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ABSTRACT: In recent years, thermoelectric (TE) devices have

been used in several refrigeration applications and have gained Al,05 Al or Cu
attention for energy generation. To continue the development of Thermal plate

devices with higher efficiency, it is necessary not only to resistance V\
characterize their materials but also to optimize device parameters \ N 7
(e.g, thermal contacts). One attempt to increase the efficiency at Ic2

the device level consists of the replacement of the typical ceramic
layers in TE modules by metallic plates, which have higher thermal I Frei
conductivity. However, this alternative device design requires the :]_Ij_[]_ =
use of a very thin electrical insulating layer between the metallic |
strips that connect the TE legs and the outer external layers, which
introduces an additional thermal resistance. Impedance spectros-
copy has been proved to be useful to achieve a detailed characterization of TE modules, being even capable to determine the internal
thermal contact resistances of the device. For this reason, we use here the impedance method to analyze the device physics of these
TE modules with outer metallic plates. We show for the first time that the impedance technique is able to quantify the thermal
contact resistances between the metallic strips and the outer layers, which is very challenging for other techniques. Finally, we discuss
from our analysis the prospects of using TE modules with external metallic plates.

resistances

Thermal contact

KEYWORDS: Peltier device, frequency domain, thermal contact conductance, thermal interface, metallic layer

B INTRODUCTION resistance (and the spreading-constriction resistance) of the
external layers of the device, due to the usually high thermal
conductivity of metals. However, in this alternative device
design the metallic layers are also electrically conductive, so it
is necessary to introduce an additional thin insulating layer
between the metallic strips and the external layers, which may
increase the thermal contact resistance at such interface.
Impedance spectroscopy is a powerful technique to

Thermoelectric (TE) materials have the ability to convert heat
into electricity or use electricity to create a temperature
difference. In recent years, they have been used in several
refrigeration applications, such as electronic device cooling and
room-temperature cooling, and have gained attention in
various energy harvesting fields such as industrial waste heat,

. . Lo 12
power generators in aerospace, and energy eflicient vehicles. ’ ; < . s
understand device physics and it is used in many scientific

The conversion efficiency of a TE system not only depends on fields.’ Since the idea of using impedance spectroscopy for the

the properties of the TE materials, but also on the temperature e g p ) P P)é7 ]

difference between their edges. Hence, one strategy to characterization of TE materials and devices was born,”’ it has
. )

o . . L been proved to be useful for the determination of the figure of
maximize efficiency is to maintain the temperature at the & o 511 f . b 5T
edges of the TE materials as similar as possible to the merit z1, or even to.per. orm a comp ete- ¢ ar'acter1zat1on
temperature of the heat source and heat sink. In typical TE of TE modules (determination of the ohmic resistance, the
modules, the thermal resistance from the edges of the TE average Seebeck coefficient and thermal conductivity of the TE

materials to the outer faces of the TE device is formed by (i) legs, ar?d. 2T) in susper-ldefl condltl(l)zn_s 171f the thermal
. 3 . L conductivity of the ceramics is known. More recently,
the thermal contact resistance” (and the spreading-constriction

resistance” due to the change in area) between the TE legs and

the metallic strips that connect the legs, (ii) the thermal Received: July 27, 2021
resistance of the metallic strips, (iii) the thermal contact (and Accepted:  November 1, 2021
spreading-constriction) resistance between the metallic strips Published: November 12, 2021

and the outer ceramics, and (iv) the thermal resistance of the
ceramics. The use of external metallic layers replacing the
standard ceramic plates can serve to reduce the thermal

© 2021 American Chemical Society https://doi.org/10.1021/acsaelm.1c00670

W ACS Publications 4803 ACS Appl. Electron. Mater. 2021, 3, 4803—4808


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Braulio+Beltra%CC%81n-Pitarch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+Garci%CC%81a-Can%CC%83adas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.1c00670&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00670?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00670?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00670?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00670?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaembp/3/11?ref=pdf
https://pubs.acs.org/toc/aaembp/3/11?ref=pdf
https://pubs.acs.org/toc/aaembp/3/11?ref=pdf
https://pubs.acs.org/toc/aaembp/3/11?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.1c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

we have shown how to characterize the thermal contact
resistance between the TE legs and the metallic strips."® In the
latter study, we developed the most comprehensive equivalent
circuit to date, which includes, among other key phenomena,
the thermal contact resistance between the metallic strips and
the outer layer. This parameter is essential to evaluate the
effect of the thin insulating layers in modules with external
metallic layers.

