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A Novel Experimental Device
for Seebeck Coefficient
Measurements of Bulk Materials,
Thin Films, and Nanowire
Composites
An experimental setup has been designed and built for measuring the Seebeck coefficient
of bulk thermoelectric materials, thin films, and nanowire composites in the temperature
range 200–350 K. The setup utilizes a differential method for measuring the Seebeck
coefficient of the sample. The sample holder is a simple clamp design, utilizing a spring-
loaded mounting system to load and hold the sample between two copper blocks, on
which the electrical leads, as well as thermocouples, are mounted. The spring-loaded
design also offers fast turn-around times, as the samples can be quickly loaded and
unloaded. To measure the Seebeck coefficient, a temperature difference is generated
across the sample by using four 10 k� resistive heaters mounted in series on one of the
copper blocks. The resulting slope of the thermo-emf versus temperature difference plot is
used to obtain the Seebeck coefficient at any temperature. Test measurements were car-
ried out on bulk samples of nickel (Ni), bismuth-telluride �Bi2Te3�, antimony-telluride
�Sb2Te3�, as well as thin films and nanowire composites of Ni. �DOI: 10.1115/1.4003192�

Keywords: thermoelectricity, bismuth-telluride, antimony-telluride, nickel,
electrodeposition, physical property measurement system, differential method
Introduction
Recently a great deal of scientific and technological interest has

een focused on the production of highly efficient thermoelectric
aterials because of their fundamental importance and potential

pplications, such as electronic devices, nonconventional energy
ources, etc. �1–3�. Both bulk materials and low dimensional ma-
erials have been explored, and their thermoelectric performance
s determined by the dimensionless thermoelectric figure of merit
ZT�, where ZT= �S2T� / ����. Here, S is the Seebeck coefficient, T
s temperature, � is the absolute electrical resistivity, and � is the
hermal conductivity. In evaluating ZT it is essential to measure
he key transport properties: S, �, and �. Reliable and accurate

easurement of the Seebeck coefficient is absolutely essential to
valuate the potential of materials for thermoelectric applications.
eebeck coefficient measurements also yield important informa-

ion about the nature of charge carriers, phase transformation, de-
ect chemistry, etc. �4�.

The two basic experimental techniques for measuring the See-
eck coefficient are the integral method and the differential
ethod �5�. In the differential method, which is often used to
easure the Seebeck coefficient of semiconductors �5�, the

hermo-emf ��V� generated is plotted against a small thermal gra-
ient ��T�. The slope of �V versus �T gives the Seebeck coeffi-
ient. Experimental techniques measuring the Seebeck coefficient
ased on the differential method have been well covered in litera-
ure. Early studies by Testardi and McConnell �6� and Cowles and
ancey �7� have suggested measuring the Seebeck coefficient us-

ng Chromel-Alumel thermocouple wires. Cowles and Dauncey
7� reported the measurement of the Seebeck coefficient at room
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temperature using a direct potentiometer circuit. The circuit used
in their study yielded the differential Seebeck coefficient of the
specimen with respect to the copper probe, as compared with
Chromel-Alumel thermocouples held at the same temperature gra-
dient. Later, Wood et al. �8� developed a high temperature �1900
K� apparatus for measuring Seebeck coefficients of bulk speci-
mens. In their setup the temperature gradient was created by using
light pulses transmitted via light pipes. Caskey et al. �9� then came
up with a new technique for rapid measurement of the Seebeck
coefficient for rod shaped specimens over a wide temperature
range �4.2–300 K�. The technique developed by Caskey et al. �9�
simultaneously measures �T and �V as the temperature gradient
is slowly increased. Chaussy et al. �10� designed a cryogenic sys-
tem to measure thermopower, thermal conductivity, and electrical
resistivity of bulk materials, simultaneously over a wide range of
temperature between 1.2 K and 350 K. Gee and Green �11� de-
veloped an apparatus to measure the Seebeck coefficient of thick
uniform disks and thin films down to 100 nm thickness. The
probes employed in the apparatus were smaller than the ones em-
ployed by Cowles and Dauncey �7�. Smaller probes make the
design suitable for incorporation into low temperature cryostats.
Although the apparatus developed by Gee and Green �11� facili-
tates Seebeck coefficient measurements at room temperature and
below room temperature for both bulk materials and thin films,
the electrical contact between the thermocouple and hot probe
may lead to spurious results. To improve on this design, Goldsmid
�12� came up with a modified apparatus of Cowles and Dauncey
�7� using a simplified circuit and isolating the thermocouple wires
from the probe and heat sink. However, the simplified apparatus
of Goldsmid �12� requires specific resistors to obtain the desired
sensitivity over only a limited range of Seebeck coefficients.
Platzek et al. �13� developed a scanning Seebeck microprobe com-
bined with measurement of electric potential along the surface of

bulk materials. By mounting the probe to a three dimensional
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icropositioning system they determined the spatial variation of
he Seebeck coefficient. Studies �4,14–16� focused on the mea-
urement of the Seebeck coefficient and electrical resistivity of
ulk materials over a wide range of temperature using a variety of
esigns have been well covered in literature. The theoretical pre-
ictions and experimental studies of Dresselhaus and co-workers
17–20�, that the reduction in dimensionality enhances the ther-
oelectric efficiency when compared with bulk materials, have

ince stimulated scientists to focus on the measurement of See-
eck coefficients of thin films and nanomaterials.

