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ABSTRACT 

Traceability and the definition of uncertainty budgets are considered as necessary prerequisites for a 

meaningful characterization of thermoelectric generator modules (TEM). Due to the lag of 

standardized measurement techniques and characterization guidelines users and developers of 

measurement facilities cannot express uncertainty budgets on a normative base, but can only rely on 

own experiences and act according to best practise approaches. Reference samples are an 

appropriate method to investigate the accuracy of measurements and to provide insides into 

strengths and weaknesses of the employed characterization methods. Such references are still not 

available to date for measurements on TEM. In order to overcome this deficit this article discusses 

the applicability of commercially available Bi2Te3-based TEM to serve as metrological reference 

samples.  

Four TEM types from different manufacturers were investigated with regard to their stability, which 

was assessed on the base of the internal electric resistance Ri in the course of different experiments. 

The modules have been tested under constant temperature differences (T = 150°C / 175°C) but 

variable mechanical pressure (2 MPa ≤ p ≤ 3.5 MPa). Further experiments have been conducted 

under constant pressure (p = 3 MPa) and variable temperature differences in order to determine the 

short-term stability. The long-term stability was assessed from thermal cycling experiments with 

observation times between 117 h and 443 h in dependence of the observed module stability. 

Significant differences could be observed regarding the stability of Ri, which ranged from very stable 

module types with maximum changes of Ri < 2.5% to modules with a relatively weak stability 

showing Ri > 13%. The sample-to-sample variation (homogeneity) of Ri was tested in a last step on 

five modules from two most stables types.   

Keywords: Thermoelectric Generator Module, Reference Sample, Standardization, Stability, Pressure 

Sensitivity, Uncertainty Budget, Resistivity 

 

 

1. INTRODUCTION 

Application of thermoelectric generator (TEG) systems is considered to improve the efficiency of 

industrial processes [1,2,3] and mobile applications [4,5,6,7] by direct conversion of waste heat into 

electric energy. TEG comprise one or several thermoelectric generator modules (TEM) and typically 

application specific configurations of heat exchanging components in order to absorb and reject heat 

from or to heat reservoirs, respectively. Each TEM contains a variable number of p/n thermocouples, 



which are connected electrically in series by metallic bridges (Figure 1) and operate under a 

temperature difference between a heat source and a heat sink. In response to this temperature 

difference a thermovoltage is generated due to the Seebeck effect [8]. The thermovoltage can be 

tapped at the terminals of the module in order to supply electric consumers.  

 

Figure 1: Schematic of a thermocouple (a) as the basic element for a TEM (b). The incident heat flow QIn is absorbed at the 
hot side of the TEM, which operates at TH, and released at the cold temperature side, which is kept at TC. A thermovoltage, 
which can be tapped at its terminals, is generated by the TEM due to the Seebeck effect.   

The efficiency  of a TEM is defined as the ratio between electric power output P and the incident 

heat flow at the hot side of a TEM QIn.  
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The maximum conversion efficiency MAX is determined by the Carnot efficiency C = (TH – TC)/TH, 

which depends on the hot side temperature TH and cold side temperature TC at the TEM. Loss 

mechanisms and thermoelectric (TE) material properties affect MAX by the module’s figure of merit 

ZTTEM = S²/(Ri  K)  Tm additionally.  ZTTEM is defined by the effective value of the Seebeck coefficient S, 

the thermal conductance K, and the electric resistance Ri of the module with respect to the 

temperature range of operation and the corresponding mean temperature Tm = (TH – TC)/2 [9]. 
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Improvement of high temperature TE material performance and continuous scientific and 

technological progress on contacting technologies revealed mature prototypes [10,11,12] and led to 

releases of small batch productions by industries [13,14,15,16]. TEM efficiencies between 8.9% [17] 

and 12% [18] could be shown in dependence of the chosen TE material. A precise characterization of 

TEM becomes increasingly important in view of this progress, since a development of markets for TE 

applications and a successful industrialization must be supported by the availability of traceable 

metrology with defined uncertainty budgets for provision of reliable module specifications, definition 

of installation instructions and information on the expected operation life time or degradation rate, 

respectively.  

Due to the lack of guidelines and standards for testing methods the reliable specification of the TEM 

properties, which is ultimately connected to the expression of measurement uncertainties, has 

remained challenging to date. The provision of conclusive data for the quantification of uncertainty 



budgets requires elaborate repetitive experiments in order to identify relevant metrological 

influencing parameters for a wide set of measurands within a statistically meaningful range of 

measurement boundary conditions. Inter-laboratory comparisons of measurement data obtained on 

comparative TEM samples represent an effective way to determine result deviations and to assess 

the reliability of employed facilities by only a limited number of measurements with manageable 

effort. 

High precision characterization methods have to be developed and qualified as primary methods. 

Their results enable the qualification of TEM reference samples with low uncertainties, which are still 

missing up to now. Respective work on high temperature reference TEM has been already started 

[19,20] and will pave the way to quantify uncertainty budgets of used measurement techniques in 

future. Meanwhile commercial TEM, which are mainly available as Bi2Te3-based devices, could serve 

as reference samples, too. Bi2Te3 and its solid solutions with antimony and selenium represent a 

known TE material class, which is widely used since decades for industrial productions of TEM 

devices worldwide [21,22,23,24,25,26,27]. This material class offers a decent device efficiency of up 

to 7.2% [28] but can be only applied to maximum temperatures below 327°C [21] due to the material 

stability of Bi2Te3. Several works have been accomplished in order to protect this material from 

oxidation by application of coatings [29] and to increase its temperature stability by means of 

annealing techniques [30,31,32] or compositional modification by addition of elements [33,34,35]. 