Hence, we make use here of our recently developed
impedance equivalent circuit'® to perform fittings to TE
modules with aluminum and copper outer layers. The fitting of
experimental data to an impedance equivalent circuit is the
most common way adopted to extract the parameters of
interest from the system under study. These alternatively
designed modules use a thin epoxy layer between the metallic
strips and the outer metallic layers to avoid the electrical
contact, which introduces thermal contact resistances. We
show for the first time how impedance spectroscopy can
characterize these thermal contacts, which is very difficult to
achieve by other techniques. The results are compared with a
TE module with the typical insulating ceramic plates, which, as
expected, does not show any thermal contact at those
interfaces but introduces a larger thermal resistance from the
outer layer materials themselves (and spreading-constriction)
because of their lower thermal conductivity. After performing
the impedance analysis, we discuss the prospects of using TE
modules with metallic external layers based on the thermal
resistance of each type of module.

B EQUIVALENT CIRCUIT

The equivalent circuit used in this study (see Figure 1) is the
one shown in Figure 2b of our recently published work,"®

Thermoelement
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AvAvA

" Zwam | Zwerm }

TC2
AAA Metal |
Cre2
|| Zs/cm ||
| Ceramic contact

Figure 1. Simplified equivalent circuit of a suspended thermoelectric
device when convection and radiation effects are negligible. Reprinted
from ref 18. License under CC BY 4.0.

which neglects convection and radiation effects and considers
the module suspended in vacuum. The equivalent circuit was
developed considering 2N (N being the number of TE
couples) cylindrical legs with area A and length L in contact
with metallic strips of area A/ (where 1y is the ratio
between the area of all the TE legs and the area of all the
metallic strips) and length Ly;, which are also in contact with
the outer external layers of area A/ (where 7 is the ratio
between the area of all the TE legs and the external layers, also
known as filling factor) and length L. The spreading-
constriction resistance between the TE legs and the metallic
strips is neglected, but it is considered between the metallic
strips and the external layers. In addition, the thermal contact
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resistivities between the TE legs and the metallic strips rrc;
and between the metallic strips and the external layers rpc,
were introduced.

The impedance function that defines the equivalent circuit
of Figure 1 and, hence, was used to perform the fittings to the
experimental measurements in this study is

Z = joL, + Rq + [ZWCT_1 + (Rpe; + ZTOT)_l]_1 (1)

where j = (—1)°° is the imaginary number, @ the angular
frequency (@ = 2xf, being f the frequency), R, the total ohmic
resistance of the TE device, L, the parasitic inductance,'” and
the impedance Zqy is defined as

Zror = [ZWa,M_l + (Rpey + Zgjc + Zyw) T
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Figure 2. (a) Experimental impedance spectroscopy measurement of
simulations using the parameters of the fitting in panel a and varying

module-alumina (dots) and its fitting (line). (b) Impedance spectroscopy
rrcy- The insets show a magnification of the high-frequency part.
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Figure 3. (a) Experimental impedance spectroscopy measurement of module-Cu (dots) and its fitting (line). (b) Impedance spectroscopy

simulations using the parameters of the fitting in panel a and varying

rrcy- The insets show a magnification of the high-frequency part.
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where S is the average Seebeck coefficient of all the TE legs,
T

initial 1S the ambient temperature, and 4, @, and @, are the
average thermal conductivity, thermal diffusivity and character-
istic angular frequency of each material, respectively: TE legs [i
= TE, wrg = arg/(L/2)*], metallic strips (i = M, wy = ay/
Ly?), and external layers (i = C, wc = ac/Lc?). Finally, the

spreading-constriction impedance is defined as

2(52)

5,70, (6,)tanh (L)

4 [se]
fe Ac zj (13)

with J; and ], being the first kind Bessel functions of order zero
and one, respectively, ry and rc the equivalent radii of the
metallic strips and outer external layers, respectively, J, is the
nth zero of J;, and y, is the value for each J, that verifies

(14)

When @ — 0, eq 13 becomes the spreading-constriction
resistance, which is defined as

]l(nr )rc

]0 (8, )tanh( "LC)

rs/c -

>a|_‘>

[e5)
" (15)
and is needed to compare the benefits of using an external
metallic layer.

