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An experimental setup was developed for the simultaneous measurements of the electrical resistivity
and the thermopower in the temperature range going from 77 up to 330 K. The system combines
accuracy, rapidity, few efforts for the sample mounting, and is fully automated. Pressure contacts are
used for contacting the thermocouples to the sample and the sample to the heat sink, making
possible the measurement of both thin films and bulk materials with a great flexibility on their
geometrical dimensions. Tests of the system have been made on a 99.98% pure Ni bulk sample and
on PbTe/BaF2 thin films for illustration.© 2005 American Institute of Physics.
fDOI: 10.1063/1.1912820g

I. INTRODUCTION

During this last decade, intensive effort has been made
in the search for high efficient thermoelectric materials.1,2

Both low dimensional structures and bulk materials have
been synthesized and their thermoelectric performance deter-
mined. Their evaluation includes the measurement of the
electrical resistivitysrd, the thermoelectric power or ther-
mopowersad, and the thermal conductivitysld in order to
estimate the dimensionless figure of meritZT, defined by

ZT=
a2

rl
T, s1d

whereT is the absolute temperature. High performance ther-
moelectric devices designed either for refrigeration or for
power generation involve materials having highZT values.

The search for advanced bulk thermoelectric materials
requires testing numerous samples in order to gain informa-
tion about their transport properties. Similarly, the electrical
and thermal properties of thin films depend on many experi-
mental parametersspost-treatment, growth conditions, etc.d,
so that it is necessary to investigate a large series of samples.
For these reasons, an experimental setup is recommended for
measurements of the transport coefficients combining high
accuracy with high flexibility and where the sample prepara-
tion is minimized. Our endeavor has been to measure simul-
taneously two properties, i.e., the electrical resistivity and the
thermoelectric power. This simultaneity should be an advan-
tage because of the rapidity of execution, a smaller number
of sample handlings, and the certainty about identical chemi-
cal and physical conditions during measurements.

Accurate thermopower measurements require a very
careful sample preparation and well-defined thermal condi-
tions. Generally, in the literature, very few experimental de-
tails are given concerning the measurement procedure and
the setup. Usual measurement methods include the connec-
tion of the sample to the heat sink and the heat source with
the thermocouples either attached directly to the sample or
connected to the source and the sink.3 Alternated heating
with two heaters is also used.4 Some details about the fabri-
cation of sample holders for wide temperature range mea-
surements can be found elsewhere.5–7

In this article, we describe the development of an experi-
mental setup extended from that originally fabricated by
Stölzeret al. for thin films of fixed size.8 The measurement
cell allows the simultaneous measurement of the electrical
resistivity and the thermopower of both thin films and bulk
materials of various sizes for temperatures ranging from
77 to 330 K. The sample holder in which only pressure con-
tacts for the thermocouples and the heat sinks are used is first
described. Then, the procedure to extract the electrical resis-
tivity and the thermopower is developed in detail. Finally,
experimental results obtained on a reference bulk sample
sNid and on PbTe thin films are presented.

II. DESCRIPTION OF THE SAMPLE HOLDER

The experimental setup can be roughly divided into three
parts: sid the sample holder,sii d the cryostat, andsiii d the
computer-controlled data acquisition and management of
both the input data and measurement apparatus. We will em-
phasize here only our specific sample holder that can be
modified and adapted to any kind of cryostat.

The sample holder is represented in Figs. 1 and 2. On the
photosFig. 1d, we can see that it is mainly made of a copper
cylindrical body. Two small copper blocks are located at one
end on which the sample is mounted. Note that a notchfnot
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shown for simplification in Fig. 2sadg separates the two small
copper blocks in order to prevent the mechanical stress due
to the difference of thermal expansion coefficient between
the sample and the sample holder that could break the
sample or damage the thermal contacts. The other end of the
cylindrical sample holder is connected to the heat sink of the
cryostat with screws. The measurement cell can therefore be
easily disconnected from the cryostat making the mounting
of the sample easy.

The two small copper blocks, electrically isolated from
the main copper body, are placed in a symmetrical wayfFig.
2sadg. Small resistorsstypically 100Vd that are used as heat-
ers are embedded inside. The heat resistance induced by the
electrical insulation determines the power consumption of
the small heaters in the small copper blocks and the cooling
rate of the sample. A value of 10 K/W is optimum for ac-
ceptable measurement speed and accuracy. On the other
hand, this insulation layer also has to withstand large
changes of temperature. These requirements are fulfilled by
the use of cigarette paper as an insulation layer. It is glued on
the copper partsFig. 2d with special low temperature varnish
sGE 7031 varnishd.