Though ZT-values > 1 have been published even up to temperatures of 500°C [36] the maximum 

application limit of commercial Bi2Te3-based TEM devices remained practically below 300°C [37]. 

However, as long as certified reference TEMs are not available, commercial Bi2Te3-based TEM 

represent the best alternative for metrological investigations.  

According to requirements on the qualification of reference samples [38] the functional stability and 

similarity (homogeneity) of TEMs have to be proven in first place. As long as temperature dependent 

functional properties coincide with representative TEM characteristics, a maximized performance 

(power output, efficiency) plays only a secondary role for reference modules. Even reversed, it might 

be beneficial for the case of a metrological reference module to base on a mature TEM technology 

with only moderate module performance in favour of a possibly lower functional degradation, which 

in turn would yield low uncertainties and longer utilization periods of qualified reference samples.   

Investigations on Bi2Te3-based TEMs from four different industrial manufacturers are reported in this 

work including the derivation of the uncertainty budget for the determination of the internal electric 

resistance Ri. The modules have been tested initially under variable mechanical pressure conditions 

and constant temperature differences of 150°C or 175°C, respectively. In order to assess functional 

stabilities thermal cycling experiments have been performed subsequently on the hot side 

temperature between 100°C/125°C and 200°C/225°C/250°C in dependence of the module type. The 

pressure sensitivity of each module type was assessed by changes of Ri, while the evolution of Ri in 

response to cyclic thermal loads served for the evaluation of short- and long-time stabilities. Two 

module types with superior stability proceeded to additional tests regarding their homogeneity 

(similarity of Ri).  

Due to a too short observation time (long time stability) and limited sample number (homogeneity) 

the extent of measurements performed in this work does not fulfil legal requirements, which are 

formulated for the certification of reference samples by applicable provisions of the International 

Organization for Standardization (ISO) within the ISO-Guide 35 [38]. However, the reported work 



represents a step towards the yearned standardization of TEM metrology and pursues the central 

aim of the qualification of suitable comparative samples for later inter-laboratory tests. TEM round 

robin tests shall be conducted among renowned thermoelectric laboratories for the first time and 

will be reported in a subsequent publication. Hereby characterization of TEM modules will 

perspectively catch up the significantly advanced level of metrological standardization of TE material 

characterization, which is given by available reference samples for integral measurements of the 

Seebeck coefficient [39,40], publications on best practice measurement approaches [41,42], and 

accomplished international round robin campaigns on transport property measurements [43,44,45]. 

2. Experimental 

Section 2.1 starts with a brief survey on the custom-made characterization facility “TEGMA” 

(Thermoelectric Generator Measurement Apparatus), which is operated at DLR. Herein we report 

basic device specifications only, while a detailed description of this apparatus has been reported 

together with underlying characterization methods in a previous work [46]. However, the uncertainty 

of the measurement of Ri is derived in detail within section 2.2, too, since it has a strong relevance 

for the discussion of results of the conducted test program. Basic information on the investigated 

TEMs and details about the conducted test program are presented in the following sections 2.3 and 

2.4, respectively. 

2.1 Thermoelectric Generator Measurement Apparatus 

The TEGMA (Figure 2) offers a fully automated TEM characterization under application conditions. It 

consists of a vacuum recipient, a control cabinet, a linear actuator (Mini3, Framo Morat) for pressure 

adjustment, and an external chiller (Unistat 815, Huber) for the rejection of heat at the cold side of 

the measuring section. Besides other components, the control cabinet accommodates a DC-power 

supply (XKW150-20, Xantrex) for the used heater and a Proportional-Integral-Differential (PID) 

temperature controller (2216e, Eurotherm) in order to adjust thermal conditions during TEM 

experiments.  

 

Figure 2: Measuring Section (a) of the TEM characterization facility “TEGMA” (b) at DLR. 

The electric characterization is accomplished by means of a DC electronic load (EA-EL 9400-50, 

Elektro-Automatic), which is connected to the terminals of the TEM for adjustment of the load 



current I. The TEM current I is determined by a measurement of the voltage drop Vref over a shunt 

resistor Rref = 0.1  (PBV0.1, Isabellenhütte) with a low tolerance of ±0.5% [47]. Voltages and signals 

from temperature sensors are fed to a multiplexer card (7708, Keithley). The multiplexer is 

integrated within a digital multimeter (DMM 2700, Keithley), which offers an accuracy of ± (30ppm of 

reading + 5ppm of range) [48]. Considering a rectangular probability distribution within this interval 

leads to following maximum uncertainties in dependence of the available range settings of this DMM 

(Table 1). 

Table 1: Maximum standard measurement uncertainties for direct current (DC) voltage measurements of the Keithley 2700 
DMM in dependence of its range settings. The uncertainty for the 1000 V input range is omitted due to missing relevance. 

