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The thermoelectric properties of devices based on bismuth telluride, skut-
terudite, and calcium manganese oxide have been investigated and compared
using impedance spectroscopy at 23�C. Prior to the detailed analysis, Kra-
mers–Kronig transformation tests were performed to examine the validity of
the obtained impedance spectra. All the spectra were Kramers–Kronig
transformable, and were interpreted using equivalent circuit fitting. The three
key parameters (Seebeck coefficient, thermal conductivity, and electrical
conductivity) and dimensionless figure of merit of bismuth telluride and
skutterudite-based devices were successfully extracted from their respective
impedance spectra. However, the thermal conductivity of the calcium man-
ganese oxide-based device was overestimated, while the Seebeck coefficient
and electrical conductivity values were reasonably accurate owing to their
negligible thermoelectric effect at 23�C. We further proposed that the ther-
moelectric capacitance obtained from the impedance spectra could be a
quantitative measure of the ‘‘propensity’’ of thermoelectric devices to generate
thermoelectric power under an external temperature gradient.

Key words: Thermoelectric device, impedance spectroscopy, Kramers–
Kronig transformation, thermoelectric properties

INTRODUCTION

Thermoelectric devices represent a promising
technology for direct conversion of thermal energy
to electrical energy from waste heat.1 Significant
research effort has been devoted to the fabrication
and optimization of thermoelectric devices2–9

together with the development of highly efficient
thermoelectric compositions10–13 to improve their
thermoelectric conversion efficiency. However, most
of these researches were aimed at investigating the
resistive behavior of thermoelectric devices,2–9

while the capacitive behavior of the devices are less
understood due to the lack of suitable measurement
techniques.

Harman’s method14 and pulse-response tech-
niques15,16 have been widely employed for both
thermoelectric materials and devices to investigate
their figure of merit and thermal diffusivity, respec-
tively. However, additional measurements are still
required for the assessment of their Seebeck coef-
ficient, electrical conductivity, and heat capacity.
Recently, it has been demonstrated that the three
key parameters (Seebeck coefficient, thermal con-
ductivity, and electrical conductivity) and figure of
merit of thermoelectric devices can be determined
simultaneously using an alternating-current impe-
dance spectroscopy protocol under ambient and
practical operating temperatures.17–24 By analyzing
both resistive and capacitive responses from the
impedance spectra, the detailed properties of ther-
moelectric devices can be obtained after fabrication
of devices. The fundamental properties of BiTe-
based devices, such as their thermoelectric capaci-
tance and the time constants of their metallic(Received June 16, 2018; accepted October 29, 2018;
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contacts and thermoelectric legs, have also been
investigated using impedance spectroscopy.17,19,23

With the exception of BiTe-based devices, however,
a detailed and systematic understanding of the
factors affecting the properties of thermoelectric
devices is lacking.

This work focuses on ascertaining the properties
of three kinds of thermoelectric devices, combining
resistive and capacitive responses from impedance
spectroscopy. Two commercial devices, based on
bismuth telluride and calcium manganese oxide,
and an in-house-fabricated skutterudite-based
device were employed to obtain an unambiguous
interpretation of the restive and capacitive pro-
cesses of the devices from impedance spectra to
obtain the thermoelectric properties of the devices
quantitatively and systematically. Thermoelectric
devices, rather than individual thermoelectric legs,
were used to ensure the reproducibility of impe-
dance spectroscopy measurements and to eliminate
difficulties associated with establishing electrical
contacts.

EXPERIMENTAL

A bismuth telluride (BiTe)-based device (multi-
purpose type) was purchased from KELK Ltd using
404 thermoelectric legs (of dimensions 0.4 cm 9 0.2
cm 9 0.136 cm) assembled with a Pb solder, Cu
electrodes, and polyimide insulating sheets (thick-
ness = 0.002 cm, k = 0.12 W m�1 K�1). A calcium
manganese oxide (CMO)-based device (CMO-32-
62S) was purchased from TECTEG MFR using 64
thermoelectric legs (of dimensions 0.34 cm 9 0.34
cm 9 0.75 cm) assembled with Ag electrodes, an
alumina insulating plate for the hot-side (thick-
ness = 0.08 cm, k = 30 W m�1 K�1), and a cool gel
pad for the cold-side (thickness = 0.06 cm,
k = 10 W m�1 K�1). A two-couple skutterudite
(SKD) device was prepared in our laboratory. Ti-
metallized SKD pellets, with Ti/SKD/Ti structure,
were prepared by spark plasma sintering (SPS-
211LX, Fuji Electronic Industrial Co., Ltd.). Ti/
SKD/Ti joints were cut into dimensions of 0.4 cm 9
0.4 cm 9 0.4 cm, then integrated to Cu electrodes

on Al2O3 substrate (thickness of 0.076 cm,
k = 19.6 W m�1 K�1) using Incusil-series brazing
alloy on both sides. The fabrication process for Ti-
metallized SKD device is similar to that for a FeNi-
metallized SKD device, as described in detail in a
previous report from our group.7

