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In recent years thermoelectric materials have gained attention for electricity generation from waste heat and
in cooling applications. However, the efficiency of these materials is still limited, and their improvement is
hampered by the complexity of their characterization. The efficiency of these materials is determined by the
thermoelectric figure of merit, which depends on their electrical conductivity, Seebeck coefficient, and thermal
conductivity. Usually the complete characterization of these properties involves the use of multiple tools, which
requires time and introduces uncertainty. Therefore, to boost the discovery of materials with higher efficiency,
there is a strong need for fast and accurate experimental characterization. Additionally it is important to measure
the thermoelectric properties at the microscale since it enables a thorough understanding of the materials. In this
study we present a new method using a micro four-point probe (M4PP) that is able to measure within seconds,
at the microscopic scale all of the material properties that define the thermoelectric figure of merit. The method
is demonstrated using two skutterudite materials with known thermoelectric properties, and it shows a strong
agreement with the reference data. The M4PP method demonstrates potential to revolutionize the testing of
thermoelectric materials to expedite their development.

DOI: 10.1103/79v2-95yn

Introduction. Thermoelectric materials, which can effec-
tively convert heat into electricity and vice versa, hold
significant promise for many applications [1,2]. This technol-
ogy allows for the construction of devices without moving
parts, offering superior reliability, low maintenance, and quiet
operation. Given the technological significance of thermo-
electrics, there is a need to develop new and more efficient
materials. The efficiency of a thermoelectric material is de-
termined by the dimensionless figure of merit (Z7), which
depends on its electrical resistivity (p), Seebeck coefficient
(o), and thermal conductivity («). Therefore, the pursuit of
more efficient materials is centered on the optimization of
each of these three material properties [1].

Characterizing thermoelectric materials is a challenging
task that typically demands multiple tools. A detailed review
of thermoelectric materials characterization is given in Ref.
[3]. The laser flash (LFA) [4] method is commonly used for
determining «, while p and « are usually measured in the
same instrument by recording the steady-state voltage under
two separate conditions: (1) when applying current and (2)
when applying a temperature gradient in the sample, respec-
tively. The three properties are then used to calculate ZT.
Other techniques using only electrical signals (such as the
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Harman method [5], impedance spectroscopy [6] and other
macroscopic four-point measurements [7]) have also been
developed for direct ZT characterization. The most common
is the Harman method, which has been extensively used for
thermoelectric measurements, although it has been reported
that substantial errors may occur when not correcting for
parasitic thermal effects [8]. On the other hand, impedance
spectroscopy has recently also demonstrated the ability to de-
termine all properties that define ZT. However, that approach
requires knowledge of the thermal conductivity of the elec-
trode material [9]. It is important to remark that none of the
previous techniques have enabled the measurement of ther-
moelectric properties at the microscopic scale, which could
provide a deeper understanding of the materials and unlock
new strategies for the improvement of their efficiency.

The micro four-point probe (M4PP) is a well-known tech-
nique used by the semiconductor industry for in-line process
control during wafer production, specifically for characteriz-
ing sheet resistance [10], Hall mobility [11], and magnetic
tunnel junctions [12]. Recently the analysis of higher order
harmonic signals has led to the determination of thermal
properties of materials. These applications include the inves-
tigation of the temperature coefficient of resistance (TCR)
of metallic thin films [13], simultaneous measurement of
TCR and the thermal boundary conductance between the film
and its substrate [14], the ratio (a/k) of Seebeck coefficient

©2026 American Physical Society
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FIG. 1. Simulations of the (a) potential and (b) temperature during a microscopic four-point probe measurement on a 3D bulk material
using COMSOL Multiphysics. Pin configurations used for measuring the resistances (c) R4 and (d) Rp. Schematic of the (e) ohmic (blue) and
measured (magenta) first harmonic potential waveforms, and (f) power dissipated (black) and second harmonic voltage (red).

to thermal conductivity [15,16], and isotropic or anisotropic
thermal diffusivity of bulk thermoelectric materials [17,18].
In this article we propose a procedure based on a single M4PP
measurement that provides a complete microscale characteri-
zation of all the properties that define the ZT. Two skutterudite
materials were used in this study, and we found good agree-
ment between the thermoelectric properties determined by the
M4PP method and macroscopic values obtained by measure-
ments using commercial equipment.

Theoretical model. As shown in Fig. 1(a), during an M4PP
measurement, an alternating current (AC) is applied between
two small pins, and the potential difference is recorded be-
tween another pair of pins. This current, I = Iy sin(2rw ft)
where I is the current amplitude, ¢ is time, and f is frequency,
induces a temperature fluctuation at the first harmonic (oscil-
lating at f) due to Peltier effect and at the second harmonic
(oscillating at 2 ) due to Joule effect. The Peltier effect occurs
at the contact points between sample and current electrodes
and heats or cools the sample depending on the direction of
the current. On the other hand, Joule heating effects occur
mainly near the electrodes due to the higher current density
there, and it does not depend on the direction of the current,
as illustrated in Fig. 1(b). Both effects, however, can—with
excellent accuracy—be modeled as point heat sources at the
contact points between the current pins and the sample.