Range 100 mV 1V 10V 100V 

u(V) ±2.02 µV ±20.2 µV ±202 µV ±2.02 mV 

The TEGMA uses a heating wire inside an Inconel heating plate to provide the heat flow to the 

measuring section. The heat flow is removed from the measuring section by a cooling plate, which is 

connected to the external chiller. The measuring section consists of an oxygen-free Cu heat 

exchanger, which is placed between the heater and the TEM, and an oxygen-free Cu heat flow meter 

(HFM) located between the TEM and the cooling plate (Figure 3). 

 

Figure 3: Measuring section of the TEGMA facility for TEM characterization prior to its thermal damming. 

Five type-N thermocouples (0.5 mm diameter, Inconel sheath, 1NI05/1000/MP/FM.N, 

ThermoExpert) are placed along the central axis of the HFM. The sensors measure the cold side 



temperature TC at the TEM by an extrapolation technique. The hot side temperature TH of the TEM is 

obtained from three sensors (same type as for the HFM), which are placed along the central axis of 

the hot side heat exchanger.  

A 0.2 mm thick graphite foil (Dr. Fritsch Sondermaschinen GmbH) is used for thermal coupling 

between all parts of the measuring section (heater, heat exchanger, TEM, heat flow meter, cooling 

plate). New foils are used at every sample installation. The measuring section is mechanically loaded 

by a linear actuator, which provides an axial pressure on the column in order to reduce thermal 

contact resistances between the stacked components. The force is transmitted by a spring package 

underneath the cooling plate (Figure 4b). These springs reduce pressure variations during thermal 

cycling of samples, which could occur due to a thermal expansion of involved components within the 

stack. The force is measured by a strain gauge force transducer (C9B, HBM), which is regularly 

calibrated against an in-house calibration standard (Figure 4a).  

  

Figure 4: Calibration of the force sensor at the TEGMA facility against an in-house calibration standard (a). A spring package 
(b) is installed underneath the cooling plate. The springs apply a force on the TEM and reduce undesired pressure changes 
during measurements, which could be caused by thermal expansion of components in the force transmission path. 

Temperatures at the hot and cold side of the TEM are adjusted by means of respective set points for 

the temperatures of the heater and the cooling plate. The open loop voltage V0 is measured after 

temperature stabilization. V0 is determined by the number of thermocouples Npn within the TEM, the 

effective Seebeck coefficient per thermocouple Seff and the present temperature difference T. 
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Following the measurement of V0 an electric direct current (DC) through the TEM is adjusted, which 

alters the temperature conditions due to the Peltier effect [49]. The entire current range is typically 

chosen from open loop (I = 0 A) up to the short circuit current ISC. ISC depends on the temperature 

conditions and is characteristic for each TEM sample type. Both values, the current I and the terminal 

voltage V are measured twenty times at every current set point in order to calculate measurement 

uncertainties and mean values, which average out the impact of statistical signal noise.  

Evaluation of the resulting I-V-characteristic (Figure 5) gives access to the internal electric resistance 

Ri of the module. Ri is measured at DLR by means of a Rapid-Steady-State (RSS) method [46] in order 

to compensate the decreasing open loop voltage V0*(I) with increasing current flow. This approach 

avoids an overestimation of Ri, which would occur at fixed heater and cooler temperatures by a 



direct evaluation of the slope V/I. The reduction of V0*(I) is attributed to the decreasing 

temperature difference across the TEM due to the transported Peltier heat, which is proportional to 

the electric current flow [49]. Ri is evaluated at different electric currents from differences between 

steady state terminal voltages V(I) and corresponding values of the reduced open loop voltage V0*(I). 

The procedure is described in detail within Ref. 46.    
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Figure 5: The I-V curve shows the terminal voltage V at the TEM as a function of the current flow I (full black symbols) at 
fixed heater and cooler temperatures. The Peltier effect causes a decreasing temperature difference at the TEM and 
lowered open circuit voltage V0*(I) (blank red symbols) with increasing current flow as a result of the limited thermal 
conductance of the heat transferring components in series to the TEM. 

2.2 Uncertainty of electric resistance measurements 

In accordance to the “Guide to the expression of uncertainty in measurement” (GUM) [50] the 

combined uncertainty u(Ri) is determined from a geometric sum of terms, which represent individual 

uncertainty contributions of every input variable of equation 4. Every term consists of a product of 

the standard measurement uncertainty u and the corresponding sensitivity coefficient c of a 

particular input variable.  
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The sensitivity coefficients c can be determined from partial derivatives of the measuring function 

(equation 4) with respect to the actual input variable. 
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Here, I1, I2, V1, and V2 denote best estimates of every measured value. Every estimate equals the 

expectation (mean) value of the respective result distribution, which forms from the number of 

captured signal readings. Standard uncertainties for voltage measurements u(V1), u(V0_1), u(V2), 

u(V0_2) are either equal to the measurement uncertainty of the used digital multimeter (±0.5 µV) or 

relate to the distribution width of the recorded readings, whichever is greater. Such distributions can 

stem from signal fluctuations due to statistic noise, temperature variations and fitting errors during 

the processing of transient voltage signals according to the RSS-method. If result distributions 

become broader than expectable from the uncertainty of the DMM, which is the regular case here, 

standard uncertainties are calculated for Gaussian result distributions according to equation 12, 

which is based on the full width at half maximum value (FWHM) of a respective set of values. 
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If result distributions do not show a Gaussian but random distribution, the uncertainty of a 

measurement is calculated on the base of the empiric standard deviation s [50,51]. 
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Herein, N denote the number of readings (in this study N = 20), Vj is the value of the jth reading, while 