It should be noticed that when a fitting to an experimental

impedance spectroscopy measurement is performed with this
equivalent circuit, the thermal contact resistivities rpc; and rrc,
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Figure 4. (a) Experimental impedance spectroscopy measurement of module-Al (dots) and its fitting (line). (b) Impedance spectroscopy
simulations using the parameters of the fitting in panel a and varying rrc,. The insets show a magnification of the high-frequency part.

Table 1. Fitting Parameters with Their Associated Relative Errors (in brackets) Obtained for the Three TE Modules Used in

This Work”
nhame Lp (H) Rq (Q) rrcy (mz KW_I) (o) (mz KWI) g (W m™! K_l) Ac (w m™! K_l)

module-alumina 4,06 x 1077 1.49 1.17 x 107° 1.41 26.93
(1.85%) (0.037%) (6.37%) (0.79%) (1.03%)

module-Cu 292 X 1077 1.50 1.13 x 107° 2.00 X 1075 1.45 466.5
(1.55%) (0.029%) (7.67%) (12.79%) (0.49%) (1.03%)

module-Al 3.61 X 1077 1.55 147 X 107° 1.51 x 107° 1.36 277.6
(1.40%) (0.030%) (7.20%) (24.30%) (0.44%) (1.65%)

“The fittings were performed with the Matlab code provided in the Supporting Information of ref 18.

are directly obtained, which is very challenging for other
techniques.

B RESULTS AND DISCUSSION

Three different TE modules provided by Jeongkwan Co. Ltd.
were used in this study: module-alumina, module-Cu, and
module-AlL All of them are modules of 40 mm X 40 mm with
N=127,L=1.6 mm, Ly = 0.2 mm, A = 1.73 mm X 1.73 mm,
nv = 0.87, and n = 0.48. The difference between the three
modules lies in their outer layers. Although module-alumina
uses the typical alumina insulating plates with Lo = 1.0 mm,
module-Cu and module-Al use copper and aluminum plates of
L¢ = 0.2 mm, respectively (electrically insulated with an epoxy
layer of around 0.05 mm). As the thickness of this insulating
layer is very small, the heat that they can accumulate can be
neglected, and their presence only introduces a thermal contact
resistivity rrc,.

Impedance spectroscopy measurement were performed to
the different modules. An I,. = 30 mA was used after its
optimization as described in ref 20. Amplitude optimization
basically consists in identifying the lowest possible current
amplitude (I,.) without noise in the spectra. The frequency
range from 10 mHz to 1 MHz and 50 measuring points
(logarithmically distributed in the frequency range) were
chosen to ensure a proper number of points in the regions of
interest in the spectra, mainly in the high frequency part. All
the measurements were performed inside a vacuum chamber
with the modules suspended from their cables under vacuum
(<5 X 107* mbar) and at room temperature with a
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PGSTAT302N potentiostat (Metrohm Autolab B. V.)
equipped with a FRA32 M impedance module.

Figures 2a, 3a, and 4a show the experimental impedance
spectrum (dots) and its fitting using the equivalent circuit of
Figure 1 (lines) of module-alumina, module-Cu, and module-
Al, respectively. The fittings were performed using the Matlab
code provided in the Supporting Information of ref 18. It
should be noted that six points at the highest frequencies were
not included in the fitting because they deviate from a purely
inductive behavior. The fittings were obtained using the
procedure recommended in the mentioned article. First, L,
Ry rrcy Tty Are and Ac are fitted, maintaining fixed S, oy,
ac, Ay and oy We provided the fixed values of oy = 0.37
mm? s7}, Ay = 400 W m™ K7}, ay = 110 mm? s7%, ac = 10
mm? s™! for module-alumina, a¢ = ay for module-Cu, and ac
= 90 mm® s' for module-Al

