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Abstract— Thermoelectric (TE) materials are promising for
energy-generating devices, and their design depends on a fast,
precise determination of their Seebeck coefficient and electrical
conductivity. Herein, a low-cost setup was developed to determine
the Seebeck coefficient and electrical conductivity of thin films,
allowing the calculation of the power factor (PF) (PF = S2σ).
The system was validated by measuring the Seebeck coefficient
and electrical conductivity of poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), a widely used material in
organic electronics and TE generators. The results demonstrate
the high resolution of our system, with obtained values of
0.1 µV/K for Seebeck coefficient, 0.1 S/cm for electrical con-
ductivity, and 0.1 µW/K2 for PF. A detailed description of the
fabrication of the measurement setup is provided, with the aim of
making thermoelectricity accessible to any research laboratory,
even in places with limited budgets.

Index Terms— Electrical conductivity, instrumentation, mea-
surement system, power factor (PF), Seebeck coefficient,
thermoelectricity.

I. INTRODUCTION

THERMOELECTRIC (TE) energy generation is promis-
ing to address energy demands, especially for portable

devices and low-power consumer electronics [1], [2], [3].
It may exploit the temperature difference existing in almost
all mechanical and electrical systems, as in a car (engine/car
body), and in a solar panel (face exposed to the sun/face
unexposed) to name a few [4]. In fact, of all the energy
produced worldwide, only 40% is used to perform actual work,
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the remainder being lost as waste heat [5], [6]. In this context,
TE materials can play a significant role converting thermal
energy into electricity. Indeed, by applying a temperature
gradient to a TE material, a heat flow is established between
the electrodes of the device, resulting in the diffusion of charge
carriers from the hotter to the colder region. This phenomenon
is known as the Seebeck Effect, first described in 1821 by
Thomas Johann Seebeck [7], [8], [9], [10]. TE generators can
not only be used to recover heat waste, but also to convert
the heat radiated by the sun into electricity, complementing
photovoltaic devices as infrared (IR) harvesters or operating
as independent systems. They are often used in conditions
of intense light and heat, and are then referred to as solar
TE generators (STEGs) [11]. In addition, geothermal energy,
which harvest heat from the Earth’s interior, is one of the
largest renewable sources available. It is characterized by
its independence from weather conditions, providing stability
and offering high energy source potential. This source can
be utilized for power generation through TE devices, which
exploits the temperature difference between the subsurface and
the surface as a heat source [12].

An important parameter of TE materials is the figure of
merit (denoted as “Z T ”), which considers the relationship
between the Seebeck coefficient (S), thermal (k) and electrical
(σ ) conductivities according to (1) [8], [9], [10], [13]

Z T =
S2σ

k
T (1)

where T is the average temperature between the cold and hot
sources. Generally, materials with figure of merit (Z T ) higher
than 1 at room temperature are desirable for TE generators.
It is important to note that while Z T is a key indicator of
a TE material’s performance as a generator, different Z T
may be more relevant when the material is used for sensing
applications. Therefore, the material must have low thermal
conductivity and a high power factor (PF) (PF = S2σ)

[8], [9], [10], [13]. By increasing the Seebeck coefficient of
the material and/or the electrical conductivity, an increase
in the PF is obtained. It is important to highlight that it is
challenging to manipulate only a single parameter of the figure
of merit, since the Seebeck coefficient, electrical and thermal
conductivity are intrinsically interdependent [14], [15].

To determine the Seebeck coefficient, as defined in (2) [8],
[9], [10], [13], one needs to measure the temperature difference
applied to the borders of a material accurately, in addition to
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the voltage difference generated

S = 1V/1T (2)

here 1V is the electric potential difference measured across
the TE material, and 1T is the temperature difference to which
the material is exposed.

As for the state-of-the-art materials, bismuth telluride-based
composites (BiTe) are one of the most used in TE appli-
cations, achieving Z T values of 1.86 at 320 K for p-type
BiSbTe [16] and 1.15 at 400 K for n-type BiTeSe [17].
Besides inorganic materials, conjugated polymers have been
also applied as TE materials, which may be advantageous due
to their tunable electrical conductivity, mechanical flexibility,
and low-cost processing methods [18], [19], [20]. Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
composites, in particular, have significant Z T values, reaching
0.42 at room temperature [21]. Composites of carbon nan-
otubes/conductive polymers have also been widely studied. For
instance, SWCNT/PEDOT:PSS achieved a Z T of 0.4 at room
temperature [22]. Another hotspot in thermoelectricity is the
polymer composites combined with inorganic semiconductors,
which have aroused intense interest from the scientific commu-
nity. An example is bismuth telluride (Bi2Te3) with PEDOT,
whose Z T was 0.58 with Seebeck coefficient of ∼180 µV/K
at room temperature [23].