��  is the mean value of all readings. According to equation 14 the standard deviation s gives access to 

the standard uncertainty u of a measurement.    
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The measurement function of the TEM current I is given by equation 15, in which VRef represents the 

voltage drop over the shunt resistor Rref. 
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The uncertainty of the current measurement u(I) is calculated as a combined uncertainty within a 

sub-model. It consists of uncertainty contributions from the voltage measurement VRef and the 

contribution due to the tolerance of the shunt resistor RRef. 
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Sensitivity coefficients are calculated again from partial derivatives of the underlying measurement 

function (equation 15). The best estimate for VRef and the standard uncertainty u(VRef) is determined 

analogous to the above described voltage uncertainties. The best estimate RRef = 0.1 m, while its 

standard uncertainty u(RRef) = 0.5 m in accordance to the specified resistor tolerance. 

A single and universal value cannot be expressed for u(Ri) due to its dependence on voltage and 

current ranges, which are individual for every module type and correlated to measurement boundary 

conditions. With anticipation of characterization results obtained on the first set of tested TEMs 

during the initial measurement M01 (Table 4) the following table 2 summarizes the quantitative 

evaluation of u(Ri) according to equation 5. Additional information on best estimates, sensitivity 

coefficients and individual uncertainty contributions are given for every input variable within the 

supplementary information Table S1 of this article (“S” denotes a supplementary information). 

Table 2: Characterization results of the first module measurement M01 (refer to Table 4) with measured value of Ri and 
resulting uncertainties u(Ri) according to equation 5. Uncertainties are shown for every module by an absolute value and 
relatively to Ri. 

Module type A B C D 

Ri from M01 [] 3.58 2.15 22.74 0.74 

u(Ri) [m]     55.51 32.69 219.68 16.89 

u(Ri) [%]   1.55 1.52 0.96 2.28 

2.3 Thermoelectric Generator Modules 

Four types of Bi2Te3-based thermoelectric generator modules have been chosen for the tests. Every 

module is offered as a regular product by a different manufacturer. Table 3 summarizes available 

information and product specifications. 

Table 3: Information about the tested modules is taken from manufacturer specifications. Module type C was purchased 
from a distributor. The place of manufacturing is unknown for this type. The given geometry data does not refer to the 
overall dimensions of the modules but to the cross-section area, which is available for thermal coupling (active area). The 
nominal hot and cold side temperatures Th and Tc refer to testing conditions of specified module properties. 

Module type A B C D 

Place of 
manufacturing 

USA Japan Unknown China 

Geometry [mm³] 40x40x3.5 51.5x51.5x4.5 54x54x3.4 50x50x3.5 



Maximum Th [°C] 230 280 200 200 

Nominal Th [°C] 230 280 175 200 

Nominal Tc [°C] 50 30 50 35 

Ri [] 3.46 1.15 (@ 27°C) 20 0.67 

Maximum P [W] 7.95 24 6.8 Unknown 

Maximum  [%] 4.97 7.2 Unknown Unknown 

2.4 Test program 

Initially one module from each TEM type was tested under a variable mechanical pressure p between 

2 MPa and 3.5 MPa (M01 – M04) in order to determine the involved sensitivity of Ri. The selected 

pressure range did not account for lower values between 0.1 – 1 MPa, since Type A modules require 

a minimum pressure of 2 MPa according to rated manufacturer specifications. To avoid a changing 

impact of the thermal coupling resistance between the modules and the measurement configuration, 

higher pressure levels between 2 MPa and 3 MPa have been applied during tests in order to obtain 

comparable conditions at the module boundary surfaces for every tested TEM type. However, it can 

be assumed that the pressure sensitivity of Ri would be higher with decreasing pressure level, which 

could increase observable deviations during inter-laboratory data comparisons due to uncertainties 

connected to the setting and control of effective axial pressure. These tests were conducted at a 

constant cold side temperature TC = 50°C and in dependence of the module type at constant 

temperature differences T = 150°C and 175°C, respectively. Weak or unstable electric contacts 

within TEM can be occasionally identified by the pressure sensitivity of Ri. Apart from an assessment 

of the contact stability these tests should quantify the possible impact of uncertainties during 

pressure settings, which might occur in later comparative measurements in the course of a round 

robin test and could contribute to observable deviations of different measurands among 

participating laboratories, too.  

The short-term stability was tested subsequently on the same set of modules but after a 

reinstallation with the use of new graphite foils for thermal coupling of components within the 

measuring section. These tests have been conducted at 3 MPa and at a constant cold side 

temperature of 50°C. The hot side temperature was cycled several times (M05 – M09) between 

100°C / 125°C and respective maximum application temperatures for continuous operation. During 

tests of the pressure sensitivity and the short-term stability investigation the temperature 

stabilization time was set relatively to the remaining temperature drift at the TEM, which was limited 

to a maximum value of 0.15 K/min. Once a particular temperature set point stabilized, determination 

of the open loop voltage V0 initiated the measurement of the I/V-characteristic in order to determine 

Ri. The current I was adjusted in nine steps between open loop and short circuit conditions. At each 

of the current set points the same temperature stabilization criterion (maximum drift of 0.15 K/min) 



had to be met prior to the measurement of the terminal voltage V and the current-dependent open 

loop voltage V0
*(I) for determination of Ri (equation 4). 

