression analysis for the selected candidate materials: con-

stantan, p-type single crystal SiGe, and p-type polycrystal-

line SiGe. Constantan exhibits moderate stability but at

somewhat lower temperature than the desired range for the

SRM. The temperature independence and magnitude of the

electrical resistivity might not be desirable if resistivity is

included as supplemental data with the Seebeck coefficient

SRM. In addition, the moderately high thermal conductivity

(�19.5 W/mK) of constantan may, in some cases, impose a

practical limitation for measurement instrumentation

designed to provide thermal gradient heater power to ther-

moelectric materials with specific (but low) thermal conduc-

tivity. For SC-Si90Ge10, the measured variance increases

rapidly with temperature and exceeds the instrumentation

uncertainty near 700 K, rising to nearly 4� that of the type B

component by 900 K. At any specified temperature, the

Seebeck coefficient from cycle to cycle shows large varia-

tion. SC-Si90Ge10 does not exhibit the stability required for

use as a SRM in this temperature range. For poly-Si80Ge20,

the variance is nearly continuous much and smaller than the

instrumentation uncertainty throughout the entire tempera-

ture range, about 2.5� lower at 900 K. Based on our analy-

sis, poly-Si80Ge20 exhibits extremely favorable stability in

the selected temperature range. In addition, the electrical re-

sistivity and thermal conductivity values are both suitable

for immediate use in custom and commercial instrumenta-

tion designed for measurements on thermoelectric materials.
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FIG. 7. The Seebeck coefficient for poly-Si80Ge20 interpolated at specified

temperatures as a function of the cycle number. The solid lines are the slope

of the unconstrained linear fit of the data obtained for each temperature and

the error bars represent the type B uncertainty described in the analysis sec-

tion. The symbols are shown in contrasting shapes for visual clarity.

TABLE I. Carrier concentration (cm�3) at 300 K measured on representative

silicon germanium alloy samples as a function of thermal cycles.

0 Cycles 5 Cycles 10 Cycles

SC-Si90Ge10 3.66 � 1018 3.26 � 1018 3.37 � 1018

poly-Si80Ge20 1.71 � 1020 1.81 � 1020 1.75 � 1020
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