Fixed values of the Seebeck coefficients were also provided
from their direct measurement, which resulted in values of
190.08, 193.03, and 191.14 uVK™, for module-alumina,
module-Cu, and module-Al, respectively. The Seebeck
coefficient was measured by applying different constant
currents (20, 40, 60, 80, 100, and 120 mA) to the TE
modules suspended in vacuum (<5 X 10—4 mbar). Once
steady state is achieved after applying each current value, a
temperature difference appears that is due to the Peltier effect.
After reaching the steady state, the circuit was opened and the
voltage and the temperature difference between the outer
layers were measured immediately. The temperature difference
was measured with thermocouples touching the central part of
the outer layers and using a bit of thermal grease at their tips.

https://doi.org/10.1021/acsaelm.1c00670
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Table 2. Thermal Resistances Due to (i) the Contacts between Metallic Strips and Outer Layers, (ii) Spreading-Constriction at
the Same Location, and (iii) Outer Layers for the Three TE modules Analyzed in This Study.”

name rrcivA”" (KW™) rorcvA~" (KW™) LenA~'2¢ (KW (rrca + rs/c)nuA™" + LenA™" A" (KW
module-alumina 0 1.33 5.96 7.29
module-Cu 5.81 0.14 (0.08) 0.07 (0.34) 6.02 (623)
module-Al 4.39 0.24 (0.13) 0.12 (0.58) 4.74 (5.10)

“The final column shows the addition of the three values. The values for module-Cu and module-Al if LC = 1 mm, as is the case for module-
alumina, are given in parentheses..

The Seebeck coefficient was obtained from the slope of the (Lc = 1 mm). It can be seen in Table 2 that the main
voltage vs temperature difference plot. contributor to the total thermal resistance in module-alumina
Then, when the error in rTC2 was >100% and its value in is the conduction in the outer layer, which is a consequence of
the order of 1 X 1077 m?> KW™!, which indicates that this its low thermal conductivity, and for module-Cu and module-
thermal contact resistance can be neglected, a second fitting Al, is the thermal contact resistivity rc,. It can also be seen
with rrc, = 0 was performed. This was the case for module- that r,c has a higher contribution in module-alumina, as it is
alumina, because the thermal contacts between the metallic inversely proportional to the thermal conductivity of the outer
strips and the alumina layers are usually good.”’ However, it layer (see eq 15). Finally, it is interesting to compare the
was not necessary for module-Cu and module-Al as the thin addition of all the thermal resistances, which shows that the
electrical insulating layer between the metallic strips and the lowest thermal resistance is obtained for module-Al (due to its
outer metallic layers introduced a thermal contact resistance at lower rrc,), followed by module-Cu, and then by module-
these junctions. Consequently, a single fitting was performed alumina. These results show how the use of outer metallic
to module-Cu and module-Al, which provided both ryc; and layers may reduce the total thermal resistance between the TE
rrca (see Table 1). It should be noticed that the fitting errors legs and the heat source/sink.
of rpc, were somewhat high, as can be seen in Table 1. These It is also interesting to remark that the fabrication of TE
errors provide an indication of the deviation of the parameters modules with outer metallic layers and epoxy insulation may
provided by the fitting with respect to the experimental points. not only be more beneficial to reduce the total thermal
It should be noted that they do not represent the total errors, resistance inside the TE devices but also reduce it at a system
as other sources of error could contribute, e.g., the errors in the level. For example, the metallic strips that connect the TE legs
measured Seebeck coefficient and the assumed thermal may directly be attached to the heat source/sink (with the
diffusivities. epoxy insulation), and hence, one thermal interface is removed
Figures 2b, 3b, and 4b show simulations that include the altogether, which can significantly benefit the performance.

spectrum from the fitting to the experimental data of module-
alumina, module-Cu, and module-Al, respectively, and spectra