The two small copper blocks serve both as thermal and
electrical contacts to the sample. One original feature of our
measurement cell is the possibility of easily changing the
distance of these two blocks by a lateral sliding as illustrated
in Fig. 1. In order not to damage the cigarette paper, the
sliding is not performed directly on it but on an intermediary
copper piecesFig. 2d. The motion allows adjusting the mea-
surement cell to the sample size. A great flexibility with re-
spect to the sample size can therefore be gained. Typically,
samples with length varying between 5 and 22 mm can be
measured. The width can vary between 1.5 and 6 mm. The
thermal contact of the sample to the heat sink is usually
ensured by pressing the sample between polished copper sur-
faces. The pressure is controlled through small screwsfFig.
2sbdg. For contacting hard and brittle samples or substrates
like glass and silicon, we used indium foils inbetween.

Differential copper–constantan thermocouples
s0.127 mm diameterd sense the temperature differences be-
tween the sample and the copper body. All the leads in con-
tact with the sample holder, including those of the differen-
tial thermocouples, are carefully thermally anchored to the
copper body. The contacts of the hot junction of the thermo-
couples to the samples are made as follows: the thermo-
couple wires are threaded through two round hole alumina
ceramics and their junction at one end of the alumina tube is
spot welded and pressed against the sample by means of
springsfFig. 2sbdg. In order to reduce parasitic heat fluxes
through the thermocouples, we used thermal grease to im-
prove the thermal contact between the copper pieces and the
alumina tubes on one hand and the thermocouple wires and
the alumina tubes on the other hand. The cold junction of the
thermocouples is soldered on dedicated prints of fined-down
printed circuit. This circuit is located near the place where
the reference temperature is measured by a platinum resistive
thermometer inserted in the copper body.

All the voltages are measured using a Keithley 2000
multiscan meter via a scanner card. The current injected in
the heaters and in the sample is controlled by a Keithley 224
digital source power supply.

FIG. 2. Schematic view of the sample holder for the thermopower and the
electrical resistivity measurements:sad cross section taken at levelA in Fig.
1 andsbd side view. When the sample is a film deposited on a substrate, the
film is faced toward the thermocouples.

FIG. 1. sColor onlined Photo of the measurement cell together with its
radiation shield. The cell is devoted to the simultaneous measurement of the
thermoelectric power and the electrical resistivity.
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III. MEASUREMENT PROCEDURES

A. Electrical resistivity

The measurement of the electrical resistivity of the
sample is made with the standard four probes method. In this
technique, the electrical currentsId flows through the sample
and the voltage dropsDVd is measured. The value of the
resistivity is given by

r =
DV

I

S

L
, s2d

whereL is the distance between the two voltage probes and
S is the surface of the sample. We used the two copper
branches of the thermocouples as a voltage probe. In order to
reduce the influence of the thermoelectric voltage on the de-
termination of the electrical resistivity, the voltage occurring
on the sample was measured instantaneously after the appli-
cation of the electrical current through the sample. Each re-
sistivity value results from the average of several currents ±I.

B. Thermopower

When we apply a small temperature differenceDT s−5
,DT,5 Kd on the sample, the four voltages,UTh1, UTh2,
UCu, and UCon as depicted in Fig. 2sad, are recorded as a
function of time.UTh1 and UTh2 represent the thermal volt-
ages in the two thermocouple circuits andUCu andUCon the
voltages in the copper circuit and in the constantan circuit,
respectively. FromUTh1 and UTh2, the mean temperature
Tav=sT1+T2d /2 of the sample andDT=T1−T2 are calcu-
lated.T1 andT2 represent the temperatures at the location of
the thermocouple junction on the sample.

The voltagesUcu andUCon measured between the input
terminals of a voltmeter can be expressed as

U =E dV= −E a dT s3d

where the integral is between terminal 1 and terminal 2 of
the voltmeter.

If the terminals are at the same temperature, we get

UCu = −E
T1

T2

saCu − addT,

s4d

UCon= −E
T1

T2

saCon− addT,

whereaCu, aCon, anda are the thermopower of the copper,
the constantan, and the sample, respectively.

