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Abstract: Accurate and precise measurement with authentic data dispersion can be considered as a prime tool to realize
any technologies at large scale. In the context of thermoelectric technology, a combination of Seebeck coefficient (o),
electrical conductivity (o) and thermal conductivity (k) are prominent physical parameters that dictate the performance of
thermoelectric materials. In this review article, we have stressed the attention on accurate and precise measurement of
Seebeck coefficient that includes various sources of errors from contact geometry, sensors, measurement techniques and
thermocouple. In addition to this, the solution of minimizing the errors associated in Seebeck measurement has also been

elaborated.
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1. Introduction

Energy industry plays a vital role in developing infras-
tructure of nation and thereby grows the nation by growing
their economy. Power energy can be produced by a number
of conventional means such as fossil fuel power plant (a
cheap and reliable source of energy), hydropower plant,
nuclear power, and biomass plant. However, process pro-
ducing energy by these means either releases a lot of car-
bon dioxide that affects the environment and climate
change or unavailability of abundant number of sites (hy-
dropower plant) and also uncontrolled fission process
through nuclear power plant. Further, nonconventional
renewable sources such as wind and solar sources generate
electricity and release greenhouse gases. In addition to this,
the percentage of waste amount of heat is approximately
70%, which is being considered a main cause of global
warming.

The preservation of environment and energy self-suffi-
ciency can be considered as prime tasks for any developing
country for better quality of life. This purpose can be
realized by recovering the waste heat into useful means of
energy. Thermoelectric technology has a potential to

*Corresponding author, E-mail: misradk @nplindia.org

convert such waste heat into useful energy in the form of
power energy [1, 2]. In addition to this, thermoelectric
technology is regarded as eco-friendly and efficient tech-
nology for conversion of heat into electricity, as we are
aware that plenty of heat sources generated by human
activities can be found in vehicles, manufacturing mills,
power plants and home applications for converting them
into useful electrical energy using thermoelectric technol-
ogy. Importance of this technology is witnessed with its
implementation in many western vehicle industries such as
Volkswagen, BMW Ford and VOLVO, and total 3-5%
power energy was saved in these automobiles by convert-
ing waste heat from their exhaust [3, 4]. Besides this,
thermoelectric has an application in space, electronics and
powering devices. Due to its limited efficiency, it has
always been questionable that whether thermoelectric
technology has a potential to solve the energy demand
problem of the world. However with increasing tremen-
dous amount of interest and exploring the efficient ther-
moelectric materials, it may be expected that this
technology will certainly evolve to address energy effi-
ciency issues than it has in the past.

Thermoelectric technology includes large number of
cascaded thermoelectric module as shown in Fig. 1. It
consists of n-type and p-type legs that were arranged in
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such a manner that they will be electrically in series and
thermally in parallel [5].

The temperature gradient generates the voltage by
phenomena of Seebeck effect, while the flow of heat causes
the generation of electric current, which evaluate the power
output.

Thermoelectric (TE) device efficiency can be deter-
mined by m [6], which is given as

_ AT \/1+ ZTavg — 1
" Ty T F ZTavg + I

where Ty = Hot-side temperature of TE module , Tc =
Cold-side temperature of TE module , AT = temperature
difference between them.

The term (1+ZTan)” 2 varies with the average temper-
ature T,y,. Clearly, device efficiency depends on figure of
merit, ZT, which measures the performance of thermo-
electric materials and a temperature gradient. The ZT is
defined as [5] ZT = I?Zilz where a, o, T, K., K are Seebeck
coefficient, electrical conductivity, absolute temperature,
and electronic and lattice thermal conductivity, respec-
tively. For materials to be highly efficient and their
deployment to design thermoelectric module for certain
desired device efficiency, high values of o and o are
required with low thermal conductivity, which should be
precise and accurately measured. Accurate and precise
measurement of each parameter is crucial to develop the
technology for commercialization.

