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Abstract In developing intermediate temperature (300–700 °C)
thermoelectric modules with high conversion efficiencies
exceeding 10 %, the evaluation of the electrical contact
resistance between the thermoelectric material and metal-
lic electrode is a critical issue. In this work, a novel direct
contact resistance measurement apparatus is proposed that
enhances the previously reported extrapolation based er-
roneous contact resistance evaluation methods. The accu-
racy and resolution of this apparatus are investigated in
detail, and the proposed novel contact resistance measure-
ment exhibits sufficient performance to evaluate high ef-
ficiency thermoelectric modules. The presence of the
Peltier effect in the direct current-induced contact resis-
tance measurements is verified experimentally using the
proposed apparatus. Two modified measurement parame-
ters, i.e., the pulse shape input current and heat dissipating
metallic block, are proposed and their effects in suppress-
ing the unintended Peltier effect are discussed in detail.
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Introduction

Recent advances in thermoelectric materials operating in in-
termediate temperature ranges (300–700 °C) have attracted
significant attention in the context of developing novel and
environmentally-friendly power generation technologies.
The well-known thermoelectric material PbTe has been inves-
tigated by numerous groups and its highest reported thermo-
electric figure of merit (ZT) value is 2.2 at 442 °C [1].
Skutterudite structure series materials have exhibited a ZT
value of almost 1.7 at 577 °C [2]. In 2014, Kanatzidis and
his group reported a record high bulk-based thermoelectric
figure of merit of 2.6 with crystalline SnSe [3]. The develop-
ment of these novel thermoelectric materials with high ZT
performances in the intermediate temperature range demon-
strates the practical possibility of power generation efficiency
of around 20 % [4, 5].

In order to fabricate thermoelectric modules based on
high performance thermoelectric materials, two essential
technologies should be developed for practical applica-
tions. Due to relatively high temperature operation condi-
tions, these thermoelectric modules are commonly exposed
to severe oxidation environments. Accordingly, anti-
oxidation technologies should be developed for more ap-
propriate and reliable applications of such intermediate
temperature thermoelectric power devices [6–8]. The other
important technological issue involves the interfaces be-
tween the thermoelectric materials and metallic electrodes.
As depicted in Fig. 1(a), a thermoelectric uni-couple con-
sists of both n- and p-type thermoelectric legs and elec-
trodes that electrically connect these two legs in series.
The thermoelectric module consists of many uni-couples
that are connected in series, as shown in Fig. 1(b). Consid-
ering that the same process and material are used to form
bonding interfaces on both sides of the thermoelectric leg,
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both electrical contact resistances of Rc1 and Rc2 in Fig. 1(a)
have the same value, i.e., Rc. In this case, for the thermo-
electric module with n uni-couples, the total electrical
module resistance Rtotal is represented as follows:

Rtotal ¼ n Rn−TE þ Rp−TE
� �þ 2nRel þ 4nRc ð1Þ

where Rn − TE and Rp − TE are the resistances of each type of
thermoelectric leg and Rel is the resistance of the metallic
electrode. When the electrode resistance is significantly
smaller than RTE and Rc, equation (1) can be summarized
as follows:

Rtotal≈n Rn−TE þ Rp−TE
� �þ 4nRc ð2Þ

The electrical power that the thermoelectric module can
generate at ΔT is summarized as follows:

P ¼ 2SΔTð Þ2
4Rtotal

¼ n 2SΔTð Þ2
4 Rn−TE þ Rp−TE

� �þ 4Rc

� � ð3Þ

where S is the Seebeck coefficient of the thermoelectric
material. Depending on the different thermoelectric modules,
the ratio between RTE and Rc can vary and some previous
studies have obtained an Rc ratio in Rtotal of almost 30 %
[9]. This indicates that the contact resistance Rc can have a
significant impact on the module power output characteristics.
In order to develop high output efficient thermoelectric
modules, the bonding interfaces must be carefully processed
to realize minimum contact resistance [10–12].