The thermoelectric devices were suspended in a
vacuum chamber (0.1 kPa) to perform impedance
spectroscopy measurements using an Autolab
(PGSTAT302 N, Metrohm) with a 10 A booster as
functions of frequency under open-circuit voltage
conditions at 23�C. Measurements were performed
by applying a sine-wave perturbation of 10 mV
voltage amplitude in potentiostatic mode for BiTe-
based devices, as optimized in our previous paper,19

and 1.66 A and 1.48 A optimum current amplitude

in galvanostatic mode for SKD- and CMO-based
devices, respectively. Details of the optimum cur-
rent amplitude of SKD- and CMO-based devices are
given in the Results and Discussion. The resistance
of the wires in the thermoelectric devices to
establish electrical connections between the device
and Autolab is less than 30 lX; hence, the heat
leakage from the wiring is negligible for the
impedance spectroscopy measurements. The
obtained impedance spectra were analyzed by
fitting with the equivalent circuit model of
Rohm(WOWS), where Ws and Wo are the short and
open Warburg elements, respectively, as follows19:

ZWS
jxð Þ ¼ WRs jxWTsð Þ�0:5tanh jxWTsð Þ0:5

h i
and

ZWO
jxð Þ ¼ WRO jxWTOð Þ�0:5coth jxWTOð Þ0:5

h i
:

ð1Þ

The ohmic resistance (Rohm), Warburg resistances
(WRs and WRO), and time constants (WTs and WTO)
can be determined using ZView software (Scribner
Associates, Inc.). Satisfactory fitting results can be
obtained for all impedance data (v2< 4 9 10�6).
The electrical conductivity (r), Seebeck coefficient
(S), thermal conductivity (kTEL), and figure of merit
(ZT) values can be calculated by using the following
expressions:

Rohm ¼ n
L

rA
;WRO ¼ 2nS2TLC

kCA
;

WRs ¼
nS2TL

kTELA
; and ZT ¼ S2r

kTEL
T; ð2Þ

where TEL and C correspond to the thermoelectric
leg and contact, including both the metallic contact
and insulating sheet. n is the number of thermo-
electric legs, S is the averaged Seebeck coefficient
for both p- and n-type thermoelectric legs, T is the
absolute temperature, A is the area of a single
thermoelectric leg, L is the length of a single
thermoelectric leg, and kC is equivalent to the
thermal conductivity of the insulating plates.

RESULTS AND DISCUSSION

The current amplitude values used for impedance
spectroscopy of the SKD- and CMO-based devices
were optimized by employing the Peltier power
density (STIOSC/At) in accordance with the results
of Beltrán-Pitarch et al.,20 where S is the averaged
Seebeck coefficient for both p- and n-type thermo-
electric legs,T is the absolute temperature, IOSC is the
oscillation current amplitude, and At is the total area
of thermoelectric legs integrated in the device. We
performed impedance spectroscopy measurements
as a function of oscillation current amplitude for both
SKD- and CMO-based devices, and then performed
equivalent circuit fitting to extract the Seebeck
coefficient values. These Seebeck coefficients were
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compared with the average Seebeck coefficient for
both p- and n-type thermoelectric legs. As shown in
Fig. S1 in the Electronic Supplementary Material,
the Seebeck coefficient values of impedance spectra
with an oscillation current amplitude of 1.66 A
(Peltier power density corresponding to
1000 W m�2) for SKD-based devices and 1.48 A
(Peltier power density corresponding to 150 W m�2)
for CMO-based devices exhibit the best agreement
with the average Seebeck coefficient for bothp- andn-
type thermoelectric legs, and no significant variation
in the ohmic and thermoelectric resistances is caused
by the Joule heating. We have characterized both
SKD- and CMO-based devices using the above opti-
mum current amplitudes.

