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Electrical conductivity of materials
Review and principles of conductivity measurement

I —INTRODUCTION

The electrical conductivity is a physical
property of a material quantifying its ability to
transport charged species (called charge
carriers), in the presence of an electrical field.
It is an intrinsic property of the material and
depends on both the mobility and the concen-
tration (or density) of the charge carriers
(electron, holes, ion, etc) [1].

According to the type of the charge carrier,
different terms can be used to refer to
electrical conductivity: electronic conducti-
vity, ionic conductivity, electrolytic conducti-
vity, protonic conductivity (H*), etc. So accor-

ding to the predominated charge carrier, a

material can be classified as:

- Electronic conductor: material where the
conductivity is due to electrons or holes
(metals and metallic alloys, semicondu-
ctors, some oxides, etc).

- lonic conductor: material where the
conductivity is due to ionic charge carriers
(Li*, Na*, Ag*, H*, 0%, etc.)

- Mixed conductor (known as Mixed lonic
and Electronic Conductor (MIEC)): material
where the conductivity is due to electronic
and ionic charge carriers.

The aim of this note is to describe the
principles and methods used for conductivity
measurement. Two examples illustrating DC
and AC conductivity measurement and the
difference between DC and AC methods are
given here.

II- CONDUCTIVITY MEASUREMENT

The electrical conductivity (the reciprocal of
the resistivity) of a material at room tempe-
rature can vary by over twenty orders of
magnitude [1]. It is determined from the
material resistance R using the equation
below:
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Where R is the resistance of a constant section
sample, / and A are the length (or thickness)
and the sample's cross-sectional area,
respectively. The resistance R may be deter-
mined either by a DC or AC method. For both
methods two setups are possible:

- Four-point setup for high conductivity
materials where the impedance of the cell
cable and connectors are not negligible vs.
that of the tested material. In this configu-
ration, the current and the voltage leads of
the cell cable are independent which avoid
the contribution of the impedance of current
leads in the measured impedance.

- Two-point setup for intermediate and high
impedance materials where the impedance of
the cell cable and connectors are negligible vs.
that of the material.
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In contrast to resistance or conductance
which depends on the size/dimension of the
sample material, the electrical conductivity is
an intrinsic and intensive physical property
which is independent of the size and the
shape of the tested material. However, it does
depend on some parameters like temperatu-
re, humidity and sometimes the direct-
ion/orientation of the material and its
previous history. For accurate conductivity
measurements, an accurate control of these
parameters is required.

IHI-MEASUREMENT METHODS

11l-1 DC METHOD FOR DC CONDUCTIVITY
The most common method for the measu-
rement of electrical conductivity is the Direct
Current method. This method consists in
applying a DC voltage (or a DC current) to the
sample and measuring the resulting current
(or voltage) flowing through the sample. If the
measurement is performed at several points,
the resistance of the material corresponds to
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the inverse of the slope of the current vs.
voltage plot.

Figure 1 shows an example of resistance mea-
surement performed on an electronic conduc-
tor (Nickel, /=100 mm, ¢ =2 mm) at 20 °C.
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Figure 1: | vs. E plot of pure Nickel obtained by DC
technique.

The electronic conductivity of the Nickel wire
at 20 °C computed using the equation (1) is
o(Ni) = 1.34x107 S.m™. This value is close to
the electrical conductivity of 1.46x107 S.m™
given in the literature [3]. More details on this
measurement can be found in the reference
[4].