In order to develop an appropriate and optimized process
for bonding the interface between the thermoelectric material
and the electrodes, the contact resistance should be measured
precisely to provide a quantitative understanding of various
interface bonding results. Several previous studies have
addressed this technological issue through proposing various
methodologies and apparatus designs [13–19]. One of the
most frequently used contact resistance measuring methodol-
ogies is the extrapolation technique. This approach was
developed several decades ago with limited and insufficient
resources of the apparatus and machinery components
[19, 20]. This extrapolation method also has inevitable uncer-
tainties in drawing the location of the contact point between
the measured resistance extrapolation line and the expected
bonding interface location [11, 21].

In this work, a new apparatus design for contact resistance
measurements with high accuracy of up to 10−6 ohm is pro-
posed, and its performance in evaluating the thermoelectric
bonding interface is investigated. An auto-scanning mode
probing structure with a micro-motorized moving stage also
has been designed and its capability to detect fine and narrow
thermoelectric interfaces has been evaluated. The accuracy of
the proposed contact resistance measuring apparatus is inves-
tigated using pure Cu plate resistivity measurements. Previous
contact resistance studies have not addressed the Peltier effect
that arises during the DC current input measurement of ther-
moelectric materials. This work clearly identifies the presence
of an erroneous Peltier effect under the DC current contact
resistance measurements. Moreover, to eliminate the undesir-
able Peltier effect in the contact resistance measurements, two
measurement techniques (a pulse-shaped AC input current
mode and a heat dissipating contact block) are proposed and
the related electrical contact resistance measurement results
are discussed in detail.

Theory and Experiments

Thermoelectric bulk resistance (RTE in Fig. 1(a)) is mainly
determined when the thermoelectric materials are processed.
The inherent resistance of the thermoelectric leg cannot be
modified solely for the purpose of minimizing the total resis-
tance of the thermoelectric module because this type of mate-
rial modification will also affect, and usually deteriorate, other
important thermoelectric characteristics such as the Seebeck
coefficient and thermal conductivity. Considering these
typical resistance characteristics of thermoelectric materials,
the interfacial contact resistance is the most important
parameter in terms of practically improving the efficiency of
thermoelectric modules.

The definition of electrical contact resistance is the
interfacial resistance that is established at the interface of
two materials. In order to distinguish this from the bulk

Fig. 1 a Structure and resistance components in the thermoelectric leg
and b the series connection of the resistance components in an
intermediate-temperature thermoelectric module
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resistance, the specific contact resistance is defined as
follows:

ρc ¼ Rc � A Ω⋅cm2
� �

; ð4Þ

where Rc is the electrical contact resistance and A is the
apparent contact area of the interface. Because this inter-
face is located inside the jointed bulk sample, it is not easy
to precisely evaluate the specific contact resistance using
the usual bulk resistance measurement method. In order to
measure this specific contact resistance correctly from the
bulk resistances on both sides of the interface, an exclusive
measurement apparatus is necessary.

Various types of thermoelectric materials were fabricated to
evaluate the proposed contact resistance measurement appa-
ratus. A chalcogenide thermoelectric material of SnSe was
synthesized and ingots were processed via spark plasma
sintering (SPS). Two Cu electrode plates with thickness of
800 μm were bonded on both sides of the SnSe pellets using
diffusion bonding technology via low-vacuum hot pressing at
around 500 °C. The electrode bonded pellets were mechani-
cally sliced and surface-polished for the contact resistance
measurements. Commercially available calcium manganese
oxide thermoelectric legs and Bi2Te3 legs were also prepared
to measure the interfacial contact resistance. As shown in
Fig. 2, the novel contact resistance measurement apparatus
was designed and fabricated. This apparatus was designed to

