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Experimental setup for the measurement of the electrical resistivity
and thermopower of thin films and bulk materials

0. Boffoué,? A. Jacquot, A. Dauscher, and B. Lenoir”
Laboratoire de Physique des Matériaux, UMR 7556, CNRS-INPL-UHP, ENSMN, Parc de Saurupt, F-54042
Nancy cedex, France

M. Stolzer
Martin-Luther-Universitat Halle, FB Physik, 06099 Halle, Germany

(Received 23 December 2004; accepted 24 March 2005; published online 29 Aprjl 2005

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 flms 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/Bak thin films for illustration.© 2005 American Institute of Physics.

[DOI: 10.1063/1.1912820

I. INTRODUCTION Accurate thermopower measurements require a very
careful sample preparation and well-defined thermal condi-
ions. Generally, in the literature, very few experimental de-

tails are given concerning the measurement procedure and

been synthesized and their thermoelectric performance detztpe setup. Usual measurement methods include the connec-

. i . tion of the sample to the heat sink and the heat source with
mined. Their evaluation includes the measurement of th . .
. o . e thermocouples either attached directly to the sample or
electrical resistivity(p), the thermoelectric power or ther- .
- : connected to the source and the sinklternated heating
mopower(a), and the thermal conductivit{h) in order to . . . '
! . . i X with two heaters is also usédsome details about the fabri-
estimate the dimensionless figure of mefit, defined by . .
cation of sample holders for wide temperature range mea-

During this last decade, intensive effort has been mad
in the search for high efficient thermoelectric materidls.

o2 surements can be found elsewh&re.
ZT= —)\T, (1) In this article, we describe the development of an experi-
P mental setup extended from that originally fabricated by

whereT is the absolute temperature. High performance therStolzeret al. for thin films of fixed sizé The measurement
moelectric devices designed either for refrigeration or forcell allows the simultaneous measurement of the electrical
power generation involve materials having high values. resistivity and the thermopower of both thin films and bulk
The search for advanced bulk thermoelectric material§naterials of various sizes for temperatures ranging from
requires testing numerous samples in order to gain informal? to 330 K. The sample holder in which only pressure con-
tion about their transport properties. Similarly, the electricaltacts for the thermocouples and the heat sinks are used is first
and thermal properties of thin films depend on many experidescribed. Then, the procedure to extract the electrical resis-
mental parameter@ost-treatment, growth conditions, @fc. tivity and the thermopower is developed in detail. Finally,
so that it is necessary to investigate a large series of sample&xperimental results obtained on a reference bulk sample
For these reasons, an experimental setup is recommended &) and on PbTe thin films are presented.
measurements of the transport coefficients combining high
accuracy v_vith high flexibility and where the sample prep_ara-fl_ DESCRIPTION OF THE SAMPLE HOLDER
tion is minimized. Our endeavor has been to measure simul-
taneously two properties, i.e., the electrical resistivity and the =~ The experimental setup can be roughly divided into three
thermoelectric power. This simultaneity should be an advanparts: (i) the sample holderii) the cryostat, andiii) the
tage because of the rapidity of execution, a smaller numbegomputer-controlled data acquisition and management of
of sample handlings, and the certainty about identical chemiboth the input data and measurement apparatus. We will em-
cal and physical conditions during measurements. phasize here only our specific sample holder that can be
modified and adapted to any kind of cryostat.

a o _ The sample holder is represented in Figs. 1 and 2. On the
Permanent address: Université de Cocody, UFR STRM, 01 BP 3306, Abid- hoto (Fig. 1) that it i inl de of
jan 01, Céte d'Ivoire. pnoto(rFig. 1), we Ccan see that It IS malnly made o1 a copper

PAuthor to whom correspondence should be addressed; electronic maifylindrical pOdY- Two Smal! copper blocks are located at one
lenoir@mines.inpl-nancy.fr end on which the sample is mounted. Note that a nfricit
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FIG. 1. (Color onling Photo of the measurement cell together with its . .
radiation shield. The cell is devoted to the simultaneous measurement of the ~©) Side view
thermoelectric power and the electrical resistivity.

shown for simplification in Fig. @)] 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. < Spring

The two small copper blocks, electrically isolated from FIG. 2. Schematic view of th e holder for the th dih
. . . i . 2. Schematic view of the sample holder for the thermopower and the
the main copper body, are placed na Symmetrlcal ’ electrical resistivity measurements) cross section taken at levalin Fig.

2(a)]. Small resistorstypically 100()) that are used as heat- 1 and(p) side view. When the sample is a film deposited on a substrate, the
ers are embedded inside. The heat resistance induced by tfiie is faced toward the thermocouples.