The potential difference between pins p and ¢, caused by
a current introduced at pin u (positive) and extracted at pin v
(negative), can be expressed as

pg AV = AV + AV — FAV — AV, 1)
where } AV is the potential at pin & due to the current imposed
at pin /. The first and second harmonic potential oscillations
measured on a sample with p, «, ¥ independent of temperature
can be calculated as [19]

Ip o?T1 e
iAV(rk,l, t) — iwt e Brkv’g’wt
271y 2K
2
0[1 R, iw .
_ c,l 674/ 2,—)17(\162[&)[ , (2)
2K T

where ry; is the distance between pins k and /, R.; is the ef-
fective electrical contact resistance of pin /, i is the imaginary
unit, = 27 f is the angular frequency, and D is the thermal
diffusivity of the sample. Note that the first two terms of
Eq. (2) represent the potential at the first harmonic (oscillating
at ¢/®) while the third term (oscillating at ¢*®') describes
the second harmonic. The first harmonic potential is shown
in Fig. 1(e), where the measured potential (purple) contains
a term due to Peltier effect that increases the amplitude and
introduces a time delay with respect to the purely ohmic (blue)
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TABLE I. Summary of the steps followed in this study for the complete characterization of the thermoelectric properties.

Unknown parameters

Obtained from

1 R4 and Rj free of Peltier contribution

Measured Ry and Rj at two different frequencies; see Ref. [19]
Eq. (4) using R4 and Rj free of Peltier contribution
Measured second 2™ harmonic voltage at a sufficiently high frequency of six

measurements using Eq. (5); see Ref. [18]

Eq. (6) knowing specific heat (c,) and density (0)
Measured multiple two-point resistances; see Appendix II of Ref. [17]
Measured second harmonic voltage of three measurements using Eq. (7); see Ref. [16]

2 Electrical resistivity (p)

3 Thermal diffusivity (D)

4 Thermal conductivity (k)

5  Electrical contact resistances (R, ;)

6  Seebeck coefficient (o)

7  Dimensionless figure of merit (Z7) Eq. (8) using p, o, and k¢

behavior. Figure 1(f) shows the power dissipated in the sample
due to Joule effect (black) and the second harmonic potential
(red). It is also important to mention that the zero-frequency
term associated with Joule heating has been omitted as it is
unimportant for the analysis.

A lock-in amplifier can easily separate the first and sec-
ond harmonics. However, the first harmonic still contains two
terms, and only the first is useful for determining p; see
Eq. (2). As described in our previous work, it is possible to
keep only the first term by measuring at a very large frequency
w— o0, or by fitting measurements at more than one frequency
when the high-frequency limit cannot be reached experimen-
tally [19].

Isolating the first term and dividing by the current ampli-
tude leads to the expression

" P 1 1 1 1
p;R=—<—————+—, 3

which can also easily be derived using Eq. (1) and Eq. (2)
by taking the limit w— oo since both harmonic signals due to
thermal effects must disappear in this limit. Note the negative
sign of the second and fourth terms due to the current extrac-
tion at pin v. For simplicity, this resistance can be defined as
R4 for the configuration shown in Fig. 1(c) and Rp for the
configuration shown in Fig. 1(d). Measuring the resistance in
only one configuration is sufficient to determine p, as it is the
only unknown material property in Eq. (3). However, to de-
crease the sensitivity to pin position errors, it is recommended

to calculate p using
2 p _1
7 37TSRB o

“

where s is the electrode separation. Further information on
this dual configuration correction, applicable to bulk or 3D
materials, can be found in the Supplementary Information of
Ref. [18].

Moreover, D can be accurately measured from the second
harmonic phase shift when using a probe with more than four
pins [18]. Considering a probe with five pins labeled 1 to 5,
the ratio of the potential differences of six measurements,

_. /2w, _. ) 2w,
e D 2.1 e D 4.1

4 (27 sR, 2 5 (3msR
442 p 2 B
o 721 sRy 9 0

3

13 15 35 -
I = uAV + AV =3 AV T Tt
1 = - ’
12 15 25 -
DAV BAV —ZAV | VB B
3,1 41

&)

can be calculated to obtain an expression, where D is the only
unknown material property. Note that the first harmonic terms
cancel out.