A measurement system used to accurately determine the
Seebeck coefficient must be able to apply and maintain a
stable temperature difference to the sample, while measuring
the Seebeck voltage generated across the sample. It is essential
to thermally isolate the sample holder, to avoid the influence
of heat exchange with the external environment (heat loss).
Indeed, a few systems have been proposed to determine the
Seebeck coefficient. For instance, Zhang and collaborators
described a system capable of measuring the Seebeck coeffi-
cient from −100 ◦C to 150 ◦C, specifically for inorganic bulk
materials [24]. Similarly, Mishra et al. developed a system
that can measure the Seebeck coefficient of inorganic bulk
materials at temperatures up to 900 K [25]. More recently,
Martin and Nolas [26], Fu et al. [27], and Narjis et al. [28]
proposed a measurement apparatus to determine the See-
beck coefficient and electrical conductivity in bulk materials
simultaneously. Also, Mulla et al. [29] introduced an easy-
to-fabricate, cost-effective measurement system to evaluate
the Seebeck coefficient. However, the system is designed for
bulk TE materials, making it unsuitable for studying thin-film
materials. Specifically, Mulla’s system supports measurements
up to 120 ◦C using basic thermocouples, which limits the accu-
racy of temperature measurement. Additionally, the absence of
a chamber vacuum led to temperature stabilization issues [29].
Therefore, none of these proposals are tailored to accommo-
date thin-film-based TE technologies, such as π -conjugated
TE devices. Furthermore, none provide the precise tempera-
ture control required for high-resolution measurements, which
makes our apparatus uniquely suited for such applications.
A table comparing the lab-made setups mentioned above for
measuring Seebeck coefficient is provided in the Supplemental
Material (Table S1). It is true that commercially available mea-
suring systems exist for characterizing TE materials, such as

Fig. 1. (a) Scheme of the Seebeck coefficient measurement system, as well
as the actual manufactured system. (b) Layout of the Seebeck coefficient
measurement device, along with the manufactured device.

ZEM-3 from ULVAC Company among many others. However,
their high-cost makes them inaccessible to many scientists
and research groups around the globe, making it essential to
develop low-cost, easy-to-setup TE measuring systems.

Here, we therefore focus on developing a low-cost, lab-
made, and high-resolution system designed specifically to
measure the Seebeck coefficient and electrical conductivity
in thin-films technologies given their importance in the cur-
rent development of TE devices. The system consists in a
structure responsible for applying the temperature difference
to the sample and a device structure capable of measuring
the Seebeck voltage and temperature difference through the
device itself. Furthermore, without the application of a tem-
perature difference, the system allows the determination of the
material’s electrical conductivity of the material (through I V
measurements) allowing the calculation of the PF (PF = S2σ).
The entire setup was built at a cost of US$ 300.00 and
was designed to make the TE field accessible to everyone,
especially those with limited scientific budgets.

II. MATERIALS AND METHODS

A. Simulation and Development of the Measuring System

The ratio between the voltage generated and the temperature
gradient to which a material is exposed is known as the
Seebeck coefficient. A measurement system to determine the
Seebeck coefficient must, therefore, allow for a temperature
difference to be established between the two ends of a material.
This can be accurately achieved by using two Peltier modules
connected in series with reverse bias: when the modules are
powered the temperature at one border of the sample increases
while it decreases at the other border. In the system reported
here, the Peltier modules are mounted on a copper block,
as illustrated in Fig. 1(a), and are powered by a voltage source
that controls the temperature difference applied to the sample.
We have used a commercially available Peltier cooler module
from Adaptive1, model ET-017-08-15.

A spin-coated sample was used as proof of concept, with
simultaneous measurements of the Seebeck voltage gener-
ated and the applied temperature difference. The material
was deposited on a test device with two sets of electrodes

1Registered trademark.
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Fig. 2. Simulated Seebeck voltage as a function of the temperature difference,
by the linear fitting the Seebeck coefficient of the sample was obtained. The
simulated measurement device is shown in the inset.