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- Differential copper—constantan thermocouples
ceptable measurement speed and accuracy. On the oth@&.127 mm diametersense the temperature differences be-
hand, this insulation layer also has to withstand largaween the sample and the copper body. All the leads in con-
changes of temperature. These requirements are fulfilled biact with the sample holder, including those of the differen-
the use of cigarette paper as an insulation layer. It is glued otial thermocouples, are carefully thermally anchored to the
the copper partFig. 2) with special low temperature varnish copper body. The contacts of the hot junction of the thermo-
(GE 7031 varnish couples to the samples are made as follows: the thermo-
The two small copper blocks serve both as thermal anadouple wires are threaded through two round hole alumina
electrical contacts to the sample. One original feature of ouceramics and their junction at one end of the alumina tube is
measurement cell is the possibility of easily changing thespot welded and pressed against the sample by means of
distance of these two blocks by a lateral sliding as illustratedprings[Fig. 2(b)]. In order to reduce parasitic heat fluxes
in Fig. 1. In order not to damage the cigarette paper, thehrough the thermocouples, we used thermal grease to im-
sliding is not performed directly on it but on an intermediary prove the thermal contact between the copper pieces and the
copper piecdFig. 2). The motion allows adjusting the mea- alumina tubes on one hand and the thermocouple wires and
surement cell to the sample size. A great flexibility with re-the alumina tubes on the other hand. The cold junction of the
spect to the sample size can therefore be gained. Typicallyhermocouples is soldered on dedicated prints of fined-down
samples with length varying between 5 and 22 mm can berinted circuit. This circuit is located near the place where
measured. The width can vary between 1.5 and 6 mm. Ththe reference temperature is measured by a platinum resistive
thermal contact of the sample to the heat sink is usuallfhermometer inserted in the copper body.
ensured by pressing the sample between polished copper sur- All the voltages are measured using a Keithley 2000
faces. The pressure is controlled through small sciigigs ~ multiscan meter via a scanner card. The current injected in
2(b)]. For contacting hard and brittle samples or substratethe heaters and in the sample is controlled by a Keithley 224
like glass and silicon, we used indium foils inbetween. digital source power supply.

|:> To cryostat




053907-3 Transport measurement setup Rev. Sci. Instrum. 76, 053907 (2005)

500 rrr|rrr|rroo|rrr ot 0|\\\|||\||||\|||\\||||||15
a)

250

>
say

Voltage (V)

o
Thermopower (uV/K)
o

(wogsr) Anans

§
$

: : ° |
-250 |- ° - ]
B ° _ -25 i
i s i ]
L X - Y ]
n . .OI\\llll\‘IIII‘\III'\\II'IIII_
7070 ST N S S W 50 100 150 200 250 300 350
0 200 400 600 1000 Temperature (K)
Time (s)
FIG. 4. (Color online Thermopower and electrical resistivity data on bulk
500 AP Ni as compared to other data. Open circles and triangles represent measured
) - data from this work. Solid lingthermopower from Blatt et al. (Ref. 9;
B Ay k filled circles from Burkovet al. (Ref. 6); solid line (resistivity) from Lewis
. o |-
L x—u ] et al. (Ref. 10.
250 |- -
_F . B. Thermopower
> r . .
5 - When we apply a small temperature differenk€ (-5
8 or 7] <AT<5 K) on the sample, the four voltageSini, Utho
S - U, and U, as depicted in Fig. (&), are recorded as a
[ i function of time.Uq,; and Uy, represent the thermal volt-
-250 |- - ages in the two thermocouple circuits aldd, and U, the
i U, =5-128884T r=09%9 ] voltageg, in the copper circuit and in the constantan circuit,
i U 5 88.04AT 10999 ’ respectively. FromU+,; and Uqy,, the mean temperature
o ATETE FRTE Fv TS FRUTE FETTY FUUTE FTRTE FUAT T=(T1+T,)/2 of the sample and\T=T,-T, are calcu-
4 3 =2 4 0 1 2 3 4 lated. T, and T, represent the temperatures at the location of
AT (K) the thermocouple junction on the sample.

_ The voltagedJ., and U, measured between the input
FIG. 3. (Color onling Measurement procedure to extract the thermopowe

r‘ .
from data corresponding to a measurement performed at 300 K on a Pb‘IIeerrnlnals of a voltmeter can be eXpressed as
thin film: (a) voltagesUpi, Utpa, Ucy @andUcq, @s a function of time and
(b) determination of the slopa., andac,, to calculate the thermopower by U= f dv=- J adT
Eq. (7). r is the coefficient of regression of the linear fit.