B CONCLUSIONS

simulated using the fitting parameters but varying rrc,. The Our recently developed comprehensive equivalent circuit,
insets show the magnification of the high frequency part, where which includes the internal thermal contact resistances in TE
the changes in the impedance spectra are more prominent. modules, was used to fit TE modules with metallic outer
For module-alumina, the inset of Figure 2b shows that a external layers. These modules need a thin insulating layer
higher value of rpc, produces a larger linear part of the (epoxy) between the metallic contacts that connects the TE
impedance spectra and introduces a curvature in this region, legs and the external metallic layer, which introduces a thermal
which is not observed experimentally (see the inset of Figure contact resistance in that interface. We showed how impedance
2a). This behavior was not surprising, because this TE module spectroscopy is capable of quantifying these thermal contact
does not contain the thin insulating epoxy layer but the usual resistances, which are usually negligible in TE modules with
insulating ceramic layers. the typical ceramic layers, by measuring two modules with
Module-Cu shows a higher slope in the straight-line region outer metallic layers (copper and aluminum). The insulating
of the impedance spectrum, whose size and slope depend on epoxy layer introduced a thermal contact resistivity of 2.00 X
rrca- If rrcy, was not present, the straight-line region would 107° and 1.51 X 107° m* KW for the copper and aluminum
vanish altogether (see the inset of Figure 3b) because of the modules, respectively. The use of metallic layers not only
high thermal conductivity of the Cu external layers. reduces the thermal resistance of the outer layer but also
Finally, module-Al shows features at high frequency similar reduces the spreading-constriction resistance, which was
to those of module-Cu, as the thermal conductivity of the enough to compensate for the additional thermal contact
aluminum outer layers is also high. In this case, rrc, is slightly resistance added by the epoxy layer. The lowest total thermal
lower than in module-Cu (see Table 1), which reduces the size resistance was obtained with the use of aluminum, followed by
and the curvature of the straight zone. copper, and finally the typical ceramic. Even though only one
The results obtained above by means of the impedance TE module of each type was measured, which is not enough to
method, allow the comparison of the TE modules with external determine the uncertainty of the thermal contact resistance
metallic layers (module-Cu and module-Al) with the standard introduced by the epoxy layers, these results are very promising
ceramic plates configuration (module-alumina). For this for the development of TE modules without ceramics.

purpose, the thermal resistance due to the presence of rpc,,
rs)c, and the resistance of the outer layer itself was calculated

B AUTHOR INFORMATION

(see Table 2). The table also includes in brackets the thermal Corresponding Author

resistances for module-Cu and module-Al if it is assumed that Jorge Garcia-Canadas — Department of Industrial Systems

they have the same length of the outer layer of module-alumina Engineering and Design, Universitat Jaume I, Castellé de la
4807 https://doi.org/10.1021/acsaelm.1c00670

ACS Appl. Electron. Mater. 2021, 3, 4803—4808


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+Garci%CC%81a-Can%CC%83adas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Plana 12006, Spain;
Email: garciaj@uji.es

orcid.org/0000-0003-1330-8648;

Author
Braulio Beltran-Pitarch — Department of Industrial Systems
Engineering and Design, Universitat Jaume 1, Castello de la
Plana 12006, Spain; ® orcid.org/0000-0002-4596-9582

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaelm.1c00670

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

J.G.C. acknowledges financial support from the Spanish
Agencia Estatal de Investigaciéon under the Ramén y Cajal
program (RYC-2013-13970) and from the Universitat Jaume I
under project UJI-B2019-50. B.B.P. received funding from the
Generalitat Valenciana and the European Social Fund under
the ACIF program (ACIF/2018/233). Jeongkwan Co. Ltd. is
also acknowledged for supplying the thermoelectric devices.

B REFERENCES

(1) Pourkiaei, S. M.; Ahmadi, M. H.; Sadeghzadeh, M.; Moosavi, S.;
Pourfayaz, F.; Chen, L.; Pour Yazdi, M. A.; Kumar, R. Thermoelectric
Cooler and Thermoelectric Generator Devices: A Review of Present
and Potential Applications, Modeling and Materials. Energy 2019,
186, 115849.

(2) Champier, D. Thermoelectric Generators: A Review of
Applications. Energy Convers. Manage. 2017, 140, 167—181.

(3) Madhusudana, C. V. Thermal Contact Conductance; Springer
International Publishing, 2014.