Once D is known, k can be calculated using the specific
heat (c,) and the density (¢) of the material,

k = Doc,. (6)
A combination of three measurements can be used to sim-
plify Egs. (1) and (2). For example, considering again a probe

with five pins labeled 1 to 5, a heat source at pin 1 can be
isolated as

1 _ 13 15 35
LAV = BAV £ BAV —FAV
2iw 2w
al’R ) [ eV D21 eV D
= - ; (N
2wk 1 r4,1

where after introducing D and «, the only unknowns are
R.; and «. Using electrode lead resistances (obtained by
measuring on a thick Ni sample) and two-point resistance
measurements, the values of R.; for each pin / can be cal-
culated as demonstrated in the Appendix II of Ref. [17].
Therefore, a value of « is obtained for each combination of
three measurements as detailed in Ref. [16].
Finally, using p, o, and «, ZT is determined as

Ol2

ZT = —T, ®)
pK
where T is the temperature at which the measurements were
performed. A summary of the overall characterization proce-
dure is shown in Table L.

Experimental  setup. A modified CAPRES A301
microRSP® tool equipped with an internal lock-in amplifier
was used to perform all M4PP measurements. The tool
controlled a ruthenium probe with 10 pins equidistantly
separated by 10 um. All measurements were performed at
two frequencies (3.01 and 385.76 Hz) and a current of 5 mA
RMS.

Two isotropic polycrystalline skutterudite samples with an
average grain size (~150 nm) much smaller than the pin
separation (~10um) were measured. The samples, prepared
as described in Ref. [20], were measured in pellet form using
commercial equipment to obtain macroscopic reference data.
A Linseis LSR3-800 was used to measure the electrical re-
sistivity (p,) and the Seebeck coefficient («,,). The density
(0) was measured using an Archimedes balance, and it was
introduced in a Netzsch LFA system that provided the specific

L201201-3
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TABLE II. Reference values (at room temperature) for the thermoelectric properties of the skutterudites used in this study.

Name Material P (Mcm) o, (WV/K) K (W/mK) o(g/cm?) ¢, (J’kgK) ZT,
Skut-1 CoSb, 75Sng g5 Teg 20 0.95 —140 4.7 7.30 274 0.13
Skut-2 Ceo_sYb0_5F63_z5COO_75Sb12 0.62 80 3.1 7.78 245 0.10

heat (c,) and the thermal conductivity (k,). Finally, these
values were used to calculate a macroscopic dimensionless
figure of merit (Z7,,) using Eq. (8). All macroscopic reference
data are shown in Table II.

Results and discussion. A line scan of 75 um, consisting of
15 independent M4PP measurements in 5 um intervals, was
performed on each skutterudite. At each location, p, «, o, and
ZT were determined as explained in Table I, and the results
(symbols) are plotted together with the reference data (dashed
lines) in Fig. 2.

The mean (= standard deviation) values for each property
and sample are summarized in Table III. The last column of
this table shows the deviation from the macroscopic reference
data (given in Table II).

The precision of the M4PP measurements was significantly
higher for p than for the remaining thermoelectric proper-
ties (k, o, and ZT, respectively). This could be explained by
the fact that p is the only property not measured through
temperature oscillations and by the fact that it was obtained

using Eq. (4). To estimate the precision improvement due to
the use of Eq. (4), a Monte Carlo simulation was performed
by calculating 100 million R4 and Rp values [see Figs. 1(c)
and 1(d)] assuming that the distances between the pins can
be different every time that the probe lands on the surface
of the sample. For the simulation, a sample with 1 mQcm
and a probe with a nominal separation between the pins of
10 um were considered. In addition, a normally distributed
contribution to the nominal pin positions with a standard
deviation of 100 nm was added to each pin along the probe
direction. Note that the added contributions modify the dis-
tances between the pins and define the resistances R4 and
Rp according to Eq. (3). The artificially generated R4 and Rp
values (treated as if they were measured data) were then used
to calculate p4 and pgp using Eq. (3) and p using Eq. (4) with
the nominal pin positions. Figure 3 shows the results of the
Monte Carlo simulation with indication of the probability den-
sity contours of the electrical resistivity values. The standard
deviation of p is lower than that of p4, pg, and (pa + pp)/2 by

@ o, ®)
1 5+ ° . *
e o 000 00000 __._'_-_:‘---.--- e e e e T
_ 08} 4 . H *
=) \ °
© — [ [ [ ]
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S04f 2ol
0.2¢ 1t
0 : . . 0 . . .
0 20 40 60 80 0 20 40 60 80
Distance (um) Distance (pm)
(c) (d)
°
150 [ ° ° e 015 . ° ° o °
F--g - Tm---e- DA k-t I L Ty e *---
° o o ° . ® . ° . e .
< °
\ 100 | Ll o T e
E_ o ° N o * ® P
= [ @ g~ T T T T T T T T T T T T T T r T ° ° °
Sl e o * ° ° o« * o, ° *
50 0.05 ¢ e Skut-1
- = -Ref. Skut-1
e Skut-2
- - -Ref. Skut-2
0 : : ‘ 0 : : :
0 20 40 60 80 0 20 40 60 80

Distance (pm) Distance (m)

FIG. 2. Panels (a), (b), (c), and (d) show the experimental M4PP measurements (symbols) and the reference data (dashed lines) corre-
sponding to p, k, &, and ZT for the two samples studied in this work, respectively. In (c) the absolute value of « is plotted for clarity.
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TABLE III. Measured M4PP values together with the deviation from the reference data (see Table 1I).