111-2 AC METHOD FOR AC CONDUCTIVITY

Alternating Current method is based on the
impedance spectroscopy measurement which
consists in measuring the electrical response
of a material to a sinusoidal signal at different
frequencies. The AC method has the advanta-
ge of minimizing the change of charge carrier
concentration during the measurement.
Indeed, for an ionic material, DC method leads
to an accumulation of charge carriers at the
electrodes. This leads to the appearance of
additional capacitances which causes a drop
of the applied potential over the sample and
affects the magnitude of the measured
conductivity of the cell. This phenomenon is
known as electrode polarization. This pheno-
menon is easily eliminated by AC method [5].
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The frequency range to be chosen for impeda-
nce measurement depends on the relaxation
frequencies of phases present in the sample
and on the microstructure [5]. Figure 2 shows
an example of impedance data of an ionic
material sample (/ = 1 mm, ¢= 12 mm). The
material is Yttria Stabilized Zirconia (ZrO2)1x
(Y203)x with x = 0.05 (denoted as 5YSZ). Its
conductivity was measured at 700°C with the
AC method using MTZ-35 impedance analyzer
in the frequency range 10 MHz-1 Hz [6]. The
Nyquist diagram of YSZ5 displays two
depressed semicircles: one at high frequen-
cies and a second one at low frequencies. The
high frequencies semicircle is associated with
the bulk (or the grain) conductivity response.
The low frequencies response is attributed to
grain boundary conduction.
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Figure 2: Impedance data of YSZ5 at 700°C.

As it can be seen on Fig. 2, the two semicircles
are depressed. The impedance data was fitted
to the equivalent circle shown in Fig. 3. This
circuit consists of R1/Q1+R2/Q2: R1/Q1
models the grain conduction and R2/Q2
represents the conduction through the grain
boundaries.
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Figure 3: Equivalent circuit.
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The bulk conductivity of the sample o at
700 °C was calculated using Eq. (1) with a bulk
resistance R = 467 Q and a cell constant k =
0.088 cm'2.

o = 1.88x10* S.cm™. More details on ionic
conductivity of 5YSZ can be found in the
reference [6].

111-3 AC CONDUCTIVITY VS. DC CONDUCTIVITY
Unlike DC method which provides a global

response of the cell, AC method distinguishes

between different mechanisms involved in

the overall conductivity response of a material

like grain conduction, grain boundary condu-

ction, electrode response, diffusion proce-

sses, etc [7].

AC conductivity oac(w) can be expressed as
the sum of two components [8-10]:

- A frequency-independent conductivity ouc
and a frequency-dependent conductivity o(o)
Oac= Odc + O'(CO)

Oac= Odc + A "

o(w) is a power law frequency dependent
function observed in a wide variety of
materials. A is a pre-exponential factor
dependent on temperature, and n is an
exponent (0 < n <1).

At lower frequencies (o =20) o{®w) =0, so AC
conductivity is equal to DC conductivity which
has a constant magnitude.

111-4 CONDUCTIVITY ANISOTROPY

As mentioned above, electrical conductivity is
independent of the size and the shape of the
material, however it could depend on the
position (inhomogeneous material) or on the
orientation and the direction at which the
conductivity is measured (anisotropic mate-
rial). The conductivity anisotropy is mainly
related to the structure and the elaboration
process of the material.

Many materials exhibit an anisotropy condu-
ctivity. This anisotropy can be investigated by
measuring the conductivity in different direc-
tion of the material. Some sample holders like
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In-plane CESH allows conductivity measure-
ment in different directions of the plane of the
sample. The through-plane CESH allows cond-
uctivity measurement in the perpendicular
direction of the plan of the sample (Fig. 4).

Through-Plane

Figure 4: CESH sample holder with its electrodes for

Through-plane and In-plane conductivity measure-
ment.
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111-5 CELL CONSTANT

Electrical conductivity is computed from the
measured impedance using Eq. (1). The geo-
metrical factor //A depends on the geometry
of the sample holder (electrode area A) and
the sample’s thickness /.

Cell constant can also be determined using
material with well-known conductivity. These
materials are reference samples or a standard
solution for liquid or electrolytic conductivity.

IV- CONCLUSION

This note has described the principles and
methods used for conductivity measurement.
Two examples of conductivity measurement
using DC and AC was given in order to show
the differences between the two methods.
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