The long-term stability was tested on a second set of modules (one from each type) in a next step 

(M10). These measurements were conducted at 3 MPa and at a constant cold side temperature 

TC = 50°C. The hot side temperature Th was cycled between 125°C and 225°C for type A and B 

modules, while other types were cycled between 100°C and 200°C. The lowered hot side 

temperature for the second group was chosen since results from M05-M09 revealed a worse 

functional stability for these TEM types. During long-term stability investigations the temperature 

stabilization time was set to 20 minutes at every temperature set point. The measurement of Ri 

(equation 4) was accomplished by only three current set points per temperature step, effectively 

quartering the current range between open loop and short circuit conditions. The stabilization time 

after each current change was set to 10 minutes. In contrast to the setting of a maximum 

temperature drift this procedure was chosen in order to maximize the number of hot temperature 

cycles within a given time. 

After the long-term stability measurement further homogeneity tests (M11) were carried out on a 

third module set with modules of type A and B only due to their superior stability. The third set 

comprised three additional modules of both types, which were characterized at Tc = 50°C, while one 

temperature cycle was performed at the hot side between 100°C and 200°C. Table 4 summarizes the 

test program and gives an overview on the respective measurement conditions, number of 

temperature cycles, and duration of each run.  

Table 4: Test program overview. 

Measurement 
M01 – M04  
(Pressure) 

M05 – M09  
(Short-term) 

M10  
(Long-term) 

M11 
(Homogeneity)  

Module type A B C D A B C D A B C D A B 

Th set points 
[°C] 

225 200 
125 
175 
225 

100 
150 
200 
250 

100  
150  
200 

125 
175 
225 

100 
150 
200 

100 
150 
200 

Tc set point 
[°C] 

50 

Pressure set 
points p [MPa] 

2  2.5  3  3.5 3 

Number of 
cycles of Th 

0 - constant T 3 3 2 3 119 41 151 98 1 1 

Duration per 
TEM [h] 

12 9 13 12.5 54 60 41 47 330 117 443 253 17 18 

Module set / 
TEMs per type 

1st / 1 2nd / 1 3rd / 3 

3. Test results 



3.1 Pressure tests (M01-M04) 

The efficiency of a TEG is determined by the effective temperature difference across the installed TE 

materials. Any parasitic temperature drop along the heat transmission path between the heat source 

and the heat sink lowers the performance of a TEG. Therefore, TEMs are usually clamped under 

mechanical pressure between heat exchanging components with the use of thermal interface 

materials (TIM) in order to reduce thermal contact resistances at the boundaries of a TEM. With 

regard to individual solutions for a TEG-system assembly several references point out to the impact 

of the applied mechanical pressure on the system performance [52,53,54] and the suitability of 

different TIMs like foils, greases, multi wall carbon nano tubes or copper particles [55,56,57]. The 

mentioned works [52,53,54] tested the pressure impact on T and provided discussions on resulting 

changes of the electric power output. Due to the impact of the applied pressure on functional TEM 

properties their sensitivity must be characterized not only for a design optimization of an application 

system but likewise for the qualification of a metrological TEM reference sample, since it might 

indicate a lacking parallelism of the TEM coupling faces (changing T) or a weak or unstable electrical 

coupling within a TEM (changing Ri). In order to reduce the impact of uncertainties of pressure 

settings on measurand comparisons in the course of a later round robin campaign, a module type 

with a preferably low or moderate pressure dependency of its properties should be chosen as a test 

sample. However, apart from the question of the pressure impact on the external thermal coupling 

of a TEM the applied pressure might have an effect on internal electric contact resistances, too, 

which are governed by the quality and stability of multiple interfaces between metallic bridges and 

TE legs (Figure 1). To the best of our knowledge a discussion on a pressure-induced change of Ri was 

not documented in literature before.         

Figure 6 shows the outcome of the pressure sensitivity of Ri, which was tested in the course of M01-

M04 on the first set of TEM samples. From expectation Ri should decrease with increasing pressure, 

since possibly existing cavities at the interfaces between metallic bridges and TE-legs could be 

successively closed.  



 

Figure 6: The pressure sensitivity of Ri characterized during M01-M04 for different modules types (a. - Type A, b. - Type B, c. 
- Type C, d. - Type D).  

Except for the module type C this trend was confirmed for every other tested type. The increasing Ri 

of type C does not stem from a pressure influence but most likely from a temperature-induced 

module degradation, as will be shown later (section 3.2). However, qualitative differences could be 

likewise observed among the other module types. While modules A and B showed first signs of a 

saturation of the pressure dependency of Ri at highest loads, this was not observed for type D, which 

revealed a linear trend over the entire pressure range. 

Table 5 summarizes the outcome of the pressure tests on Ri. As can be seen modules of types A and 

B showed lowest absolute changes of Ri and, when neglecting results of type C due to its supposed 

functional instability, minimum relative changes, too.       

Table 5: Maximum change of Ri within a pressure interval of 1.5 MPa. The data reflects maximum absolute changes and 
relative differences in relation to starting values of Ri at 2 MPa.  