directly measure the electrical contact resistance of the ther-
moelectric leg interface without extrapolation. This probing
system primarily consists of a motorized stage, a micro-
positioner, source current input blocks with a spring tension
structure, and a USB digital microscope. The probing config-
uration utilizes the four-wire probe method to minimize un-
necessary contact resistance effects between the voltage probe
tip and sample surface. The motorized stage that moves along
the horizontal axis has a 2 μm resolution moving step. The
micro-positioner was equipped with a commercial spring
probe pin (P15-51, Modusystems, Inc.) with a skewed angle
installation. During the scanning measurement steps, the in-
clined spring probe was fixed in its original position and the
motorized stage was moved along the entire measurement
length. For input source current contact to measure the ther-
moelectric sample, Cu blocks with several dimensions were
prepared (1.15 cm2, 2.25 cm2, and 4.5 cm2). The spring com-
pressions on both sides of the thermoelectric leg were con-
trolled using a manual screw with a spring constant of
k=7.84 N/cm, which enabled application of the maximum
pressure of about 500 kPa on each side of the tested sample.
A digital current source (Keithley 6221 AC and DC current
source), which could apply various types of currents, was used
for the four-wire principle voltage measurements, as depicted
in Fig. 2(a). This current source can generate both DC and
pulse-shaped input currents up to 100 mAwith 0.15 % uncer-
tainty. To prevent possible electromagnetic perturbations, all
electrical lines were designed with coaxial wires. Moreover,
for electrical white noise shielding, the measuring apparatus
was covered with a full metallic case.

Results and Discussion

Direct Electrical Contact Resistance Measurement Using
a Scanning Probe

Electrical contact resistance measurements in previous studies
generally use a hard metal probe (e.g., tungsten) that makes
contact with the measured thermoelectric leg surface. This
sharp, hard probe tip can produce scratches on the thermoelec-
tric sample surface and cause movement errors in repeated
probing steps. To prevent these drawbacks of a hard probe,
this work utilized a spring probe to scan the resistance value
while the contacted thermoelectric leg was moving, as shown
in Fig. 3(a). The resistance measurement results in Fig. 3(b)
clearly indicate that the proposed scanning spring probe is
suitable for direct contact resistance evaluation. Figure 3
presents the results of the evaluation of a diffusion-bonded
Cu/SnSe/Cu structure thermoelectric leg sample. The
obtained scanning line indicates that there was a 379 μΩ
resistance difference at the interface between Cu and SnSe,
which represents the electrical contact resistance of the tested

Fig. 2 a Schematic and b photograph of the proposed electrical contact
resistance measurement apparatus for a thermoelectric leg
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Cu/SnSe/Cu thermoelectric leg. Five repeated measurements
exhibited consistent resistance traces with a maximum of
1.367 % deviation. The resistance line trace in Fig. 3 demon-
strates that this SnSe thermoelectric leg has a bonding inter-
face thickness of around 60 μm. The scanned resistance re-
sults in Fig. 3 clearly show that the proposed probing method
can directly measure the thermoelectric interface resistance
difference (electrical contact resistance) and the thickness of
the resistance transition layer without extrapolation.

Pressure Effects in Electrical Contact Resistance
Measurement

As shown in Fig. 2, the thermoelectric leg sample is located on
the motorized stage and fixed by the Cu blocks on both sides
of the sample electrodes. To establish tight contact between
these Cu blocks and the thermoelectric leg, each Cu block is
forced by the spring structure, which has a spring constant of
7.78 N/cm, as indicated in Fig. 4(a). The effect of this com-
pressive sample holding pressure on the contact resistance
measurement has been investigated using the diffusion-
bonded Cu/SnSe/Cu sample and the results are presented in
Fig. 4(b). At two relatively low compressive pressures of
50 kPa and 100 kPa, the resultant resistance varies from 5.8
to 3.7 mΩ on the Cu electrode side. This resistance variation