Prior to the equivalent circuit analysis to obtain the
relevant parameters describing thermoelectric prop-
erties, Kramers–Kronig (KK) transformation tests
were performed to validate the measured impedance
data of thermoelectric devices. The results of these
tests provide the relationship between the real and
imaginary parts of the impedance spectra and recon-
structs the real part of the impedance spectrum to its
imaginary part and vice versa from 0 to 1 in the
frequency domain, as follows25,26:

Zim;KK xð Þ ¼ 2x
p

Z1

0

Zre xð Þ � Zre xð Þ
x2 � x2

dx

Zre;KK xð Þ ¼ R1 þ 2

p

Z1

0

xZim xð Þ � xZim xð Þ
x2 � x2

dx

; ð3Þ

where R(1) = Zre(1). This interdependent KK rela-
tion can be valid only under the assumption that the
measured response arises solely due to the applied
voltage/current perturbation. The system remains
in steady state over time (equilibrated to the
measurement condition). In addition, no initial
parameters are required for the KK test. Thus, the
KK test is a very effective evaluation to exclude
impedance data containing non-steady-state behav-
ior. Before detailed analysis of impedance spectra,
the KK test is used to yield the residual plot from
the differences, DZre(x) and DZim(x), between the
measured data (Zre and Zim) and KK transformation
results (Zre,KK and Zim,KK) as a function of
frequency:

DZre xð Þ ¼
Zre xð Þ � Zre;KK xð Þ
� �

ZKKj j and

DZim xð Þ ¼
Zim xð Þ � Zim;KK xð Þ
� �

ZKKj j :

ð4Þ

Figure 1 shows a set of KK test results from the
impedance spectra corresponding to devices based
on BiTe, SKD, and CMO. All the impedance spectra
were KK transformable, only showing a randomly
distributed noise along the frequency axis with

residual errors and goodness of fitness (v2) below
0.3% and 10�6, respectively. The relatively large
residuals observed for the SKD device were partly
due to the small electrical resistance about two
orders of magnitudes compared to those of other
devices. Nevertheless, it has been reported that
residuals smaller than 0.5% over the entire fre-
quency range indicate a good-quality valid spectrum
under the steady-state conditions, thus allowing
complex nonlinear least-square analysis using an
equivalent circuit.27

Figure 2 shows the impedance spectra fitted
using the equivalent circuit fitting of the thermo-
electric devices at 23�C. As shown in Figure 2, the
left intercept on the x-axis in the high-frequency
region is due to the electrical resistance (Rohm),
while the dispersion along the y-axis from high to
low frequency is due to the thermoelectric process of
electrical contacts (WRO and WTO) and thermoelec-
tric legs (WRs and WTs) of the device. The asym-
metric dispersion of the impedance spectra (the
deviation from Cole–Cole arcs) at high frequency is
due to the thermal conductivity mismatch between
metal electrodes, whereas the compressed arc at the
real axis primarily comprises the response thermo-
electric materials upon external voltage or current
perturbation.17,20 The fitting parameters obtained
using Eq. 2 and the calculated values of S, kTEL, r,
and ZT are summarized in Table I. The values of ZT
of the thermoelectric devices were in the order
BiTe > SKD > CMO-based device, reflecting the
nature of the constituting thermoelectric leg mate-
rials. The operating hot-side temperature range for
thermoelectric power generation by the BiTe, SKD,
and CMO-based devices are 50–200�C, 300–600�C,
and 400–800�C; thus, one could expect that the ZT
at 23�C (cold-side temperature) is inversely propor-
tional to the operating hot-side temperature of the
device. The BiTe device in this study shows 3%
higher ZT value (0.733) than that (0.720) obtained
in ambient air due to the heat convection effect22;
however, the result obtained for the BiTe device is
in good agreement with our previous report.19 The
ZT (0.13) of the SKD-based device is 35% lower than
that of the average value of p-type and n-type SKD
materials (0.2).7 This is partly due to the � 20%
increase in electrical resistivity and kTEL during
device fabrication, while the values of S is similar to
the average absolute magnitude for p- and n-type
SKD materials (� 133 lV K�1). The relatively large
errors associated with the calculated S, kTEL, and
ZT are due to the difficulty in determining the very
low contact resistance (WRo � 100 lX) from the
equivalent circuit fitting for the SKD-based device.
However, the thermoelectric parameters, calculated
from the analysis of a single impedance spectrum,
shows reasonable agreement with the values of SKD
materials.7 The CMO-based device has an asym-
metric insulating plate structure, the average val-
ues of thickness and thermal conductivity
(thickness = 0.07 cm, k = 20 W m�1 K�1) values of
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which were used to obtained ZT and the three key
parameters. The ZT value (0.023) of the CMO-based
device is much lower than those of BiTe and SKD-
based devices due to its negligible thermoelectric
property at 23�C. The calculated kTEL

(36 W m�1 K�1) is about 12 times higher than those
provided by the manufacturer and those reported in
the literature (� 3 W m�1 K�1),28,29 while the S
(310 lV K�1) and r (293 S cm�1) values of the
CMO-based device are similar to the values
obtained from the manufacturer (� 225 lV K�1

and � 200 S cm�1, respectively). The kTEL value
was over-estimated possibly due to the negligible
thermoelectric effect of the CMO-based device,
which, in turn, was due to its small ZT (< 0.1) at
23�C. Even though the operating hot-side

temperatures of the SKD and CMO-based devices
are much higher than 23�C, the issue of the
electrical and thermal contacts of the SKD and
CMO-based devices can be assessed quickly by
performing impedance spectroscopy measurements
at 23�C. The high-temperature properties of the
SKD and CMO-based devices will be further inves-
tigated in future studies.

