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Abstract—A new methodology for conductivity measurements,
where square metallic samples are measured with the Van der
Pauw technique, has been successfully implemented. The un-
certainty obtained is 0.04% and a comparison between national
metrology institutes gives an agreement of the measurement
values within 0.035%. Major advantages of the new method are
that smaller reference samples are required and only a single
dimensional measurement is needed.

Index Terms—Calibration, conductivity, direct current, eddy
current, International Annealed Copper Scale (IACS), uncer-
tainty, van der pauw, voltmeter linearity.

I. INTRODUCTION

EDDY current conductivity measurements are used as a rou-
tine inspection method for vast quantities of aluminum al-

loys used in aircraft manufacture. Since these conductivity mea-
surements form a very important quality assurance that is di-
rectly reflected in the safety of an aircraft, traceability and low
uncertainty is of great importance.

The majority of conductivity reference standards produced by
manufacturers of eddy current conductivity meters are traceable
through conductivity standards measured using a direct current
method. This would be a satisfactory situation if the materials
had uniform properties throughout their thickness. However, in
many cases, the reference standards used in the aerospace in-
dustry have a different conductivity in the surface layers com-
pared to that of the bulk of the material, due to the manufacturing
process. Since many commercial eddy current conductivity me-
ters operate at a frequency of 60 kHz and above, the penetration
depth of the eddy currents is only a few millimeters at most.

In order to solve this unsatisfactory situation, a project is
started by three national metrology institutes (NPL, PTB, and
NMi), two manufacturers of conductivity meters and a represen-
tative of the aerospace industry. The project encompasses a thor-
ough investigation of present conductivity measuring methods
and a new proposed method, both with direct and alternating
current, together with the possible production of a second gen-
eration of a wide range of reference materials. One of the project
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Fig. 1. Measurement configuration of a conventional bar-shaped conductivity
sample, with clamps at the end of the bar for feeding the current, and a
voltage-sensing element with two knife-edges.

aims is to investigate whether the use of inhomogeneous refer-
ence standards in industry is the origin of existing discrepancies
between dc and ac techniques.

In this paper, we describe the first results obtained in the
project, concerning a new methodology for dc conductivity
measurements based on the Van der Pauw technique, which
may be useful for ac measurements as well.

II. M EASUREMENTPRINCIPLE

The traditional geometry for dc conductivity measurements is
shown in Fig. 1. The reference material has a bar shape and the
current is applied at the ends using large clamps. The voltage is
sensed using two knife-edges that are separated from the main
body of the sensing element by Kapton™ foil. The disadvantage
of measurements on bar-shaped references is that, apart from the
resistance measurement, a total of three dimensional measure-
ments are needed to obtain the conductivity, namely determina-
tion of the distance between the knife-edges and the cross sec-
tion of the bar. Furthermore, the relatively large size of the bar
(600 mm 80 mm 10 mm) makes it more difficult to achieve
sufficient homogeneity in the material of the bar. Any inhomo-
geneity will result in a dependence of the measurement on the
position of the voltage knife-edges, and it will furthermore se-
riously affect eddy current measurements.

Following the initial work of Heet al.[1], a new measurement
methodology is investigated using the Van der Pauw technique
[2]. See reference [3] for an introduction in Hall effect measure-
ments and resistivity measurements with this technique. In the
Van der Pauw geometry, square reference specimens are used
which are contacted at the four corners, and the resistance is
subsequently measured as indicated in Fig. 2. Two consecutive
measurements are performed where the current is applied to two
adjacent sides of the sample and the voltage being measured at
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Fig. 2. Measurement of a square conductivity sample in the Van der Pauw
geometry. The two resistance measurements are combined with the thickness of
the sample to give the conductivity according to (2) [3].

the opposite side of the current contacts. In an argument similar
to that of Lampard with respect to the calculable capacitor [4],
Van der Pauw proved that from the measured resistance values

and the sheet resistance can be derived according
to the relation [2]

(1)

This can be written as

(2)

where is the thickness of the sample and is
the required conductivity in MS/m. The function only de-
pends on the ratio . If and are equal within
1%, is equal to 1 within 0.001% and can be neglected.
Reversing the current and voltage contacts in Fig. 2, we can
similarly define and , where, for symmetry reasons,
should be equal to and equal to . The main advantage
of the Van der Pauw configuration is that only a single dimen-
sional measurement is needed and the sample is relatively small
(80 mm 80 mm 10 mm) so that it is easier to obtain suffi-
cient homogeneity. Also, it gives the possibility of making the
measurement on the reference with no transfer stage (at 60 kHz
using a commercial eddy current instrument) required.