(V s1 and V s2 in Fig. 1(b)), through which the voltage
difference was measured between each end of the sample.
The temperature difference was monitored through two gold
strips in a 4-wire configuration (T1 and T2 sets as shown
in Fig. 1(b)), which are used as thermometers. To establish
the electrical connection between the thermometers and the
voltage probe tips, pins arranged on a 3D-plastic plate are
used, creating electrical contacts through pressure. Fig. 1
shows the scheme and layout of the measurement device,
in addition to a photography of the actual item. Construction
details, the design file of the 3D-plastic plate and the copper
support illustrated in Fig. 1(a) can be found in Fig. S1.
The design file is available in the Supplemental Material, as
“3D-plastic plate.dwg.”

The temperature difference across the sample should ideally
be measured at the exact same location of the measurement
of the Seebeck voltage. However, this is not practical unless
extra insulating layers are added; otherwise, one would overlap
two distinct electrodes. Therefore, the temperature-measuring
electrodes and the voltage-measuring electrodes are patterned
slightly displaced from one another. Since such displacement
may introduce errors, we simulated the electrode pattern using
the TE module in COMSOL software to verify the difference
between stacked and non-stacked electrodes. The device was
simulated considering gold electrodes on a Pyrex substrate and
a thin film of PEDOT:PSS (200 nm) as the TE layer. All physi-
cal parameters used in the simulation are presented in Table S2
in the Supplemental Material. The Seebeck coefficient was
calculated for two scenarios: 1) assuming the ideal case of
temperature and voltage being measured at precisely the same
location (ideal) and 2) considering slightly different locations
for the gold strips and voltage electrodes (real). Fig. 2 shows
the simulated measurement device along with the Seebeck
voltage for several temperature differences applied to the
sample. Upon analyzing the simulation results, one concludes
that the location where the temperature is measured does not
interfere significantly with the determination of the Seebeck
coefficient [as can be seen in Fig. 2(b)]. The difference is
less than 2%. Also, the Seebeck coefficient values obtained
through VS × 1T slope are similar to the value inferred from
the PEDOT:PSS properties, 12.40 µV/K (Table S1). Also,
simulations were performed considering different thickness of

PEDOT:PSS thin film, which demonstrated that the thickness
does not affect significantly the Seebeck coefficient obtained
(Fig. S2).

Device’s gold patterns to measure the Seebeck coefficient
were produced by photolithography, with gold strips and elec-
trodes deposited on glass substrates using the shadow masks
presented in Fig. 1(b). Two electrodes (RT1 and RT2) with
a 4-wire configuration allow one to measure the temperature
difference applied to the material through the change in their
electrical resistances. In addition, the device has two metallic
contacts (VS1 and VS2), which are used to obtain the Seebeck
voltage generated. It is required that the substrate presents
insulating properties, since the use of a (semi)conductive
material, even spaced by an additional insulating layer, can
interfere in the measured Seebeck voltage due to parasitic
field-effects. Because the Seebeck coefficient is temperature-
dependent, fluctuations of the room temperature and potential
electromagnetic interference were minimized by measuring the
system under a metal vacuum chamber (Faraday cage-like)
and within a controlled/stable laboratory condition. We used
a lab-made vacuum chamber and a thermal bath Nova Ética
model 521.3 DE to control base temperature (T0). The base
temperature T0 of the system was determined using a PT100
resistance on a Cu block under the Peltier cooler modules [as
discussed in Fig. 1(a)]. By controlling T0, the TE properties of
the sample can be characterized over a wide range of temper-
atures, from −20 ◦C to 100 ◦C. The Seebeck voltage and the
temperature difference were measured with a nanovoltmeter
model Keithley 2182A and sourcemeter model Keithley 2401,
respectively. The cost of these devices may hamper the imple-
mentation of this measuring system, but low-cost resistance
meters [30], [31], [32] and low-cost nanovoltmeters [33] can
be found.