WhenDT!Tav, the systems4d reduces to

UCu = saCu − adDT,

s5d
UCon= saCon− adDT.

In fact, we often have to consider an offset voltagesUoffd
in the copper and constantan circuits.Uoff may rise from
different sources: instrumentation, parasitic thermal gradient,
but also from a nonlinear temperature distribution coming
together with an inhomogeneous thermopower anywhere in

FIG. 3. sColor onlined Measurement procedure to extract the thermopower
from data corresponding to a measurement performed at 300 K on a PbTe
thin film: sad voltagesUTh1, UTh2, UCu, andUCon as a function of time and
sbd determination of the slopeaCu andaCon to calculate the thermopower by
Eq. s7d. r is the coefficient of regression of the linear fit.

FIG. 4. sColor onlined Thermopower and electrical resistivity data on bulk
Ni as compared to other data. Open circles and triangles represent measured
data from this work. Solid linesthermopowerd from Blatt et al. sRef. 9d;
filled circles from Burkovet al. sRef. 6d; solid line sresistivityd from Lewis
et al. sRef. 10d.
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the electrical circuit.8 If we suppose thatUoff is independent
of DT and has the same value forUCu and UCon, which is
well verified experimentally, Eq.s5d becomes

UCu = saCu − adDT + Uoff = aCuDT + b,

s6d
UCon= saCon− adDT + Uoff = aConDT + b,

whereaCu is the slope of the curveUCusDTd andaCon is the
slope of the curveUConsDTd.

From Eq.s6d, it is possible, after some calculations, to
extract the thermopowera independently ofDT:

a =
aCu

aCon− aCu
aCu/Con+ aCu, s7d

whereaCu/Con=aCu−aCon is the thermopower of the copper–
constantan thermocouple.

The relation

UTh1 − UTh2 + UCu − UCon= 0, s8d

which is evident from Fig. 2sad, is used as a verification of
the measured data.

In the testing phase, we used the following extended
procedure for measuring the thermopower:

s1d Step 1: heating the left hand side with constant power
until DT=constant;

s2d Step 2: heater off, waiting untilDT=constant;
s3d Step 3: heating the right hand side with the same power

until DT=constant; and
s4d Step 4: heater off, waiting untilDT=constant.

The four voltages are plotted as a function of time as illus-
trated in Fig. 3sad. From a linear regression ofUCu andUCon,
the coefficientsaCu and aCon are calculatedfFig. 3sbdg and
the thermopower is calculated using Eq.s7d. The points used
for the calculation of the two slopessaCu and aCond corre-

spond toDT=0 anduDTu.1 K. The coefficient of regression
of the linear fit is used as a mark of quality of the measure-
ment. Generally, it is higher than 0.995. A low value of this
coefficient or a long time to get the thermopower measure-
ment are indicators of a bad thermal contact of the sample or
the thermocouples. The error in the determined thermopower
is usually below 5%. On high resistive filmss.2 kVd, the
error is larger due to noise.

IV. RESULTS

The best way to validate a measurement system is to use
a reference material for which the absolute thermopower and
the electrical resistivity are well established. From the
point of view of the reliability and precision of the measure-
ment, we selected nickel. The dimensions of the Ni
parallelepipedic-shaped sample were 9.0033.90
30.25 mm3. The experimental results are reported in Fig. 4
and compared with literature data.6,9,10 The measured ther-
mopower and resistivity values are in excellent agreement
with these published values.

To see the capability of our system on thin films, we
present results obtained on a PbTe thin film. The layer was
prepared by pulsed laser deposition from stoichiometric
PbTe target onto a BaF2s111d substrate. The substrate tem-
perature was kept at 300 °C during the growth. We used a
rectangular masks238 mm2d to fix the geometry of the de-
posit. Figure 5 displays the results obtained on a 1mm thick
n-type PbTe layer. As expected, the thermopower data are
negative in the whole temperature range investigated and
the values are in good agreement with the values reported
by Ravich et al.11 for similar carrier concentration
sn,2.1018 cm−3 at 300 Kd. Moreover, the temperature de-
pendence behaviors of both the resistivity and the ther-
mopower are typical of those of a degenerated semiconduc-
tor and that are expected for such a high carrier
concentration.
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FIG. 5. sColor onlined Temperature dependence of the thermopower and the
electrical resistivity of a PbTe thin film deposited on BaF2s111d.
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