III. M EASUREMENTSETUP

The metallic samples that are used as reference standards in
conductivity measurements have conductivities of 4% Interna-
tional Annealed Copper Scale (IACS) to 100% IACS (with 100%
IACS corresponding to 58.00 MS/m at 20C). Given the required
10-mmthicknessof thesamples, this leads tovery lowresistances
in the Van der Pauw measurements of 0.4 to 10. The main ele-
mentsoftheelectricalmeasurementsetuptoaccuratelydetermine
these lowresistancesare a1–100ampere dccurrent source, refer-
enceresistorswithseveralvalues(1m,100 ,and15 ),and
a nanovolt meter. In the approach followed by NPL, PTB, and He
et al.[1], the current source is first calibrated using a reference re-
sistor.Subsequently, theVanderPauwmeasurement isperformed
using the nanovolt meter to measure the voltage across the con-
ductivity sample. This method has the disadvantage that an abso-
lute calibration is needed of the nanovolt meter (typically the 1
mV range). In another approach followed by NMi, the unknown

(a)

(b)

Fig. 3. (a) Schematic diagram of the setup for conductivity measurements in
the Van der Pauw geometry at NMi. The switches sw1–sw4 are for reversing
the current polarity and for selecting the current and voltage contacts. The
whole setup is computer controlled. (b) Clamp for contacting the corners of the
conductivity sample, using four brass blocks and two adjustment screws. Each
block has a voltage and current contact.

conductivity sample and a reference resistor are placed in series
in the current circuit [seeFig.3(a)].The nanovoltmetermeasures
theratio of the voltages developed across reference resistor and
conductivity sample, which is equal to the inverse conductance
ratio of reference and sample. Since a ratio measurement is per-
formed,only the linearityof the1-mVrangeof thenanovoltmeter
is important, which is more stable and accurate than the absolute
gain.

All instruments in the setup are computer controlled, and the
measurements are further automated with an automated switch
box, for switching the polarity of the current and for selection
of the current and voltage contacts in the Van der Pauw mea-
surements [Fig. 3(a)]. Switching the current polarity is crucial
for compensation of thermal voltages.

IV. RESULTS

An important prerequisite for the validity of formula 2 is that
the contact area at the corners of the sample should be small
compared to the dimension of the sample. Versnel [5] showed
that the error introduced is equal to , with the ratio
between the sum of lengths of the contacts and the length of the
boundary of the sample. For our conductivity samples, which
are 80 mm 80 mm 10 mm, a contact area of 2 mm thus
only introduces an error smaller than 1 ppm. Practically, this



RIETVELD et al.: DC CONDUCTIVITY MEASUREMENTS IN THE VAN DER PAUW GEOMETRY 451

TABLE I
UNCERTAINTY EVALUATION OF THE VAN DER PAUW CONDUCTIVITY MEASUREMENT AT NMI

is implemented by pressing brass blocks against the four edges
of the corners of the sample as indicated in Fig. 3(b). The ad-
equacy of this method was tested in practice by comparing the
results with those obtained on a star shaped sample made from
the same batch of material. In this geometry, also used by Heet
al. [1], the necks of the star produce the required, well-defined
current distribution which relaxes the contact geometry require-
ment. The difference in the results was only 0.025%, well within
the measurement repeatability and sample homogeneity of the
batch [6]. Note that square samples have the advantage over
star shaped samples that they are more compact in size (easier
to handle) and much more easily produced. Also, square sam-
ples are used in industry as reference for conductivity meters.
With the Van der Pauw method, these now can be measured di-
rectly by national metrology institutes, i.e., without intermediate
transfer measurements.

With the holder of Fig. 3(b), contact resistances as low as
50–100 can be readily obtained. Such low values are im-
portant to prevent heating of the contacts by the measurement
current. An extensive study was performed to determine the best
measurement current: large currents give larger voltage signals
but also more heating. In an oil bath with flowing oil operating
at 20 C, the optimal current appeared to be 10 A, where the
heating was limited to 30 mK. Still, waiting times of a few
minutes after selection of new current contacts are needed for
thermal voltages to stabilize.