B. Manufacturing of the Seebeck Coefficient Device

The measuring device was fabricated using glass plates
as substrate with dimensions of 50 × 70 mm2. To obtain
the gold pattern strips, the following steps were taken. First,
a soft bake at 118 ◦C during 10 min was performed to dry
the substrate surface. In order to improve the photoresist
adherence, a hexamethyldisilazane (HDMS) thin film was
deposited via spin-coating, 2500 r/min for 30 s, and baked
using a hot plate at 118 ◦C during 5 min. The photoresist
AZ 5214 E (MicroChemicals), used in the positive tone,
was deposited using a spinner at 2500 r/min for 30 s, then
the photoresist film was heated during 5 min at 118 ◦C.
The photoresist was exposed to a UV light at 300 nm with
10 mW/cm2 during 15 s. The pattern was obtained removing
the exposed photoresist using a MIF312 solution (1:1) with
water for 10 s at room temperature. Lastly, a 100 nm thick
gold strip was deposited via physical vapor deposition (PVD)
and the pattern was obtained removing the photoresist with
acetone solution. For improving adhesion, a 20 nm thick Cr
was deposited before the gold film deposition.

C. Measurements of the Seebeck Coefficient

To obtain the temperature difference across the TE
device, a calibration was performed for the gold strips
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as thermometers. The temperature was related to the electrical
resistance of the thermometers using (3) [13], [19], [34]

R(T ) = R0 +
d R
dT

(T − T0) (3)

where T0 is the initial temperature, R0 is the initial resistance,
d R/dT is the temperature-dependent resistance factor, and
T is the final temperature. By measuring the resistance of
the thermometer at different temperatures, d R/dT can be
obtained through the tangent of the R0 × T curve. It is
worth mentioning that the Joule self-heating on electrical
resistance can generate incorrect value for R0. To avoid such
a measurement error, R0 was obtained by the linear fitting of
the I V curve.

The Seebeck coefficient of the material (S = VS/1T ) was
determined from the slope of the VS × 1T curve. The temper-
ature gradient across the sample was varied altering the voltage
on the Peltier modules. For each voltage applied, the tem-
perature difference and the Seebeck voltage were measured
simultaneously to determine the Seebeck coefficient. Offset
voltage values can be generated by temperature difference at
the connections between different materials. To mitigate these
effects, the Seebeck coefficient was obtained by fitting the
VS × 1T curve. Also, the influence of the small temperature
oscillations is reduced, thereby improving the precision of the
measurement system.

For the error calculation, the resolution of the different
pieces of the measuring systems were considered. Moreover,
a statistical analysis was performed on the number of
measurements, and error propagation was carried out as
described in the next section.

D. Uncertainty in the Measurements and Error Calculation

In order to improve the reliability of the results, several
measurements were performed, allowing to obtain an average
value. Moreover, the uncertainty of the results was verified
considering the standard deviation. Therefore, for each tem-
perature at the border of the material, 5 measurements were
taken, while for each Seebeck voltage generated by the sample,
10 measurements were performed. The standard deviation was
calculated using the following formula:

µ =

√
1

n − 1

∑n

i=1
(xi − x̄)2 (4)

where n is the total number of measurements performed, xi is
the value of the i-n measurement and x̄ is the average of all
measurements. Since the result depends on several measured
variables, the total uncertainty can be estimated through error
propagation. If the value F is a function of the variables x , y,
z, the total uncertainty (uF ) is given by

uF =

√(
∂ F
∂x

ux

)2

+

(
∂ F
∂y

u y

)2

+

(
∂ F
∂ Z

uz

)2

(5)

where (∂ F/∂x), (∂ F/∂y), (∂ F/∂z) are the partial derivatives
of F with respect to the variables x , y, z and ux , u y, uz are
the uncertainties associated with each independent variable.

Fig. 3. Resistance of the gold contacts of the four-point system RT1 and RT2
as a function of the temperature. The uncertainty intervals are narrower than
the data points.

E. Measurements of Electrical Conductivity and the
Calculation of the PF

The resistance of the sample was measured using the
same experimental setup, but without applying a temperature
gradient (Peltier modules turned off). From the sample resis-
tance, its electrical conductivity was calculated using (6) [13],
[19], [34]

σ =
L

R · A
(6)

where L is the length of the sample, R is the resistance of
the sample, and A is the cross-sectional area through which
the charge carriers flow. To determine the cross-sectional area
of the sample, a Veeco Dektak 150 Profilometer was used.
The PF of the material studied could then be calculated using
(PF = S2.σ ) [8], [9], [10], [13].