Figure 3 shows the comparison of the power
factors (r�S2) and thermoelectric time constants
(WTs) of the BiTe-, SKD-, and CMO-based devices.
The WTs values were in the order of CMO> SKD >
BiTe-based devices (the value of one device was 60-

times higher than that of the one with the lower
value), concomitant with the hot-side operating
temperature of the device. However, the power

Fig. 1. Impedance spectroscopy data (filled symbol) and Kramers–Kronig transformation results (empty symbol) for devices based on (a) BiTe,
(c) SKD, and (e) CMO and the residuals of Kramers–Kronig transformation results for devices based on (b) BiTe, (d) SKD, and (f) CMO.
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factor varies only about two times between the
devices in the same order as described above. This
observation implied that the heat diffusion, from the
hot side to cold side through the thermoelectric legs,
was suppressed for the SKD and CMO-based
devices operating under a larger temperature gra-
dient than the BiTe-based device, which slightly
increased the power factor. The time needed for
heat diffusion across the thermoelectric legs is
quantitatively determined by the thermoelectric
time constant upon perturbation for the impedance
spectroscopy measurements.18,19 During these mea-
surements, the effective temperature profiles in the
thermoelectric legs vary upon applying voltage/
current perturbation, which produces variation in
the Seebeck voltage. From the point of view of an
external circuit, this behavior could be interpreted
as the accumulation of electrical charge with a large
capacitance, or the so-called ‘‘thermoelectric

capacitance.’’ For characterizing thermoelectric
devices using impedance spectroscopy, thermoelec-
tric capacitance could be a descriptor for converting
the temperature gradient with frequency, caused by
the external voltage/current perturbation in the
form of electric current and Seebeck voltage. Ther-
moelectric capacitance (CTEL) is defined as.17,19

CTEL ¼ WTs

WRs
¼ I

S

dT

dt

� ��1

; ð5Þ

where I is the electric current and S is the Seebeck
coefficient. Since electrical capacitance is much
smaller than thermal capacitance, the extremely
large thermoelectric capacitances of the thermoelec-
tric devices in this study signify that CTEL is limited
by the thermal capacitance, reflecting that the
thermoelectric charge carriers and heat flow are
highly correlated. Furthermore, CTEL can be con-
sidered a measure of the ‘‘propensity’’ of a thermo-
electric device to generate thermoelectric power
under an external temperature gradient. Figure 3
shows the comparison of the volume-specific CTEL of
thermoelectric devices using the number and
dimensions of thermoelectric legs to enable compar-
ison between the devices. The volume-specific CTEL

varies by about six orders of magnitudes in the
order SKD > CMO> BiTe-based device. The SKD-
based device exhibits 30-times higher volume-speci-
fic CTEL than a CMO-based device due to its small
thermoelectric resistance (WRs) (Table I). Since the
Seebeck coefficients of all devices are between 100
lV K�1 and 300 lV K�1, the large variation in
volume-specific CTEL is mainly due to the difference
in the thermoelectric current under temperature
gradient. Therefore, CTEL could provide a quantita-
tive comparison guideline for the development and
optimization of thermoelectric materials and
devices.

CONCLUSIONS

In this study, we have investigated the thermo-
electric properties of devices based on bismuth
telluride, skutterudite, and calcium manganese
oxide using impedance spectroscopy. Our key find-
ings are as follows:

1. The impedance spectra of all the thermoelectric
devices are Kramers–Kronig-transformable,
showing only a randomly distributed noise.
Kramers–Kronig-transformable impedance
spectra enable complex nonlinear least square
analysis using equivalent circuit to extract
thermoelectric properties of the devices.

2. The obtained thermoelectric parameters of
devices based on bismuth telluride and skut-
terudite are in good agreement with the values
obtained from the manufacturer and those
reported in the literature. The thermal conduc-
tivity of a calcium manganese oxide-based
device shows a large discrepancy due to the

Fig. 2. Impedance spectra (filled symbol) and equivalent circuit
fitting results (line) of the devices based on (a) BiTe, (b) SKD, and (c)
CMO at 23�C and 0.1 kPa (the number denotes the frequency value
of the top of the arc for each impedance spectrum).
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extremely low figure of merit at 23�C, while
Seebeck coefficient and electrical conductivity
values agree with the values obtained from the
manufacturer.

3. Thermoelectric capacitance can be utilized as a
quantitative measure of the ‘‘propensity’’ of
thermoelectric devices to generate thermoelec-
tric power under an external temperature gra-
dient.
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