A typical result of a series of Van der Pauw measurements is
given in Fig. 4, where all four sides of the sample were measured.
It can be seen that and within 0.002%,
far within the noise of the measurement. Furthermore,differs
only 0.17% from so that the factor in formula 2 indeed
can be neglected. The difference in and is mainly caused
by the nonexact squareness of the sample, but there might be a
smalleffect fromnonhomogeneityaswell (e.g.,differentconduc-
tivities for directions along and across the rolling direction of the
plate from which the sample was machined).

Fig. 4. Typical result of a series of Van der Pauw measurements on a square
conductivity sample (results forR ,R ,R , andR are given by diamonds,
squares, plus, and cross symbols, respectively).

The total uncertainty of the measurement is 0.04%
, as outlined in Table I. For conductivity values lower than

36 MS/m, the measurement uncertainty is the same, whereas
for higher conductivity values, it slightly increases to 0.05% at
100% IACS.

An important contribution to the measurement uncertainty is
the linearity of the 1-mV range of the nanovolt meter. This was
measured in two different ways. First, the 1-mV range was cali-
brated with the Josephson array voltage standard [Fig. 5(a)]. The
deviation from linearity appears to be less than 10 nV, that is 10
ppmof the full scale.Second,aratiomeasurementwasperformed
ofa1-m and100- resistancestandardwithknownvalues, for
differentcurrentsandthus fordifferent inputvoltagesat thenano-
volt meter. Fig. 5(b) indicates that the deviation from linearity is
well within 100 ppm for all relevant input voltages.

As a test of the uncertainty in the Van der Pauw conduc-
tivity measurements, three square test samples made from the
same sheet of material were measured by the three metrology
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(a)

(b)

Fig. 5. Measurement of the linearity of the 1-mV range of the nanovolt meter.
(a) Deviation from linearity as a function of input voltage, generated with a
Josephson array voltage standard. (b) Measured resistance ratio of a 1-m
 and
100-�
 reference resistor as a function of the voltage across the 1-m
 resistor.
The solid line is based on the known values of the two resistors. Uncertainty
bars indicate one standard deviation.

TABLE II
OVERVIEW OF CONDUCTIVITY VALUES OBTAINED BY THREE NATIONAL

METROLOGY INSTITUTESUSING A VAN DER PAUW METHOD ON SQUARE

BLOCKS ASWELL, AS THE RESULTS OF AMEASUREMENT ON ACONVENTIONAL

BAR. ALL BLOCKS AND BAR ARE MADE FROM THE SAME SHEET OFMATERIAL

institutes participating in the conductivity project. The resulting
values are given in Table II and give an excellent agreement of
better than 0.035%. As a second test, a bar from the same mate-
rial was measured. Also this value agrees well with that of the
blocks, namely within0.07 0.07 .

V. CONCLUSION

We have successfully implemented and tested a new method-
ology for conductivity measurements, where square metallic

samples are measured in a Van der Pauw geometry. Good quality
contacts, with contact resistances less than 100, are made to
thesamplesbypressingblocksagainst thecorners.Acomparison
of measurement values obtained in this configuration by NPL,
PTB, and NMi lead to an agreement of better than 0.035%. A
major advantage of the new methodology over conventional
conductivity measurements is that smaller samples are required,
which can be more easily made with sufficient homogeneity.
Also, only a single dimensional measurement is needed instead
of the three dimensional measurements in the conventional
method. Finally, the reference samples used in industry can now
be measured directly at dc, without the need of an intermediate
transfer measurement using a commercial eddy current conduc-
tivity meter. This reduces the number of possible errors due to
ac/dc differences. These differences are even stronger reduced
by the fact that Van der Pauw measurements are more effectively
measuring the in-plane conductivity as sensed by industrial eddy
current meters since it involves two resistance measurements in
two perpendicular directions, compared to the single measuring
direction in the conventional bar measurement. This is especially
important when the sample has an in-plane anisotropy, e.g., due
to rolling of the plate from which the sample was made.

However, this does not resolve a possible variation in conduc-
tivity across the thickness of the sample, which will be subject of
furtherstudy.Futureworkwill alsocoverextensionof theVander
Pauw method to samples with conductivities covering the range
from 2% IACS to 59% IACS, and research concentrating on an
extension of the Van der Pauw method to ac measurements.
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