III. RESULTS AND DISCUSSION

A. Calibration of the Experimental Setup

The measurement system was characterized by calibrating
the two gold strips in Fig. 1(b). This was performed by
measuring the electrical resistances of the two thermometers
(RT1 and RT2) at five temperatures (T0 = 294.70 ± 0.05 K;
296.70 ± 0.05 K; 298.90 ± 0.05 K; 301.30 ± 0.05 K;
303.80 ± 0.05 K), which were set by the thermal bath. The
electrical resistances were measured by a sourcemeter Keithley
2401 in 4-wire configuration. The temperature coefficient of
resistance (TCR) was obtained from the slope of the R × T
curve in which the electrical resistances were associated with
the temperatures of the thermal bath. The exact temperature
at each end of the device was measured with calibrated gold
thermometers. Different devices were measured, consistently
exhibiting linear behavior, thereby enabling their use as ther-
mometers (Fig. S3), with uncertainty lower than 0.02%. Fig. 3
shows the electrical resistance as a function of the temperature
for each thermometer and the linear fit.

Fig. 4 shows the temperature at the borders of the device
and the temperature difference as a function of the voltage
applied to the Peltier modules. The measurements were carried
out with a base temperature (T0) at 298.00 ± 0.05 K and
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Fig. 4. Temperature of the hot and cold side as a function of the voltage
applied to the Peltier cells. Base temperature at 298 K. The error bars are
smaller than the data points.

Fig. 5. Seebeck voltage of PEDOT:PSS as a function of the temperature
difference. The uncertainty intervals are narrower than the data points.

at the thermal stationary state, which was established around
15 min after turning on the Peltier modules. The temperature
at the cold side decreased, reaching 294.10 ± 0.05 K for
0.1 V, while the hot side reached 304.80 ± 0.05 K. Thus,
a temperature difference of 10.7 ± 0.1 K was obtained for
0.1 V. This temperature difference increases linearly with the
voltage, facilitating the association of the voltage applied to
the Peltier modules with the temperature difference on the
sample.

B. Measurements of the Test Sample

The system was validated by measuring the Seebeck coeffi-
cient of a PEDOT:PSS thin film (Baytron PH1000, supplied by
Heraeus). This film was spin-coated on the gold tracks (V s1
and V s2) shown in Fig. 1. For spin coating, 5 vol% of ethylene
glycol (EG, Mallinckrodt) and 0.1 vol% of dodecylbenzene
sulfonic acid (DBSA, Aldrich) were added to the PEDOT:PSS
solution, resulting in a thin 115 nm thick film. The Seebeck
voltage was measured for five temperature differences (1T =

2.5 ± 0.1 K; 4.6 ± 0.1 K; 6.6 ± 0.1 K; 8.8 ± 0.1 K; 10.7 ±

0.1 K), and the Seebeck coefficient (S) was calculated from
the slope of the VS × 1T curve. Fig. 5 shows the open-circuit
Seebeck voltage generated by PEDOT:PSS thin film as a
function of the temperature difference, leading to a Seebeck

coefficient of 12.3 ± 0.1 µV/K. This value is consistent
with the literature that used similar film thickness, where the
PEDOT:PSS Seebeck coefficient ranges from 11 µV/K to
27 µV/K [21], [35], [36].

The resistance of the PEDOT:PSS film was obtained via
I V curve (Fig. S4 in the Supplemental Material) and the
electrical conductivity was calculated using (6). The elec-
trical conductivity was 491.0 ± 0.1 S/cm, yielding a PF of
7.5±0.1 µW/K2m, compatible with the literature values [21],
[35], [36].

IV. CONCLUSION

This work was aimed at designing and constructing a low-
cost measurement system capable to determine the Seebeck
coefficient and electrical conductivity of thin films. The system
developed permitted to apply a temperature difference at the
ends of a sample while simultaneously measuring the Seebeck
voltage generated. The Seebeck coefficient of the sample could
then be determined. The measurement system was validated
by measuring a PEDOT:PSS thin film, which was subjected
to five temperature differences. The Seebeck coefficient of
PEDOT:PPS film was 12.3 ± 0.1 µV/K, which agrees with
the values reported in the literature. Using the resistance mea-
surement and considering the sample dimensions the electrical
conductivity was obtained, 491.0 ± 0.1 S/cm. Then, a PF of
7.5 ± 0.1 µW/K2m was calculated, again as expected from
the literature. Our results show the high resolution of the
system, as evidenced by the obtained values of 0.1 µV/K for
the Seebeck coefficient, 0.1 S/cm for electrical conductivity,
and 0.1 µW/K2 for the PF. The simplicity of the system and
its low cost allow any lab to measure the Seebeck coefficient,
particularly if low-cost nanovoltmeters are available.
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