Module type A B C D 

Ri [m] -38 -36 +300 -61 

Ri [%] -1.07 -1.67 +1.32 -8.68 

Clear trends could be observed for the pressure dependencies of Ri. However, maximum values of 

Ri in Table 5 have to be set into relation to the measurement uncertainty of u(Ri), which is given in 

Table 2. This comparison confirms that Ri remained within the measurement uncertainty only for 

the type A module, while it exceeded u(Ri) only by 4 m for the type B module. Although reasonable 



pressure dependencies of Ri have been obtained for these two module types, quantification of a 

pressure induced change of Ri cannot be given without doubt. For module types C and D Ri 

exceeded u(Ri) significantly, which confirms at least a causal pressure influence. 

For the sake of completeness, further results of M01-M04 have been summarized within the 

supplementary information S2. Figures in S2 show additionally the open loop voltage V0, heat flow Q 

(at open loop conditions), maximum power output PMax, and maximum efficiency Max in dependence 

of the applied pressure. It should be noted here, that this evaluation revealed distinct differences 

compared to specified performance key figures, which have been claimed by the manufacturers. 

These differences can be either caused by unknown uncertainty budgets of the employed 

characterization techniques for module specification or fundamental deviations with regard to TEM 

installation and boundary conditions. A clarifying analysis is not feasible yet due to unknown details 

of the utilized characterization techniques, which are operated by manufacturers. However, the 

result comparison given by S2 confirms the high module quality of type A and B TEMs with regard to 

their superior module efficiencies.   

3.2 Short-term stability (M05-M09) 

The degradation of functional TEM properties is a complex and ongoing field of research, which gave 

proof of a variety of possible reasons for module deterioration like for instance thermo-mechanically 

induced contact failure [58,59,60], material evaporation [61], oxidation [62], evolution of 

microstructures and phase transformations [63,64] or contact diffusion [65,66,67]. However, most of 

the reported investigations on TEM stability point out to temperature-induced module degradation 

mechanisms. The stability of functional properties is one of the most important features of reference 

samples, since it builds the base for meaningful device tests and valid calibration procedures. 

Therefore, in extreme cases reference samples must comply with property specifications at least for 

the duration of a single measurement, which is assured in principle once a sufficient short-term 

stability can be proven. All modules from the first set have been cycled on the hot side temperature 

up to three times (M05-M09), in order to reproduce a typical sample utilization for the duration of a 

single measurement with a low number of repetitive thermal cycles. Results of these experiments 

are displayed within Figures 6 – 9 together with the temperature profiles for M01-M09. A detailed 

quantitative evaluation of M05-M09 can be found in S3 within the supplementary information of this 

article. Tables in S3 comprise evaluations of temperature dependent mean values of Ri, 

corresponding standard deviations (Ri) and maximum observable changes Ri. 



 

Figure 7: Temperature history (a) and evolution of the temperature dependent electric resistance Ri (b) of module type A in 
the course of measurements M01 – M09. 

 

Figure 8: Temperature history (a) and evolution of the temperature dependent electric resistance Ri (b) of module type B in 
the course of measurements M01 – M09. 

 

Figure 9: Temperature history (a) and evolution of the temperature dependent electric resistance Ri (b) of module type C in 
the course of measurements M01 – M08. 



 

Figure 10: Temperature history (a) and evolution of the temperature dependent electric resistance Ri (b) of module type D 
in the course of measurements M01 – M09. 

Table 6 shows a summary of the evaluation of the short-term stability test. The displayed standard 

deviations have been averaged from temperature dependent data, which is given in Tables S3. 

Table 6: The absolute and relative standard deviation (��)�������� was averaged from temperature dependent values (Tables S3), 

which were obtained from results of Ri during M05-M09. The maximum change Ri reflects the maximum observable 

difference of Ri at any temperature TH. The relative value of Ri gives the maximum change in relation to the mean value of 
Ri. 

Module type A B C D 

s(��)�������� [m] 2.88 11.48 104.9 16.1 

�(��)��������[%] 0.08 0.59 0.49 2.82 

max. Ri [m] 9 23 329 44 

max. Ri [%] 0.253 1.33 1.49 8.68 

 

Type A and B modules revealed an excellent stability of Ri. For type A changes of Ri lead to a 

maximum standard deviation (Ri) < 5 m at TH = 225°C, which equals less than 0.14% of the 

respective mean value of Ri at this temperature (Table S3-1). Even lower deviations could be 

observed for the type A module at lower temperatures. Overall, the mean standard deviation over 

the entire temperature range was (Ri) = 2.88 m corresponding to an averaged relative standard 

deviation of 0.08% (Table 6), which is far below the measurement uncertainty of 1.55% (Table 2). 

Even maximum changes Ri stayed significantly below the uncertainty limit for type A module. The 

type B module showed slightly higher absolute standard deviations at TH = 100°C and TH = 250°C of 

approximately 11.6 m, which corresponds to 0.7% and 0.5% of the mean value at respective 

temperatures (Table S3-2). At intermediate temperatures TH = 150°C and TH = 200°C the deviation of 

Ri was 4 m and 9 m, which equals 0.2% and 0.45% of the mean values of Ri at these 

temperatures. Overall, the mean standard deviation for the type B module was (Ri) = 11.48 m 



over the entire temperature range corresponding to an averaged relative standard deviation of 

0.59% (Table 6), which is within approximately 40% of the measurement uncertainty of 1.52% (Table 

2). Maximum changes Ri of the type B module stayed within the uncertainty limit, too.  