(4) Yovanovich, M.; Tien, C.; Schneider, G. General Solution of
Constriction Resistance within a Compound Disk. In 17th Aerospace
Sciences Meeting; American Institute of Aeronautics and Astronautics:
Reston, VA, 1979.

(S) Barsoukov, E.; Macdonald, J. R. Impedance Spectroscopy : Theory,
Experiment, and Applications, 3rd ed.; Wiley, 2018.

(6) Dilhaire, S.; Patino-Lopez, L. D.; Grauby, S.; Rampnoux, J. M.;
Jorez, S.; Claeys, W. Determination of ZT of PN Thermoelectric
Couples by AC Electrical Measurement. In International Conference on
Thermoelectrics, ICT, Proceedings; IEEE: Piscataway, NJ, 2002; Vol.
2002-Janua, pp 321—-324.

(7) Downey, A. D.; Hogan, T. P.; Cook, B. Characterization of
Thermoelectric Elements and Devices by Impedance Spectroscopy.
Rev. Sci. Instrum. 2007, 78 (9), 093904.

(8) De Marchi, A.; Giaretto, V.; Caron, S.; Tona, A. A Novel ZT
Meter Based on the Porcupine Method and a Survey on the Size of
the Snout Correction Needed for Various Thermoelectric Devices. J.
Electron. Mater. 2013, 42 (7), 2067—2072.

(9) De Marchi, A.; Giaretto, V. An Accurate New Method to
Measure the Dimensionless Figure of Merit of Thermoelectric
Devices Based on the Complex Impedance Porcupine Diagram. Rev.
Sci. Instrum. 2011, 82 (10), 104904.

(10) Hasegawa, Y.; Homma, R; Ohtsuka, M. Thermoelectric
Module Performance Estimation Based on Impedance Spectroscopy.
J. Electron. Mater. 2016, 45 (3), 1886—1893.

(11) Otsuka, M.; Terakado, H.; Homma, R.; Hasegawa, Y.; Islam, M.
Z.; Bastian, G.; Stuck, A. Thermal Diffusivity Measurement Using
Thermographic Method and Performance Evaluation by Impedance
Spectroscopy for Thermoelectric Module. Jpn. J. Appl. Phys. 2016, 55,
126601.

(12) Garcia-cafiadas, J.; Min, G. Impedance Spectroscopy Models
for the Complete Characterization of Thermoelectric Materials. J.
Appl. Phys. 2014, 116, 174S10.

(13) Beltran-Pitarch, B.; Garcia-Cafadas, J. Influence of Convection
at Outer Ceramic Surfaces on the Characterization of Thermoelectric

4808

Modules by Impedance Spectroscopy. J. Appl. Phys. 2018, 123 (8),
084508.

(14) Mesalam, R.; Williams, H. R.; Ambrosi, R. M.; Garcia-Cafadas,
J.; Stephenson, K. Towards a Comprehensive Model for Character-
ising and Assessing Thermoelectric Modules by Impedance Spectros-
copy. Appl. Energy 2018, 226, 1208—1218.

(15) Yoo, C.-Y.; Yeon, C,; Jin, Y,; Kim, Y.; Song, J.; Yoon, H.; Park,
S. H; Beltran-Pitarch, B.; Garcia-Canadas, J.; Min, G. Determination
of the Thermoelectric Properties of a Skutterudite-Based Device at
Practical Operating Temperatures by Impedance Spectroscopy. Appl.
Energy 2019, 251, 113341.

(16) Yoo, C. Y.; Kim, Y,; Hwang, J.; Yoon, H.; Cho, B. J.; Min, G.;
Park, S. H. Impedance Spectroscopy for Assessment of Thermo-
electric Module Properties under a Practical Operating Temperature.
Energy 2018, 152, 834—839.

(17) Thiébaut, E.; Pesty, F.; Goupil, C.; Guegan, G.; Lecoeur, P.
Non-Linear Impedance Spectroscopy for Complete Thermoelectric
Characterization: Beyond the ZT Estimation. J. Appl. Phys. 2018, 124
(23), 235106.