disappears with compressive pressures from 200 to 500 kPa.
The higher resistances at pressures of 50 kPa and 100 kPa
primarily resulted from insufficient contact between the Cu
electrode and the Cu block. Although both surfaces were flatly
polished for appropriate contact, some irregularities in the flat
polished plane created an unexpected gap between these two
surfaces. At a relatively low compression, this gap remained
between the Cu block and the thermoelectric sample, and it
caused high contact resistance. At higher compressive pres-
sures, this gap was minimized or removed, and the resultant
contact resistance between the Cu block and thermoelectric
sample remained the same. Figure 4(b) demonstrates that in
the thermoelectric leg contact resistance measurement, and
proper compressive pressure (in this case, higher than 200
kPa) should be loaded on both sides of the sample to properly
measure the electrical contact resistance.

Accuracy and Resolution of the Electrical Contact
Resistance Measurement

In order to verify the resistance measurement accuracy of the
proposed apparatus, a pure Cu plate of 99.99 % was prepared
with fine surface polishing. The accuracy of the apparatus was
evaluated through a comparison between the previously re-
ported Cu element resistivity and the measurement results in

Fig. 3 a Photograph of the contacted spring probe on the diffusion-
bonded Cu/SnSe/Cu thermoelectric leg surface and b the averaged
resistance results from five repeated measurements and their deviations

Fig. 4 a Schematic of the thermoelectric leg holding pressure stage and b
the resistance measurement results according to various compressive
pressure conditions
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this work. The resistivity of the pure Cu plate was measured
using the resistance graph in Fig. 5(a). The resistivity of the
sample is defined as follows:

ρ ¼ R

L
� A Ω⋅cmð Þ ð5Þ

where L is the measurement distance and A is the
cross-sectional area of the tested sample. The slope of the
resistance graph (R/L) in Fig. 5(a) is equal to ρ/A from
equation (5), and the area of the Cu plate was 1.9×10−5 m2.
From this equation relation, the Cu plate resistivity was
obtained as 1.90×10−8 Ω ·m. The measured Cu resistivity is
very close to the Cu resistivity of 1.68×10−8 Ω ·m at 20 °C
found in the literature [22], and this comparison clearly
indicates that the proposed apparatus has high accuracy in
measuring resistance values.

The resolution of the proposed contact resistance apparatus
was evaluated experimentally. A functionally graded material
(FGM) Cu and brass joint sample was fabricated using SPS.
The resultant specific contact resistance of the interface of the
two different metals was 5.6μΩ · cm2, as shown in Fig. 5(b).
The resistance scanned results in Fig. 5(b) demonstrate that
the proposed measurement apparatus can distinctly capture
small resistance variations at a scale of 10−6 Ω · cm2. Recent

research results of intermediate temperature thermoelectric
modules from General Motors (GM) and MIT reported that
their best performance modules had specific contact resis-
tances of 30×10−6 Ω · cm2 and 2×10−6 Ω · cm2, respectively
[23, 24]. Considering that these two research groups’ module
performances were the highest reported to date globally, the
specific contact resistance value required for a high
performance thermoelectric module is several 10−6 Ω · cm2.
The results in Fig. 5(b) demonstrate that the measurement
using the proposed apparatus meets the required specific
contact resistance measuring resolution.