Type C and D modules revealed a continuous change of Ri but with reverse signs of their evolutions. 

Similarly, as for the tests with varying pressure but constant temperature differences (M01-M04) Ri 

showed a continued monotonous increase for type C and a decrease for type D at constant pressure 

but varying temperature differences in the course of M05-M09. Although standard deviations (Table 

6) kept within the uncertainty budgets and change rates of Ri seem to reduce over the number of 

temperature cycles, it becomes apparent from Figures 9b and 10b that Ri of module types C and D is 

not stable under the tested conditions. While changes of Ri could be caused by the varying pressure 

and/or the temperature impact during M01-M04, results from M05-M09 suggest that that the 

observed change of Ri is mainly caused by the temperature impact. Further tests would be necessary 

to clarify whether the change of Ri is caused dominantly by the holding time at elevated hot side 

temperature or by effects from cyclic thermal conditions. During the short-term stability test the 

type C module showed a maximum standard deviation (Ri) < 155 m  at TH = 150°C corresponding 

to 0.7% of the respective mean value (Table S3-3). This is still within the measurement uncertainty of 

0.96% (Table 2). However, the corresponding maximum change of Ri was determined for this module 

type with Ri = 329 m (Table 6). This equals a relative difference to the mean value of 1.49%, which 

lies above the measurement uncertainty and confirms a module degradation. Same holds for the 

type D module, which showed a maximum standard deviation (Ri) < 17.23 m  at TH = 100°C 

corresponding to 3.4% of the respective mean value (Table S3-4). This standard deviation already 

exceeds the measurement uncertainty budget, which was specified for module type D u(Ri) = 2.28% 

(Table 2). The maximum change of Ri was determined for this module type with Ri = 44 m (Table 

6). This equals a relative difference to the mean value of 8.7%, which lies significantly above the 

measurement uncertainty effectively confirming a functional instability of the type D module under 

the tested conditions. 

3.3 Long-term stability (M10) 

Practically and from an economic point of view reference samples have to offer stable properties 

with low uncertainties not only for the duration of a single test but for longer periods or series of 

measurements, in order represent convenient solutions for daily laboratory practise. This quality is 

ensured by tests of the long-term stability, which have been conducted on a second set of modules 

(one from each type). The following Figures 11-14 show the respective temperature profiles and the 

evolution of Ri for each module type in response to the applied cyclic thermal load. A detailed 

quantitative evaluation of M10 can be found in S4 within the supplementary information of this 

article. Tables in S4 comprise evaluations of temperature dependent mean values of Ri, 

corresponding standard deviations (Ri) and maximum observable changes Ri. Additional data on 

the open loop voltage V0 and the heat flow Q, which was measured at the cold side under open loop 

conditions, are given in S5 within the supplementary information of this article.   



 

Figure 11: Temperature history (a) and evolution of the temperature dependent electric resistance Ri (b) of module type A 
in the course of measurements M10. 

 

Figure 12: Temperature history (a) and evolution of the temperature dependent electric resistance Ri (b) of module type B 
in the course of measurements M10. 

 

Figure 13: Temperature history (a) and evolution of the temperature dependent electric resistance Ri (b) of module type C 
in the course of measurements M10. 



 

Figure 14: Temperature history (a) and evolution of the temperature dependent electric resistance Ri (b) of module type D 
in the course of measurements M10. 

Table 7 shows a summary of the evaluation of the long-term stability test. The displayed standard 

deviations have been averaged from temperature dependent data, which is given in Tables S4. 

Table 7: The absolute and relative standard deviation (��)�������� was averaged from temperature dependent values (Tables S4), 

which were obtained from results of Ri during M10. The maximum change Ri reflects the maximum observable difference 

of Ri at any temperature TH. The relative value of Ri gives the maximum change in relation to the mean value of Ri. 

Module type A B C D 

s(��)�������� [m] 12.67 10.24 803 10.36 

�(��)��������[%] 0.37 0.52 3.4 1.71 

max. Ri [m] 78 78 2900 52.3 

max. Ri [%] 2.43 4.3 13.1 9.16 

The type A module (Figure 11) showed a minor increase of Ri in the course of M10. The mean 

standard deviation over the entire temperature range was 12.67 m or 0.37% of the mean value of 

Ri (Table 7), respectively. This is again below the uncertainty limit of the resistance measurement. 

The maximum observable change during the entire duration of M10 with 119 thermal cycles for this 

module type was Ri = 78 m. This equals a maximum Ri per cycle of only 0.65 m. The type B 

module (Figure 12) confirmed its high stability in the course of M10, too. This module showed a slight 

trend of decreasing values of Ri. The average standard deviation over the entire temperature range 

was 10.24 m or 0.52% of the mean value of Ri (Table 7), effectively staying within the measurement 

uncertainty budget. The maximum observable change was Ri = 78 m. This corresponds to a 

maximum Ri per cycle of 1.9 m. Both modules showed a stable thermal coupling over the entire 

duration of M10, as can be seen from the almost constant values of V0 and Q within the 

supplementary information S5 (Figures S5-1 and S5-2).  