Burkov et al. �21� described an experimental setup for the mea-
urement of the Seebeck coefficient and electrical resisitivity of
ulk materials and thin films for a wide range of temperatures
100–1300 K�. Later, Boffoue et al. �22� developed a fully auto-
ated experimental setup for Seebeck coefficient and electrical

esistivity measurements for both bulk materials and thin films
ithin a temperature range 77–330 K. The setup developed by
offoue et al. �22� had a combination of accuracy, rapidity, easy

ample mounting, and greater flexibility with changes in the geo-
etrical dimensions of the sample. Recently, Sarath Kumar and
asiviswanathan �23� reported an experimental setup �using inte-
ral method� for the measurement of the Seebeck coefficient of
hin wires and thin films in the temperature range 300–650 K.

In the present study, we describe an apparatus designed to mea-
ure the Seebeck coefficient within a temperature range 120–350

on bulk materials, thin films, and nanowire composites. The
ample holder has been designed to fit inside a commercial
ryostat—the physical property measurement system �PPMS�
anufactured by Quantum Design. The PPMS sample holder con-

ists of a small, round, “puck,” which fits down inside the cry-
stat. Our Seebeck sample holder has been built on top of this
uck. The uniqueness of our apparatus is the relative ease with
hich samples can be changed, as well as the extremely accurate

emperature control afforded by the PPMS system. The Seebeck
oefficient measurements were made using the differential method
slope of �V versus �T�. In testing the apparatus, the Seebeck
oefficients of bulk samples of bismuth-telluride, antimony-
elluride, and nickel were measured. To prove the flexibility of the
evice, test measurements were also carried out on nickel thin
lms and nickel nanowire composites.

Apparatus Description
A photograph snapshot of the apparatus mounted on a PPMS

uck is shown in Fig. 1. The entire setup is constrained to 5 cm in
eight with an 11�13 mm2 footprint. To ensure good thermal
ontact between the sample and the temperature sensors, highly
onductive �oxygen free high conductive copper �OFHC�� copper

ig. 1 A photograph of the measurement setup mounted on a
PMS puck. The sample is mounted between two copper
locks, one of which acts as a heater and the other acts as a
eat sink.
ods are used to sandwich the sample between them. Using silver
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epoxy �Epotek H20E�, differential thermocouples are attached
firmly and securely to the copper rods. Four resistive heaters are
connected in series and are firmly attached on the circumference
of the upper copper rod acting as a heater. A spring-loaded mecha-
nism is employed on the top of the heated copper probe. The force
exerted can be finely adjusted and the sample can be squeezed
between the copper rods to ensure good thermal contact. The force
will be constant during the entire experiments due to spring load-
ing. A support housing made of G-10/FR-4 is supported by screws
and fixed onto the heat sink �copper base� to add rigidity to the
setup.

3 Experimental Procedures

3.1 Preparation of Bulk Samples. Bulk samples of nickel
�Ni�, bismuth-telluride �Bi2Te3�, and antimony-telluride �Sb2Te3�
were prepared in the form of pressed pellets �24�. Stoichiometric
amounts of the powders of starting materials are mixed and
ground well in an alumina mortar. The mixture is then pressed
into pellets of 5 mm diameter under 635 MPa pressure using a
stainless steel Graseby Specac die and hydraulic press. In the case
of bismuth-telluride �Bi2Te3� and antimony-telluride �Sb2Te3�,
bulk samples are further prepared by RF induction melting �25�.
The sample is placed in an alumina crucible, which is wrapped
with a thin tantalum foil susceptor. The crucible and susceptor are
then heated inside an induction coil furnace under ultrahigh-purity
argon gas. RF induction heating provides reliable, repeatable, non-
contact, and energy-efficient heat in a minimal amount of time.
The charge can be melted and then maintained in the liquid state
indefinitely, depending on the application requirements. The oper-
ating frequency of the RF supply is 0–100 kHz.

3.2 Preparation of Thin Film Samples. Thin film samples of
Ni were prepared by an electroplating technique. The electroplat-
ing bath consisted of nickel sulfamate �89 g/l�, boric acid �45 g/l�,
wetting agent �0.3% vol/l�, and de-ionized �DI� water. Electroplat-
ing was performed at a current density of 10 mA /cm2 on a silicon
wafer sputtered with gold. The deposited film after a deposition
time of 1 h was mechanically separated from the wafer and used
for the Seebeck coefficient measurement.