In the last decades, though, thermoelectric research has
witnessed varieties of materials with high ZT. However,
reproducibility of these materials has been quite chal-
lenging. The issue of reproducibility is associated with
accurate and precise measurement of above-mentioned
thermoelectric parameters [7-9]. Thus, accurate measure-
ment of these parameters with exact quantification with
stated uncertainty and causes of sources of errors affecting
the measurement are vital to be stressed to estimate ZT, to

(1)

gen erated current
e

avoid the errors in the measured ZT and to minimize the
issue of reproducibility. Moreover, no strict guidelines are
given for conducting thermoelectric measurement due to
preformation of measurement for individual properties by
vast number of techniques leading to uncertainty in the TE
measurement [10]. Accurate and precise measurement with
authentic data dispersion can help to realize the thermo-
electric technology. In the context of thermoelectric tech-
nology, though accurate and precise measurement of all
parameters is important, however, if we compare the three
parameters, the most prominent parameter is Seebeck
coefficient in the above-mentioned equation, as it con-
tributes quadratically in evaluation of ZT. It requires the
measurement of potential difference and thermal gradient.
Hence its accurate value from precise measurement is
eventually become more important to be studied. The error
associated with Seebeck measurement is needed to be
rectified in order to obtain a reliable ZT. For realizing the
accurate and precise Seebeck coefficient value, many
researchers have been pointed out the issues related to the
thermal contacts, heat flux and losses [11-14]. Besides
these, there have been questions that how one can extract
the real value of Seebeck from the raw data. In this regard,
J.de.Boor et al.[15] elaborated how to extract reliable and
precise data for Seebeck coefficient from raw data by using
analysis of several quantities such as linear correlation
coefficient of linear fit, their offset, and the 2-point resis-
tance of different measurement circuits.

Keeping these facts in view, herein this review article
we have discussed the measurement technique, measure-
ment geometry with associated errors and sources of errors,
and importance of certified reference materials for mini-
mization of errors in Seebeck measurement.

ceramic substrate

~

p-type material

n-type material

ototnen > B

conductive metal

Fig. 1 Thermoelectric module showing thermoelectric elements wired electrically in series and thermally in parallel [5]
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2. Seebeck Effect and Seebeck Coefficient

The generation of electromotive force in a conductor due to
temperature gradient is known as Seebeck effect. Figure 2
shows the occurrence of Seebeck effect in a circuit con-
sisting two different metals, A and B, kept at different
temperatures. Seebeck coefficient is proportionality con-
stant, which quantifies the TE conversion of applied tem-
perature gradient into an electric potential. The induced
potential will be measured by voltmeter, which is attached
with the circuit (depicted in Fig. 2). The ratio of emergent
potential difference with temperature gradient gives See-
beck coefficient [16] as

ab
A 2
Uab ()

2.1. Conditions of Measurement of Seebeck
Coefficient

Relative Seebeck coefficient measurement includes three
voltage measurements: (a) emergent voltage (TE voltage),
(b) voltage of cold thermocouple and (c) voltage of hot
thermocouple.

In order to describe above parameters, several condi-
tions have been discussed in the literature [13], which are
summarized as follows:

108

Fig. 2 Diagram showing Seebeck effect for two dissimilar materials
A and B

(i) The measurement of voltage and temperature should
be performed at the same point or at the same location
in a given time.

(ii) The contact interfaces of sample with probes must be
isothermal and ohmic.

(iii) There should be minimum voltage offsets during

voltage measurement.

Following the above conditions, the emergent voltage
[17] is given by

T

VAB(TI,Tz):/ocAB(T)dT
" 3)
— [ o) ~ sa(mjar

where oy = known Seebeck coefficient of reference wire,
aa= absolute Seebeck coefficient of sample which is being
measured. Metals A and B are considered to be chemically
and physically isotropic and homogenous, i.e. Vap is a
function of temperature T, and T,, but it is not dependent
on the temperature distributed between interfaces. The sign
of Seebeck coefficient can be positive or negative
depending upon the majority of transport charge carriers.
For n-type, the induced potential is opposite to direction of
temperature gradient and vice versa for p-type. It is
envisaged from many reports that the above conditions
cannot be fulfilled practically, and therefore, some errors
are usually found to be present in the system. For instance,
Martin et al. [13] suggested that the measurement of
voltage and temperature cannot be performed practically at
same time and at same place as well. This is because of the
fact that the definite space is always ubiquitous between
voltage and temperature measurements. Moreover, the
nonzero voltage is present even at AT = 0 which causes
failure for the above-described conditions. All these con-
tribute to significant error in the final value of Seebeck
coefficient leading to unreliable data. Therefore, it is an
essential to understand the errors associated with method,
techniques, geometry, etc. Figure 3 shows flow chart de-
scribing the analysis involved in finding the associated
errors in Seebeck coefficient.