The highest degradation during M10 was observed for module type C (Figure 13) with a monotonous 

increase of Ri, which showed first signs of stabilization only after 400 h of testing. The mean standard 

deviation over the entire temperature range was 803 m or 3.4% of the mean value of Ri (Table 7), 

which is significantly above the measurement uncertainty. The type C module showed the highest 

absolute and relative change Ri with 2900 m or 13.1%, respectively. Considering the total number 

of thermal cycles, this corresponds to a maximum Ri per cycle of 19,2 m. Apart from the 

continuous degradation with regard to Ri, the thermal coupling of the type C module did not remain 

stable, too. The type C module was the only module showing this behaviour. The unstable thermal 

coupling can be deduced from data on V0 and Q within the supplementary information (Figure S5-3), 

which shows a continuous decrease of V0 and Q at highest temperature.  

Module type D revealed a mean standard deviation over the entire temperature range of 10.36 m 

or 1.71% of the mean value of Ri (Table 7), which was within the measurement uncertainty budget. 

However, the maximum change exceeded the uncertainty limit with a value of Ri = 52.3 m 

corresponding to a maximum relative change of Ri = 9.16%. This equals a maximum change per 

temperature cycle of 0.53 m. The type D module showed no irregularities with regard to its thermal 

coupling, which can be seen by the constant course of V0 and Q within the supplementary 

information (Figure S5-4). Nevertheless, this module revealed an abrupt change of the evolution of Ri 

after approximately 25 h measurement time during M10 (Figure 14), which was not observed during 

preceding measurement. Initially Ri reduced at lowest TH and remained almost stable at medium and 

high temperatures during M10, whereas a monotonous increase has been observed after 25 h. 

3.4 Homogeneity (M11) 

After M01-M10, further tests were carried out with modules of type A and B only due to their 

superior stability. In a last step the sample-to-sample scatter (homogeneity) was assessed by the 

standard deviation of the internal electric resistance (Ri), which was evaluated with measurement 

data from M05 and results from three additional modules of type A and B, each. During M11 Ri was 

measured at a constant cold side temperature of 50 °C and evaluated at discrete hot side 

temperatures of 100 °C, 150 °C and 200 °C (Table 8).  

Table 8: Relative standard deviation of the internal electric resistance (Ri) among four modules of type A and B, each. The 
standard deviation is given at three different hot side temperatures in relation to the respective mean values. 

s(Ri) [%] Module type A Module type B 

@ TH = 100 °C 1.21  2.33  

@ TH = 150 °C 1.67  3.15  

@ TH = 200 °C 3.11  4.15  

4. CONCLUSIONS 



Commercial Bi2Te3-based TEM from four industrial manufacturers were investigated with regard to 

their stability, similarity and sensitivity of functional properties against variations of the axial 

pressure. The reported work aimed for the qualification of suitable comparative samples and served 

as a necessary preparation for a subsequent inter-laboratory comparison of TEM measurements. The 

module quality was assessed in this work on the base of measurements of the internal electric 

resistance Ri under various boundary conditions. The uncertainty budget for measurements of Ri was 

analytically derived and evaluated for every module type. The combined uncertainty was in the range 

between 1.52% < u(Ri) < 2.28% and determined from statistic result distributions and quantified 

sensitivity coefficients for all influencing parameters.  

The pressure impact on Ri remained within the measurement uncertainty for modules of type A and 

B but showed a smooth and expectable course towards slightly lower values of Ri with increasing 

pressure. Modules of type C and D revealed a higher change of Ri over the entire pressure interval 

from 2 MPa to 3.5 MPa, effectively exceeding the measurement uncertainty and giving initial 

indications for a causal pressure influence on Ri. Clear differences could be observed with regard to 

the module stability, which was investigated in the course of cyclic hot side temperature test with 

short and long durations of max. 60 h and 443 h, respectively. Absolute changes of Ri yielded 

standard deviations for type A and B modules, which remained in the double-digit range of m, 

effectively staying within the measurement uncertainty budgets with few exceptions for the type B 

module. Long-time stability tests revealed a maximum change of Ri = 2.43% and Ri = 4.3% for the 

type A and B module, respectively. A distinctly worse stability was observed for modules of type C 

and D with maximum changes of Ri = 13.1% and Ri = 9.16%, respectively. The similarity 

(homogeneity) of Ri was determined in a last step on three additional modules of type A and B only. 

These tests gave evidence of a measurable lower specimen scatter of type A modules, which was in 

the range between 1.2% to 3.1% in dependence of the hot side temperature. 

Overall, distinct variations could be observed among the tested commercial Bi2Te3-based TEMs, 

which are linked not only to deviating absolute operation parameters but likewise to fundamental 

differences concerning their functional stability. A detailed cause analysis of observed changes of Ri 

was not in the focus on this work and would need further measurements and accompanying 

metallographic investigations. However, the present study supports the assumption of significant 

quality differences among existent TEM products, which are based on actually mature Bi2Te3 

technology. According to the results of this study, modules of type A and B revealed not only the 

highest efficiencies but showed clear advantages concerning their stability. Due to slight benefits 

with regard to stability and homogeneity modules of type A have been chosen as comparative test 

samples for a round robin campaign among renowned thermoelectric laboratories, which will be 

reported in a subsequent publication.  
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