3.3 Preparation of Nanowire Composites. Nanowire com-
posite samples of Ni were fabricated by electrodeposition
�26–39�. Electrodeposition was carried out in a typical three-
electrode setup. Polycarbonate �PC�, �Poretics PCTE, GE Osmon-
ics, Minnetonka, MN� nanoporous membrane filters were sputter
coated with gold on one side and used as a working electrode. The
manufacturer specified average pore diameter of the PC mem-
brane was �100 nm, while the thickness was 8 �m. The gold
surface was kept in contact with a copper plate held inside a
polyetheretherketone �PEEK� stationary holder, and a circular area
of 2 cm2 was exposed to the electrolyte for electrodeposition. A
platinum mesh used as a counterelectrode was placed above the
working electrode. Both the counter- and working electrodes were
held horizontal in the electrolyte. An Acumet saturated calomel
reference electrode �SCE� was used to record the potential at the
working electrode. The reaction cell consisted of a 1000 ml bea-
ker, filled with nickel sulfamate �89 g/l�, boric acid �45 g/l�, wet-
ting agent �0.3% vol/l�, and DI water, which acts as an electrolyte.
The reaction cell was kept inside a water bath maintained at a
temperature of 50�2°C, and the electrolyte was magnetically
stirred at 320 rpm during the experiments. All the experiments
were carried out with a VersaSTAT3 potentiostat/galvanostat
�AMETEK Princeton Applied Research, TN�. The Ni nanowires
were galvanostatically deposited at a cathodic current density of
5 mA /cm2 by using a template-based synthesis technique �40,41�
in which an appropriate current was applied to the solution caus-
ing the metal to deposit within the pores of the gold-sputtered
membrane. After deposition, the membrane was dissolved in me-

thylene chloride �CH2Cl2� and sonicated for 30 min to release the
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anowires. Scanning electron microscopy �SEM� images of the
anowires were obtained using a JEOL 840A electron microscope

3.4 Seebeck Coefficient Measurement Procedure. In order
o perform measurements at different temperatures, the Seebeck
pparatus is placed on a PPMS puck and inserted into the PPMS
ystem. A custom designed temperature control and measurement
rogram, created with LABVIEW software operating on a Dell PC,
uns the experiment. Heater current is supplied by a Keithley 220
c source, and the thermo-emf and differential thermocouple volt-
ge are measured by Keithley 182 nanovoltmeters and recorded
y the PC.

Results and Discussion
The bulk samples of Ni, Sb2Te3, and Bi2Te3 were prepared as
entioned in Sec. 3. The Seebeck coefficient of these samples
as then measured using the experimental setup described in the
resent study. All the measurements were performed on five dif-
erent bulk samples for each material. To test the experimental
etup for measurement of the Seebeck coefficient of nanowire
rray composite samples, Ni nanowires were fabricated using
lectrodeposition. The measurements for the nanowires were per-
ormed on three different electrodeposited samples. Figure 2 de-
icts the typical top view of the Ni nanowire arrays electrodepos-
ted at a cathodic current density of �6 mA /cm2 using a PC
embrane with an average pore diameter of �100 nm. The nano-
ires have the same height, implying they are deposited along the
ores at the same rate.

To demonstrate the accuracy of the measurement system See-
eck coefficient results of bulk semiconductors Sb2Te3 and Bi2Te3
re presented in Fig. 3. The Seebeck coefficient data of bulk
b2Te3 �filled circles and the right y-axis� presented in Fig. 3�a�
how that the data are positive in the whole temperature range
nvestigated, and the values are in good agreement �uncertainity of

2 �V /K� with the values reported by Zhitinskaya et al. �42�
long the trigonal crystal axis. Similarly, the Seebeck coefficient
ata of bulk Bi2Te3 presented in Fig. 3�a� �filler squares and the
eft y-axis� show that the data are negative in the whole tempera-
ure range investigated and the values are in good agreement �un-
ertainty of �5 �V /K� with the values reported by Lowhorn et
l. �43�. Figure 3�b� depicts the comparison of the measurements
btained from the experimental setup described in the present
tudy and published literature for bulk Sb2Te3 and Bi2Te3 samples
42,43�. In Fig. 3�b�, the Seebeck coefficient data of bulk Bi2Te3
btained from the present study �dashed line� are compared with
ef. �43� �filled squares�; most of the values are in agreement

ig. 2 SEM image of Ni nanowire arrays electrodeposited at
6 mA cm−2 using a PC template with an average pore diam-

ter of È100 nm and an average length of 6 �m
�5 �V /K�. The Seebeck coefficient data of bulk Sb2Te3 ob-

ournal of Nanotechnology in Engineering and Medicine
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tained from the present study �solid line� are compared with Ref.
�42� �filled circles�, and are in very close agreement with each
other ��2 �V /K�.