2.2. Geometry Associated With Measurement
of Seebeck Coefficient

Geometry of sample is very crucial to obtain the actual
value of Seebeck coefficient. Generally, two techniques
based on the geometry are being used frequently for See-
beck coefficient measurement, which are given below:
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Analysis involved in finding associated errors with Seebeck measurement

U

potential and temperature.

The effect of asynchronous temporal
and spatial measurement of electric

X

conditions

Thermal contact and atmospheric

N

The influence of different thermal
gradient formation techniques

arrangements

2-probe geometry or axial flow geometry: In this
geometry, sample is placed between the two metal
blocks, and these metal blocks act as a heat source and
heat sink. The thermocouple is attached with metal block
instead of touching the sample directly as shown in
Fig. 4 [18]. One of the features of this geometry is that it
prevents chemical reaction between thermocouple and
sample. However, as metal blocks possess electrical and
thermal resistance, it usually causes offset in the
temperature.

4-probe geometry: In this geometry, the thermocouple
makes direct contact and eliminates the issue of offset in
the temperature. The geometry (shown in Fig. 4b) is
being used commercially such as in ULVAC ZEM-3 and
Linseis LSR-3 system. Nevertheless, few errors or issues
are still found to be associated with this geometry.
Thermal conductance of thermocouple at high temper-
ature causes heat to transfer from the sample to
thermocouple, which is known as cold finger effect that
generates temperature differences across the beads. This
causes errors in measurement of voltage and temperature
of a point at different temperatures. Secondly errors are
prominent at high temperature because at high temper-
ature plastic deformation occurs in soft materials, which
weaken the contact between the sample and
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The influence of different probe

Fig. 3 Flow chart of analysis depicting the nature of errors associated with Seebeck coefficient measurement

thermocouple despite even very good contact between
them in this equipment. Beside this, chances of breakage
of samples due to the presence of spring loading also
occurs, which causes the error in measurement. Sample
preparation and shaping of sample for this geometry are
quite challenging task because most of the TE materials
exhibit brittle nature. Bringing the brittle materials in
particular shape may cause breaking the sample from the
edges and disturb the flatness of sample that causes the
error in measurement because of arising bad contact
between sample and thermocouple.

3. Errors Associated with Contact geometry
and Thermal Contact and Their Minimization

The arrangement of probes gauges the limit of errors as it
increases with temperature. The thermal error generates
intrinsically and influences the temperature of surface by
contact. The sensor present on the medium surface perturbs
the actual temperature measurement due to thermal loss
transfer between sample and sensor, and the sensor and the
environment. This induces the errors in the measurement
and depends on: i) geometry, ii) ratio of total thermal
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a b
V*' TZ
V.: Tl
Two-probe geometry Four-probe geometry

Fig. 4 Diagram showing a two-point geometry and b four-point
geometry

resistance with the sum of contact resistance R, and macro-
constriction resistance R,,, iii) temperature difference of
sample and environment, and iv) thermophysical features
of the system.

The most dominating error in measurements of surface
temperature for TE materials is Ry,. It has always been a
question that which geometry provides accurate measure-
ments for voltage and temperature [13]. For this, Martin
et al. [11] have performed a wonderful exercise on
dependency of Seebeck coefficient on contact geometry by
measuring Seebeck coefficient using both geometry,
2-probe and 4-probe, and then, they have systematically
compared data of Seebeck coefficient values obtained from
these measurement. They observed that data obtained from
both the techniques match very well at room temperature,
while with increasing temperature, the Seebeck coefficient
data was found to be drastically deviated. For instance at
900K, ~ 14% difference in Seebeck coefficient values was
observed between 2-probe and 4-probe measurements.