Peltier Effects on the DC Input Current Measurement

Most previous studies that evaluate the electrical contact re-
sistance have utilized a DC current as the source input current
[13, 14]. However, the DC current flowing into the thermo-
electric leg inevitably induces a Peltier effect, which results in
a thermal temperature gradient across the tested sample. This
unintended temperature gradient on the thermoelectric leg can
affect the resistance evaluation results and provide different
resistance curves compared with the constant temperature
maintained resistance measurements. In Fig. 6(a) and (c), the
measured resistance curves of the same Cu/Bi2Te3/Cu thermo-
electric leg with opposite DC input current directions are com-
pared. Both measurements exhibited resistance curve varia-
tions depending on the injected DC current levels and identi-
fied contact interfaces. In order to verify the Peltier effects in
the DC current measurement, the resistance differences of
both Cu electrodes (RA and RB in Fig. 4) are investigated in
Fig. 6(b) and (d). For the positive DC direction measurement
(Fig. 6(b)), both RA and RB show slight increments with in-
creases in the DC level from 40 to 100 mA. However, the
differences of these two resistances in the ΔR curve demon-
strate that the differences decrease with an increase in the DC
level. In the negative DC direction measurement in Fig. 6(d),
the resistance differences ΔR increase as the input DC level
increases. If the input DC level only induced Joule heating
through the thermoelectric leg length, the differences between
two electrodes RA and RB should be the same regardless of the
input DC level variation. However, the opposite variations of
resistance differences ΔR in Fig. 6(b) and (d) indicate that
there is an additional effect on the resistance measurement that
increases or decreases according to the DC current direction
alone. This unintended effect is a Peltier effect, which causes
both local heating on one side of the sample and cooling on
the other side depending on the DC current direction. Figure 6
verifies that the DC input current in the electrical contact
resistance evaluation inevitably induces the Peltier effect
during the resistance measurement, and this unintended effect
may deteriorate the accuracy of the electrical contact
resistance measurement due to the local heating and cooling.

Fig. 5 a Cu resistivity measurement results from the resistance scanning
graph and b specific contact resistance results of the Cu-Brass
functionally graded material (FGM) interface
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Peltier Effects on the Pulse Shape Input Current
Measurement

In order to prevent the Peltier effect in the DC current mea-
surement, the pulse shape current is utilized, as explained in
Fig. 7(a). This rectangular-shaped pulse current alternates pos-
itive and negative levels with the designated pulse width. The
practical measurement is placed at the end of each pulse width
is marked as M1, M2, and M3 in Fig. 7(a). The measured
results average these separate measuring points using the fol-
lowing: (M1+M3 - 2 M2)/4. The resultant resistance curves
are presented in Fig. 7(b) according to the pulse heights. The
pulse input current measurement in Fig. 7(b) exhibits a similar
resistance curve shape to the DC current measurement in
Fig. 6, and it clearly identifies the contact interface location
of the Cu/Bi2Te3/Cu thermoelectric leg. The resistance differ-
ences of each Cu electrode (RA and RB in Fig. 4) are also
evaluated in Fig. 7(c). Unlike the resistance difference varia-
tions in Fig. 6(b) and (d), the pulse input measurements ex-
hibited almost identical resistance differencesΔR in all differ-
ent pulse input levels. This consistency in ΔR means that a
significant resistance difference was not measured for both
sides of the thermoelectric leg during the pulse input contact
resistance measurement. This reinforces that the Peltier effect
was absent with the pulse input current measurement, which
induces different local temperature gradients at the sides of the

thermoelectric leg and a resultant resistance difference ΔR
variation, as seen in Fig. 6(b) and (d).

The elimination of the Peltier effect in the pulse input cur-
rent measurement is evaluated in the specific contact resis-
tance results in Fig. 8. The interfacial contact resistance from
the DC input current measurement shows different and de-
creasing resistance results with increases in the input current
levels for both directions of the DC current. Figure 8 reveals
that the contact resistance measurement with the DC input
current provides different measurement results depending on
the input signal levels and that it has a clear limitation in
evaluating electrical contact resistance characteristics. How-
ever, the pulse-shaped input current measurement provides
consistent specific contact resistance results of approximately
7 μΩ · cm2 regardless of the input current level. This work
clearly verifies that the specific contact resistance should be
measured with a pulse-shaped input current because the DC
current measurement provides erroneous contact resistance
results.