(18) Beltrén-Pitarch, B.; Maassen, J.; Garcia-Cafiadas, J. Compre-
hensive Impedance Spectroscopy Equivalent Circuit of a Thermo-
electric Device Which Includes the Internal Thermal Contact
Resistances. Appl. Energy 2021, 299 (June), 117287.

(19) Cernaianu, M. O.; Gontean, A. Parasitic Elements Modelling in
Thermoelectric Modules. IET Circuits, Devices Syst. 2013, 7 (4), 177—
184.

(20) Beltran-Pitarch, B.; Prado-Gonjal, J.; Powell, A. V.; Garcia-
Canadas, J. Experimental Conditions Required for Accurate Measure-
ments of Electrical Resistivity, Thermal Conductivity, and Dimension-
less Figure of Merit (ZT) Using Harman and Impedance Spectros-
copy Methods. J. Appl. Phys. 2019, 125, 025111.

(21) Beltran-Pitarch, B. Advanced Characterization of Thermo-
electric Materials and Devices by Impedance Spectroscopy. PhD
Thesis, Universitat Jaume I, Castello, Spain, 2020.

ACs®

OPEN ACCESS JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

J

Editor-in-Chief
Prof. Christopher W. Jones
Georgia Institute of Technology, USA

»

&
Open for Submissions [}

ACS Publications

pubs.acs.o rg/ 'Jacsau Most Trusted. Most Cited. Most Read.

https://doi.org/10.1021/acsaelm.1c00670
ACS Appl. Electron. Mater. 2021, 3, 4803—4808


https://orcid.org/0000-0003-1330-8648
mailto:garciaj@uji.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Braulio+Beltra%CC%81n-Pitarch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4596-9582
https://pubs.acs.org/doi/10.1021/acsaelm.1c00670?ref=pdf
https://doi.org/10.1016/j.energy.2019.07.179
https://doi.org/10.1016/j.energy.2019.07.179
https://doi.org/10.1016/j.energy.2019.07.179
https://doi.org/10.1016/j.enconman.2017.02.070
https://doi.org/10.1016/j.enconman.2017.02.070
https://doi.org/10.1063/1.2775432
https://doi.org/10.1063/1.2775432
https://doi.org/10.1007/s11664-013-2530-2
https://doi.org/10.1007/s11664-013-2530-2
https://doi.org/10.1007/s11664-013-2530-2
https://doi.org/10.1063/1.3656074
https://doi.org/10.1063/1.3656074
https://doi.org/10.1063/1.3656074
https://doi.org/10.1007/s11664-015-4271-x
https://doi.org/10.1007/s11664-015-4271-x
https://doi.org/10.7567/JJAP.55.126601
https://doi.org/10.7567/JJAP.55.126601
https://doi.org/10.7567/JJAP.55.126601
https://doi.org/10.1063/1.4901213
https://doi.org/10.1063/1.4901213
https://doi.org/10.1063/1.5019881
https://doi.org/10.1063/1.5019881
https://doi.org/10.1063/1.5019881
https://doi.org/10.1016/j.apenergy.2018.05.041
https://doi.org/10.1016/j.apenergy.2018.05.041
https://doi.org/10.1016/j.apenergy.2018.05.041
https://doi.org/10.1016/j.apenergy.2019.113341
https://doi.org/10.1016/j.apenergy.2019.113341
https://doi.org/10.1016/j.apenergy.2019.113341
https://doi.org/10.1016/j.energy.2017.12.014
https://doi.org/10.1016/j.energy.2017.12.014
https://doi.org/10.1063/1.5063419
https://doi.org/10.1063/1.5063419
https://doi.org/10.1016/j.apenergy.2021.117287
https://doi.org/10.1016/j.apenergy.2021.117287
https://doi.org/10.1016/j.apenergy.2021.117287
https://doi.org/10.1016/j.apenergy.2021.117287
https://doi.org/10.1049/iet-cds.2012.0351
https://doi.org/10.1049/iet-cds.2012.0351
https://doi.org/10.1063/1.5077071
https://doi.org/10.1063/1.5077071
https://doi.org/10.1063/1.5077071
https://doi.org/10.1063/1.5077071
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?utm_source=pdf_stamp