Name Property Mean = standard deviation Deviation

Skut-1 Electrical resistivity (p) 0.883 £0.007 mQ2cm —7.1%
Thermal conductivity (k) 4.51£0.33 W/mK —4.0%
Seebeck coefficient («) —132+£ 10 uV/K —5.6%
Dimensionless figure of merit (ZT) 0.132+£0.013 0.7%

Skut-2 Electrical resistivity (p) 0.551 £0.006 m2cm —11.1%
Thermal conductivity («) 3.23+0.48 W/mK 4.1%
Seebeck coefficient () 70.9 £8.6 uV/K —11.4%
Dimensionless figure of merit (ZT) 0.086 +0.016 —13.5%

a factor of 4.35, 9.80, and 7.06, respectively, which confirms
the precision improvement due to the use of Eq. (4) when
measuring electrical resistivity.

The higher precision in the measurement of p allowed
the visualization of a clear deviation from the macroscopic
reference data [see Fig. 2(a)]. Since each M4PP measurement
is only sensitive to a microscopic volume near the contact
point between the probe and the sample, the deviation of the
measured electrical resistivity from the macroscopic reference
data can be attributed to inhomogeneities across the sample.
The same reasoning can be applied to the other thermoelectric
properties («, o, and ZT). However, due to the lower precision
of these data, the deviations are not statistically significant.
It should be mentioned that attempts to determine the fig-
ure of merit using only the first harmonic resulted in large
underestimations. The fact that it was easier to measure the
thermoelectric properties from the second harmonic signal
compared to the first harmonic suggests that the heat gener-
ated by Peltier effect (at the contacts) may dissipate easier
towards the current pins than the heat generated by Joule
effect (inside the sample, near the contacts), which could
diminish the voltage reading at the first harmonic while not
affecting the second harmonic.

Here we have characterized rather low-performing poly-
crystalline (grain size ~150 nm) thermoelectric materials at
room temperature using an M4PP probe of 10 um pitch.
Due to the large probe pitch compared to the microstructure
scale we measure an average of the thermoelectric trans-
port parameters across the large number of grains in the
micrometer-scale measurement volume. Characterization of
better-performing thermoelectric materials (e.g, single crys-
tal Bi;Tes) with lower thermal conductivities is significantly
easier as the thermal signal amplitude and phase shift increase
when the thermal conductivity decreases.

Measurements of resistivity lower than 100 mQcm is
typically unproblematic as experimental conditions can be
adapted to the sample under test by adjusting measurement
current, frequency and probe pitch; see Eq. (2). However,
measurements at elevated or reduced temperatures are un-
fortunately not possible using the existing instrumentation,
which is designed for high-performance sheet resistance
or resistivity measurement in a controlled environment at
room temperature. Yet nothing in the measurement principles
prevents measurements at elevated or reduced tempera-
tures, provided a (costly) redesign of the instrumentation is
done.

(@) 1.01 (b) 1.01 i () 1.01 i
1.008 1.008 1.008
| |
1.006 1.006 | 1 1.006
1.004 1.004 1.004 |
£ 1002 £ 1.002} £ 1:002f
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FIG. 3. Probability density contours of the output of the Monte Carlo simulation used to compare the electrical resistivity calculated using
Eq. (4) to (a) just measuring in A configuration, (b) in B configuration, and (c) the mean of both configurations. Notice the difference in scale
between x and y axis.
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Conclusions. The M4PP procedure presented here marks
a complete characterization of all the material properties that
define the thermoelectric figure of merit using a single tech-
nique and at the microscopic scale. Two skutterudite materials
were used to test the method at room temperature, which
shows that even materials with modest thermoelectric prop-
erties can be characterized by this method. Among all the
properties, the highest precision was observed when mea-
suring the electrical resistivity, which seems to indicate a
higher difficulty of measuring thermal properties. The elec-
trical resistivity also showed a clear systematic deviation
from macroscopic reference measurements, but this can be at-
tributed to inhomogeneities across the sample. The possibility
of measuring the figure of merit using only the first harmonic
was also attempted but proved to be more challenging. Over-
all, the results revealed good agreement between the M4PP
measurements and the reference data obtained by commercial
equipment, demonstrating the potential of this technique for
measuring local thermoelectric properties.
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