The errors associated with temperature measurement
were also demonstrated by Martin et al.[11] using an error
model. Figure 5 depicts the factors that cause the thermal
transfer according to thermal contact model. This includes
modification of surface temperature produced due to heat
flux convergence towards the contact location, which is
featured by macroconstriction resistance, R,,, and secondly,
this R, is further perturbed by R.(thermal contact resis-
tance), which is detected by the sensor. In addition to this,
another thermal transfer takes place between sensor and
environment due to the presence of total thermal resistance,
R., which is known as fin effect.

According to this model, error by contact can be
expressed in terms of above-mentioned resistances
[12, 19-21]:

t—1,
O = ——— (4)
U+ 7oz,
Where t = internal temperature , t. = environment
temperature

One can clearly observe that for minimization of tem-
perature measurement errors we must note that a) t.
should be increase so that we may have t~t. and secondly
b) R, and R, should be decrease. On considering the error
model, the measured sample temperature is less than the
actual temperature; therefore, the surface temperature
underestimates in 4-probe geometry. Moreover in 4-probe
arrangement, the hotter probe has greater error as compared
to colder one and therefore overestimates the temperature
measurement and underestimates the value of ao. On
applying the error model for two-probe technique, the
measured temperature is greater than the actual tempera-
ture resulted overestimation of temperature difference,
which leads to underestimating the value of Seebeck
coefficient.

4. Methods for Measuring the Seebeck Coefficient

Methods and its validation with standard protocol are
crucial to realize the accuracy of measurements of any
parameter. Seebeck coefficient measurement is combined
with measurement of voltage and measurement of tem-
perature gradient, which makes it more complicated. In
general, the Seebeck coefficient can be measured by two
methods: (a) integral method and (b) differential method.

4.1. Integral Method

In an integral technique or large thermal gradient (Fig. 6),
one end of sample is fixed at temperature T;, while another
end varies through T, = T{+AT or according to desired
temperature range [13, 22, 23]. On differentiating of
equation 3 w.r.t to T,, we get

o048(T2) = ap(T2) — aa(T2) = VaslTi, 1) (5)
dT

The fitting data for the above-mentioned equation
should comprise minimum oscillations because error gets
amplified on performing the derivative. For minimization
of errors the F-test can be implemented which can
approximate the data. Approximation of derivative in
equation (5) can further minimize the oscillations, and a
derivative with minimum standard deviation can be
evaluated.
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Thermal Flux Convergence ‘

Fin Effect

Thermal macroconstriction Total thermal
resistance, R,,, resistance, R,
—_—

Thermal contact
resistance, R,

Thermal Contact

)‘ Errors in measuring temperature

Fig. 5 Schematic diagram showing causes of thermal transfer which disturbs the actual value of temperature

sample Copper wires

Ty

TS

Reference

F‘F o ———————————

Fig. 6 Scheme diagram of Seebeck coefficient by integral method
4.1.1. Salient Features of Integral Method

In the integral method, there are a large thermal gradient
and large voltage signals, which help in minimizing the
effect of voltage offsets. Therefore, this method is being
widely used for larger-sized samples such as wires, ribbons
and semimetals.

4.1.2. Issues of Integral Method
Maintaining the T; during large temperature gradient at

high temperature needs an extra correction for getting a
satisfactory fitted data for complex asg(T). It is worth

@ Springer

mentioning that there are no criteria, which can give or
determine the accuracy of obtained derivative in this
technique.

4.2. Differential Method

In this method, small AT is provided through the specimen
using gradient heater as shown in Fig. 7 and maintained the
mean temperature at To = (T;4T,)/2. The AT and emer-
gent potential at two points of the sample are measured by
the same thermocouple [24]. Taylor’s theorem with centre
Ty is applied for the expansion of Seebeck coefficient
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aag(T), and the following equation for the Seebeck coef-
ficient is defined as

AVAB > 1
ZVAB T
ar = (o) + D7y

n=1

d*oxp(T) (g)zn
arg” 2 (6)

= O(AB(T) + AOCAB(T())

= oap(To) + Aaap(To) (7)

The Seebeck coefficient by differential method can be
given by the ratio of AV to AT, on condition: AT/Ty<<1
and Aoap/aap<<l if V is directly proportional to Ty, and
latter terms in equation (8) can be ignored.