Heat Dissipation Effects by Contact Metal Blocks

For a more detailed understanding of the Peltier effect on the
DC current measurements, thermal images of the tested oxide
thermoelectric leg were examined, as shown in Fig. 9. The
local temperature gradient resulting from the Peltier effect is

Fig. 6 Resistance scanning
results of the Cu/Bi2Te3/Cu
thermoelectric leg with (a) a
positive DC input current, and (b)
the resistance differences of both
electrodes. Resistance scanning
results with (c) negative DC input
current, and (d) the resistance
differences of both electrodes
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clearly detected in Fig. 9(e) at a DC current level of 500 mA.
The thermal image indicates that a temperature variation of
2.3 °C occurred in the leg. In Fig. 9(b), (d), and (f), the same
oxide thermoelectric leg was placed between the Cu blocks,
whereas in Fig. 9(c) and (e), this thermoelectric leg was

simply connected to the Sn/Cu wire to investigate the temper-
ature gradient effect without heat dissipation. At a DC level of
50 mA in Fig. 9(c) and (d), both images exhibited similar
results without significant temperature gradient. Unlike this
low DC level case, the thermal images at 500 mA show sig-
nificantly different results. The temperature gradient in
Fig. 9(e) disappeared in Fig. 9(f), despite the applied DC input
current being identical at 500 mA. This primarily resulted
from the Cu blocks in Fig. 9(f) fully dissipating and neutral-
izing the local temperature gradient of the oxide thermoelec-
tric leg that was induced by the Peltier effect. Because the
proposed Cu blocks had sufficient size and contact area, ad-
ditional thermal distribution by the Peltier effect was not
found in Fig. 9(f).

Conclusion

A novel contact resistance measurement apparatus was pro-
posed and its characteristics in evaluating various thermoelec-
tric legs were investigated in detail. The proposed scanning

Fig. 7 a Waveform of the pulse shape current source, b resistance
scanning results of the Cu/Bi2Te3/Cu thermoelectric leg with a pulse
input current, and c the resistance differences of both electrodes

Fig. 8 Comparison of the specific contact resistance measurement results
depending on the input current

Fig. 9 Photographs of the (a) oxide thermoelectric leg connected to the
Sn/Cu wire and (b) oxide leg loaded on the Cu blocks. Thermal images of
the oxide leg under a DC bias of 50 mAwith (c) Sn/Cu wire and (d) Cu
blocks. Thermal images of the oxide leg under a DC bias of 500 mAwith
(e) Sn/Cu wire and (f) Cu blocks
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probe method showed direct contact resistance measurement
capability with a resolution of up to several 10−6Ω · cm2 with-
out requiring inaccurate extrapolation processes. Furthermore,
the proposed direct measurement technique provided addi-
tional information of the contact bonding width. The accuracy
performance of the proposed apparatus was verified using
pure Cu plate resistivity measurements.

The contact resistance measurements with a DC input cur-
rent source were investigated, and the presence of the Peltier
effect during the measurements was discussed. The compari-
son of the resistance differences on the electrode sides verified
that an unintended Peltier effect appeared and affected the
contact resistance results regardless of the DC input current
direction. This implies that most previous electrical contact
resistance measurements of thermoelectric legs utilizing DC
current inputs have not considered this inevitable error in their
analyses. In order to prevent this effect in the thermoelectric
leg, pulse-shaped alternating input currents were defined and
the effect was that the electrical contact resistance did not
exhibit Peltier effects in the resistance measurements. The
comparison of the resultant specific contact resistances with
DC and pulse-shaped current showed that only the pulse-
shaped alternating current measurement could provide single
consistent contact resistance results regardless of the input
current level. Moreover, metallic contact blocks, which have
heat dissipating characteristics, could also assist in neutraliz-
ing the local temperature gradients that result from the Peltier
effect.

The apparatus proposed in this work exhibited accurate
contact resistance measurements with a sufficiently fine
resolution and elimination of the Peltier effect. Accurate
thermoelectric analyses are essential in developing intermedi-
ate temperature thermoelectric modules with high conversion
efficiencies exceeding 10 %.
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