3

where the integral is between terminal 1 and terminal 2 of

Ill. MEASUREMENT PROCEDURES the voltmeter.
. o If the terminals are at the same temperature, we get
A. Electrical resistivity T
2

The measurement of the electrical resistivity of the  Ugy,=- (acy— a)dT,
sample is made with the standard four probes method. In this T
technique, the electrical curred flows through the sample . (4)
and the voltage drogAV) is measured. The value of the _ 2

iotivihg ie i Ucon=~ (acon— a)dT,
resistivity is given by T

where ag,, acon anda are the thermopower of the copper,
- A_V§ 2) the constantan, and the sample, respectively.
I L WhenAT <T,,, the systen(4) reduces to

Ucy= (aCu - a@)AT,

p

wherelL is the distance between the two voltage probes and
S is the surface of the sample. We used the two copper (5)
branches of the thermocouples as a voltage probe. In order to Ucon= (acon— @)AT.

reduce the influence of the thermoelectric voltage on the de- In fact, we often have to consider an offset voltaey)
termination of the electrical resistivity, the voltage occurringin the copper and constantan circuitd,z may rise from

on the sample was measured instantaneously after the apptlifferent sources: instrumentation, parasitic thermal gradient,
cation of the electrical current through the sample. Each rebut also from a nonlinear temperature distribution coming
sistivity value results from the average of several currehts + together with an inhomogeneous thermopower anywhere in
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O e 25 spond toAT=0 and|AT|>1 K. The coefficient of regression
- /‘ ] of the linear fit is used as a mark of quality of the measure-
I A—P |20 ment. Generally, it is higher than 0.995. A low value of this
oS0 - ] coefficient or a long time to get the thermopower measure-
g L <— ] § ment are indicators of a bad thermal contact of the sample or
g i B 15%: the thermocouples. The error in the determined thermopower
§-_100 - -2 is usgally below 5%. Or'l high resistive filn{s>2 kQ)), the
s - — 108 error is larger due to noise.
2 13 IV. RESULTS
150 ]
i A 79 The best way to validate a measurement system is to use
- K ] a reference material for which the absolute thermopower and
200 Lo bl b il g the electrical resistivity are well established. From the
50 100 150 200 250 300 350

point of view of the reliability and precision of the measure-
ment, we selected nickel. The dimensions of the Ni
FIG. 5. (Color online Temperature dependence of the thermopower and theoaralIelepipedic-shaped sample were @90
electrical resistivity of a PbTe thin film deposited on B&FR.1). X 0.25 mn?. The experimental results are reported in Fig. 4
and compared with literature dat3’° 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

Temperature (K)

the electrical circuif If we suppose that) . is independent
of AT and has the same value foi, and Ug,,, Which is
well verified experimentally, Eq5) becomes

Ucy= (acy= @)AT + Uy = ac AT + b, prepared by pulsed laser deposition from stoichiometric
(6) PbTe target onto a Bafl1l) substrate. The substrate tem-
Ucon= (@con— @)AT + Uy = aco AT + b, perature was kept at 300 °C during the growth. We used a

rectangular mask2 x 8 mn¥) to fix the geometry of the de-
posit. Figure 5 displays the results obtained onani 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
acy by Ravich et al* for similar carrier concentration
@= acon— aCU“CU/00n+ %cu () (n~2.10"® cm™ at 300 K. 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

whereag, is the slope of the curvElc(AT) andac,, is the
slope of the curvéJc,(AT).

From Eq.(6), it is possible, after some calculations, to
extract the thermopower independently oAT:

where acycor™ ®cu— @con IS the thermopower of the copper—
constantan thermocouple.

The relation concentration.
Uthy = Uz + Ugy=Ugon=0, (8) .
. . . . . - . A. Dauscher, B. Lenoir, H. Scherrer, and T. Caillat, Recent Res. Dev. Mat.
which is evident from Fig. @), is used as a verification of i 3 1812002 and references therein.
the measured data. 2T. M. Tritt, Semiconductors and Semimetadsiited by T. M. Tritt(Aca-

In the testing phase, we used the following extended3aef31i% Slgm D(ije?ﬁ' CA, I20()0_Vo’Iqs.fe?g—n_. " New York. 1664
. . . J. Goldsmid,Thermoelectric Re r|gerat|o enum, New York,
procedure for measuring the thermopower. “R. Resel, E. Bauer, T. Nakama, M. Higa, K. Yagasaki, and A. T. Burkov,

(1 Step 1: heating the left hand side with constant power Proceedings 14th International Conference on Thermoelectrics, St. Peters-

il AT= . burg, Russsia, 1995, p. 354.
unti =constant; M. V. Vedernikov, P. P. Konstantinov, and A. T. Burkov, Proceedings 8th

(2) Step 2: heater off, waiting untAT=constant; International Conference on Thermoelectrics, Nancy, France, 1989, p. 45.
(3) Step 3: heating the right hand side with the same powerA. T. Bkakovy A. Helnrlchh, lP- P. K(OHSE?HUHOV’ T. Nakama, and K.
; - . Yagasaki, Meas. Sci. Technol2, 264 (2001).
until AT constant, and. w "A. L. Pope, R. T. Littleton IV, and T. M. Tritt, Rev. Sci. Instruri2, 3129
(4) Step 4: heater off, waiting untiAT =constant. (2001).

) ) ) 8M. Stolzer, V. Bechstein, and J. Meusel, Proceedings 4th European Work-
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trated in Fig. 8a). From a linear regression &fc, andU¢,, °F. J. Blatt, D. J. Flood, V. Rowe, P. A. Schroeder, and J. E. Cox, Phys.
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