There exist three conditions in differential method on
the basis of considering observation of time scale. These
include (i) Steady-state condition: This condition in the
differential method was first implemented by Wold [25] in
1916. In this work, Seebeck coefficient was measured
simultaneously with Nernst effect and Hall effect. The
Seebeck coefficient was estimated by linear fitting of
multiple points of AV/AT instead of one point in the
steady-state condition. This condition eliminates the
problem of offset voltages, which generally generate from
inhomogeneity of thermocouple and non-equilibrium of
contact interfaces. However, the main problem with this
condition is difficulty in achieving stable AT, which is
impractical and inefficient. (ii) Quasi-state: This condition
was first developed by Testardi in 1961 and by Ivory in
1962 [26-28]. Quasi-state condition basically provides
increasing heat flux without finding multiple statics; it
measures the multiple data points of AV/AT. In this tech-
nique, nanovoltmeter of high impedance is required. The
enough thermal drift should be there during the switching

and measuring of voltage for distorting of temperature—
voltage correspondence, smearing o. The error that arises
from this is proportional to thermal and voltage drift over
three voltage measurements per data points, and it can be
minimized by temperature gradient with temperature
dependent followed by interpolation of values resultant in
time to the electric potentials and thirdly iii) Transient
state: This method eliminates the problem of thermal sta-
bilization, which occurs in steady-state conditions and is
first introduced by Freeman and Bass [29] and Hellenthal
and Ostholt [13] in 1970. This method includes the sinu-
soidal temperature difference such as ATsin(ot), and the
range of AT is 10 to 500mK and for w/2m is 0.1 to 60 Hz.
Lock-in amplifier is used to obtain Seebeck data from the
corresponding voltage and temperature amplitudes. If we
compare this method to steady-state condition, we will find
that it eliminates the extraneous voltages by modulating the
temperature difference and only uses smaller AT values
which sharpen the structural resolution in ozg(T). How-
ever, a serious concern in this condition that was noticed is
that it is very sensitive to thermal diffusivity, heat capacity,
geometry and mass of the sample, which requires the
adjustments of sample thickness, sinusoidal frequency and
positioning of thermocouples. These conditions are briefly
summarized in the following table for better clarity
(Table 1).

4.2.1. Quantification of Errors in Differential Method

The incorrect evaluation of temperature difference AT
mainly causes the error in measuring thermopower by

Gradient Heater T

Sink

o = AV/AT

AV

offset {

AT

Fig. 7 Scheme diagram for Seebeck measurement by differential method
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Table 1 Comparison of three conditions in differential method

Condition Introduced by

Advantages

Issues

Steady state Wold in 1916 [25]

Contributes in eliminations of

Problem in stabilizing the AT

offset voltages

Quasi-state Testardi in 1961 and Ivory in 1962

[26-28].
Transient state Freeman and Bass and Hellenthal and
Ostholt in 1970 [29].

Measures multiple electric
potential

Eliminates thermal stability
issue and

Multiple high impedance nanovoltmeters is
required

Sensitive to thermal diffusivity, heat capacity,
mass and geometry.

Sharpen the structural
resolution in oag(T)

differential method. The sources of errors in evaluation of
AT can be estimated as per published report [8] that
includes the following

Normally, the calibration of thermocouple does not take
place ideally and therefore create error in the temper-
ature measurement. For instance, at high temperature
for, e.g. 1000K, if difference in thermopower is ~0.1%,
then it results error of 10% in evaluation of AT. Hence,
high quality of thermocouples must be used to avoid the
error, which exhibits homogenous and stable nature for
their properties.