In order to validate the measurement system and estimate the
accuracy involved in the data, Seebeck coefficient measurements
were also performed on a bulk sample of nickel. Nickel was cho-
sen as an appropriate test material, due to its relatively large See-
beck coefficient ��−20 �V /K� among metals. The experimental
data collected for bulk Ni samples within a temperature range
120–350 K are represented by filled circles in Fig. 4�a�. To further
test the capability of the measurement system on thin films and
nanowire array composite samples, Seebeck coefficient measure-
ments were performed on Ni thin films and Ni nanowire array
composites. The experimental data collected for Ni thin films and
Ni nanowire array composite are represented by filled squares and
filled triangles, respectively, in Fig. 4�a�. Note that the absolute
Seebeck coefficient values of the Ni nanowires were lower than
that of Ni thin films and bulk Ni samples, throughout the mea-
sured temperature range.

Figure 4�b� depicts the comparison of the measurements ob-
tained from the experimental setup described in the present study
and in published literature for bulk Ni and Ni nanowires
�22,44–46�. In Fig. 4�b�, the Seebeck coefficient data of Ni bulk
sample obtained from the present study �shown as a solid line� are
compared with experimental values obtained from Ref. �22�
�shown as filled circles�. The agreement between the Seebeck co-

Fig. 3 „a… Temperature dependence of Seebeck coefficient
„�V/K… measured „using the experimental setup described in
the article… on a Sb2Te3 bulk sample „filled circles… and Bi2Te3
bulk sample „filled squares…. „b… Temperature dependence of
Seebeck coefficient „�V/K… measured using the experimental
setup described in the article, of Bi2Te3 bulk sample „dashed
line… and Sb2Te3 bulk sample „solid line…, is compared with the
values in the published literature, i.e., Ref. †43‡ for bulk Bi2Te3
and Ref. †42‡ for bulk Sb2Te3 samples.
efficient results of bulk Ni sample obtained in the present study

1 FEBRUARY 2011, Vol. 2 / 011006-3
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nd the literature data �44–46,21,22� is rather good with an esti-
ated uncertainty of about �0.6 �V /K �Fig. 4�b��. The Seebeck

oefficient data of Ni nanowires with a diameter of 100 nm ob-
ained from the present study �shown as a dashed-dotted line� are
ompared with experimental values reported in Ref. �45� �shown
s filled triangles�. Shapira et al. �45� measured the Seebeck co-
fficient of an individual Ni nanowire with a diameter of 30 nm
nd reported that the absolute value of the Seebeck coefficient of
Ni nanowire was lower than that of the bulk sample of Ni.
lthough the results in the present study cannot be directly com-
ared with the results of Shapira et al. �45�, since we used an array
f nanowires as opposed to a single nanowire, the observed trends
n the measured Seebeck coefficient values are in good agreement.
o the best of our knowledge Seebeck coefficient data for Ni thin
lms are not currently available in published literature for a direct
omparison with our results.

Conclusions
The aim of this study was to design and fabricate an experi-
ental setup on a PPMS puck that could measure the Seebeck

oefficient using the PPMS. While we tested the device over a
oderate temperature range, the experimental setup ultimately

rovides flexibility in the temperature range �4 K�T�350 K�,

ig. 4 „a… Temperature dependence of Seebeck coefficient
�V/K… measured „using the experimental setup described in
he article… on a bulk Ni sample „filled circles…, Ni thin film
ample „filled squares…, and a Ni nanowire array „filled tri-
ngles…. „b… Temperature dependence of Seebeck coefficient
�V/K… measured using the experimental setup described in
he article, of Ni bulk sample „solid line… and Ni nanowires with

diameter of 100 nm „dashed line…, is compared with the val-
es in the published literature, i.e., Ref. †22‡ for bulk Ni and Ref.
45‡ for Ni nanowires of 30 nm in diameter.
s well as in regard to the sample dimensions. The sample loading

11006-4 / Vol. 2, 1 FEBRUARY 2011
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is relatively easy, and good thermal contacts are achieved by em-
ploying a spring-loading mechanism. Seebeck coefficient mea-
surements of bulk samples, thin film samples, and nanowire com-
posites can be performed with the experimental setup described in
the study. To demonstrate the capability of the experimental setup,
Seebeck coefficient measurements of bulk Bi2Te3, bulk Sb2Te3,
bulk Ni, and nanowire composites of Ni were performed and
found to be in good agreement with literature values. Based on the
test measurements performed with bulk samples of Ni, Bi2Te3,
and Sb2Te3, the uncertainty in the measured values is within
1–2 �V /K. We also report for the first time the measured values
of the Seebeck coefficient for Ni thin films.
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