Another source of error occurs due to misbalancing in
the points of measurement between voltage (AV) and
temperature (AT) [30]. There is finite dimension of
junction of thermocouple at the point of electrical
contact. Therefore in real system, flow of heat occurred
along the thermocouple, which leads to detection of
different temperature than the actual temperature that
results error in thermopower. These types of errors
depend on many factors such as cross section of
thermocouple, size of its junction thermal conductivity
of thermocouple, and distribution of temperature in
contact area, hence these factors are not easy to control.
The value of error can be estimated by measuring the
Seebeck coefficient of materials, which are thermally
stable.

5. Factors Causing the Errors in the Measurement
of Seebeck Coefficient

Although many systems for measurement of Seebeck
coefficient have been developed by researchers, potentio-
metric arrangement (four-probe (Fig. 5b) is mostly used by
both commercial equipment and custom-built instruments.
Therefore in this section we have discussed the sources of
errors for potentiometric technique.

The alignment of four-probe technique can be elabo-
rated as [14]:
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The two thermocouple probes make contact with the
sample by maintaining the distance L between the two
probes.

Shape of sample should be rectangular or cylindrical.
Heater is placed above and below the sample, while the
average temperature will be controlled by high-temper-
ature furnace.

The total Seebeck coefficient is calculated by separating
the wire Seebeck coefficient from the total Seebeck
coefficient. The Seebeck coefficient as proposed by Jon
Mackey et al. can be expressed as

AV
@=or + Oyire(T) (8)
o= ZaiZbi —NZa,-b,»

(Ca) N a}

Where a; = probe-to-probe temperature difference

b; = probe-to-probe voltage difference

N = Sampling Size

owire(T)=  Temperature-dependent
coefficient

Measurement of Seebeck coefficient consists of many
factors, which causes uncertainty. The sources of uncer-
tainty in Seebeck coefficient measurement using potentio-
metric technique are discussed by Jon Mockey et al. [40],
which are elaborated as (shown in Fig. 8):

O(Wire(T) (9)

wire  Seebeck

5.1. Factor 1: Cold finger effect

It contributes uncertainty from the surface of thermocouple
thermometry. When a cold thermocouple is used to mea-
sure the temperature of hot surface, then heat is transferred
into it and is known as cold finger effect, resulting in
thermal gradient in the thermocouple. This thermal gradi-
ent will alter the actual temperature of surface and provide
uncertainty in the measurement.
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Wire
discrepancy

Absolute
temperature

Cold-finger

DAQ temperature

NN N

uncertainty

\—) Uncertainty in Seebeck

—

Statistical
variation

L

Wire Seebeck
variation

~

DAQ voltage
uncertainty

Fig. 8 Uncertainty sources possible for errors in Seebeck coefficient measurement

5.2. Factor 2: Variation in wire Seebeck

This error comes from the fitting of equations used for
Seebeck coefficient of thermocouple wire. In addition to
this, 5% error is suggested to add up in the Seebeck
coefficient for thermocouple wire due to alloying or any
other changes that may happen during the measurements.
This error can be minimized by using high calibrated
thermocouple wire.

5.3. Factor 3

Absolute temperature: This deals with the wire Seebeck
coefficient; the absolute value of the temperature is used
and can be within a range of £2 K.

5.4. Factor 4: Statistical variation

Error due to statistical variation is basically generated in
the calculation of Seebeck voltage and temperature dif-
ference between the probes. One can reduce this by con-
trolling the testing profile. It can also be minimized by
taking large sampling size, but for steady-state, it is time-
consuming and for quasi-equilibrium method it is much
easier. Therefore, quasi-equilibrium has a potential to
reduce this error as compared to steady-state.

5.5. Factor 5: Wire discrepancy

Error due to wire discrepancy is basically determined by
the wires used in the measurement. If the calculated See-
beck coefficient data deviate from the standard data, then
this alarms need of changing the probes.

5.6. Factor 6

DAQ voltage uncertainty: It is the data acquisition accu-
racy error, applied to the Seebeck voltage measurement
[14].

5.7. Factor 7

DAQ temperature uncertainty: It is similar to Factor 6, but
emphasizes the temperature measurements, which are
particularly sensitive to measurement error. The incorrect
measurement of temperature leads to voltage offset, which
causes uncertainty in Seebeck coefficient [32]. This error
can be minimized by controlling the temperature and by
applying proper temperature difference.

6. Methods of Estimation for Errors

The error can be calculated by the equation suggested by
Jon Mackey et al. [14]. The uncertainty in b measurement
can be calculated using uncertainty u, as follows

af
+ % a:_l/la (10)

a

b+u, =f(a+u,) ~f(a

All the sources of uncertainty mentioned above can be
estimated using the above method. The uncertainty from
each source is linearly independent, and hence, total
uncertainty may be estimated by combining all them
together and will give total uncertainty.

The uncertainties of the sources must be normalized into
relative uncertainties before they are combined, which can
be expressed as
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1db
_ Ly 1
% = baa|, " (11)
€Total = \/3%1 +ei2 +ei3 + - (]2)

This is treated as the final total uncertainty of b due to
the presence of different sources.

7. Role of Standard Reference Material
in Minimization of Error

The measurement of any parameter causes errors from
different sources, and minimization of these errors is
indeed required to obtain a property value very close to the
actual value. Standard Reference Materials can be used to
calibrate the equipment prior to measurement of unknown
sample. Standard Reference materials are essentially
required to build the confidence of the property value of
unknown sample. Calibrated equipment using standard
reference materials or any validated methods via primary
methods can only provide reliable and authentic data via
minimizing the level of dispersion in acquired data. For
instance, Seebeck standard references materials can be
used to calibrate the Seebeck measurement instrument.
Therefore, the sophisticated equipment in the laborato-
ries must be calibrated so that there will be consistency
with the equipment of other laboratories. Seebeck

measurement without using SRM results in a conflicting
data and uncertainty in the Seebeck coefficient data that
eventually lead to hinder the commercialization in general
[11]. For better visualization of the importance of SRM, a
schematic diagram is shown in Fig. 9.

A journey of Metrology in Seebeck coefficient and
development of Seebeck coefficient SRM can be first seen
from the first standard reference material by National
Institute of Standards and Technology (NIST), USA, in
2011[33]. This SRM of Seebeck coefficient based on
Bi,Te; material is designated as SRM-3451 with expanded
uncertainty ranging from 0.71 V/K to 6.661 V/K and a
coverage factor of 2 for temperature range of 10 to 390 K.

The project of Seebeck metrology was further started by
the metrology institute of Europe in which Bi-doped PbTe
reference material of Seebeck coefficient operating upto
650K was anticipated [34]. The second program was
introduced in 2009 by the International Energy Agency
(IEA-AMT), where Bi,Te; Seebeck SRM was certified for
the temperature up to 473K [35]. This temperature range is
definitely the improvement over the SRM 3451, but some
technical issues were also present. Another RM was
developed by institute of Germany in the TEST project.
For temperature range 300K to 625K, B-doped silicon
germanium alloy was certified by Physikalisch-Technische
Bundesanstalt (PTB); however, reaction of silicon with
gold and platinum thermocouple was persisted [36].
Numerous efforts were done towards the development of

Calibration

Reliable Measurement Consistent Data

Uncertainty budget

Standardized Measurements

Commercialization

Fig. 9 Metrology for commercialization of thermoelectric technology
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stable semiconductor RM for Seebeck coefficient. We
strongly believe that there are still plenty of rooms opened
to explore the Seebeck coefficient SRM for the use in
different temperature ranges, and it is utmost important to
be developed by thermoelectric community to realize the
thermoelectric technology at large scale.

8. Conclusion

In this review article, we have highlighted the various
kinds of errors occurring during the measurement of See-
beck coefficient. Various errors arising from the geometry,
thermal contact, atmospheric conditions, different tech-
niques and probe arrangements are summarized in detail.
The thermal contact model has also been elaborated to
minimize the error produced from contact geometry. A
detail emphasis has been provided on underestimation of
Seebeck coefficient in four-probe measurement technique,
while its overestimation in the case of using two-probe
techniques. Highlights on errors in measuring temperature
are also discussed in this review article.
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