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Abstract. Modelling of impedance spectroscopy (IS) data of electroceramics depends critically on the correct
choice of equivalent electrical circuit so that the extracted parameters have physical significance. The strategy
proposed to choose the correct circuit involves analysis of IS data in several of the four complex formalisms:
impedance, electric modulus, admittance and permittivity together with consideration of the frequency and temper-
ature dependence of data and the magnitude and temperature dependence of extracted resistance and capacitance
values. This is demonstrated using IS data from oxide-ion conducting Lag goSto20Gag.83Mgo.1702.82 ceramics over
the range 182 to 280°C. Low temperature data are fitted first, to allow a full characterisation of the bulk response;
some of the bulk parameters may then be fixed to enable fitting of the higher temperature data which increasingly
feature lower frequency phenomena such as grain boundary impedances. The most appropriate circuit in this case
is found to consist of a parallel combination of a resistor, capacitor and constant phase element (CPE) for the bulk
response in series with a resistor and capacitor in parallel for a constriction resistance. The origin of the constric-
tion resistance may be associated with the presence of plate-like LaSrGaO, secondary phase within the grains
and/or with the presence of pores at the grain boundaries. The importance of choosing (a) the correct equivalent
circuit and (b) approximately correct input values for the various circuit parameters to be fitted and refined are
demonstrated.
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as the ceramic. A link is then made between features
in the sample and elements in the equivalent circuit;

1. Introduction

Impedance spectroscopy (IS) is an extremely use-
ful technique to analyse the electrical properties of
a wide variety of electroceramics, including ferro-
electrics, solid electrolytes and mixed conductors. In
many cases, ceramics contain both intra- and inter-
granular impedances connected in series and IS can
be used to establish the temperature dependence of the
resistive, R, and capacitive, C, components of each
region. To extract this information, it is essential to
model experimental data using an equivalent electrical
circuit, i.e. some combination of resistors, capacitors
and constant phase elements (CPEs) connected in series
and/or parallel, that gives the same impedance response
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this is aided by consideration of the magnitude of the
different R and C components and their temperature
dependence.

Two approaches are commonly employed in anal-
ysis of IS data. The first is to assume an equivalent
circuit based on visual inspection of the data, normally
impedance (Z*) complex plane (Z” vs. Z’) plots, and to
extract the various R and C values by a simple hand-
fitting procedure. The second, more quantitative ap-
proach is to model the data using various equivalent
circuits and, depending on the quality of agreement
between experimental and simulated data, chose the
most appropriate circuit to extract R and C values. The
major difficulty over the interpretation of IS data, how-
ever, is that it is usually possible to fit a number of
plausible equivalent circuits to a given data set; clearly
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Fig. 1. (a) An equivalent electrical circuit commonly used to model
IS data of electroceramics, and (b) a Z* plot for R, = 0.3 M€,
Cp =5 pF, Rgp = 0.6 M2, Cp, = 1 nF.

a critical assessment is required to decide which circuit
is most appropriate, but there are few well-established
guidelines to aid this assessment.

In many electroceramics, the resistance of grain
boundaries exceeds that of the grains and restricts the
flow of current. Figure 1(a) shows a circuit commonly
assumed to model such ceramics and Fig. 1(b) shows
a typical Z* plot for such a circuit which consists of
two semi-circular arcs. Ry, and Ry, correspond to the
resistance of the bulk and grain boundary regions, re-
spectively, and can be estimated as shown. The bulk and
grain boundary capacitances, Cy, and Cgp,, respectively,
can be estimated using the relationship wnxRC = 1,
where Wmax = 27 fimax and fiax 1S the applied frequency
at each arc maximum. Assignment of arcs to the bulk
and grain boundary regions is based on the magni-
tude of the associated capacitance, assuming a brick-
work model for the ceramic microstructure. In many [1]
cases, the lower frequency (grain boundary) arc has an
associated capacitance in the nF range and the higher
frequency (bulk) arc has an associated capacitance of
a few pF. The resolution of arcs depends on the differ-
ence between their associated time constants, T, where
T = RC for each parallel RC element. Generally, dif-
ferences between time constants of greater than two
orders of magnitude give well-resolved arcs.

The circuit in Fig. 1(a) shows no impedance contri-
bution associated with the sample-electrode interface.
In practice, an additional impedance is often present,
associated with either (partially) blocking phenomena
if the conducting species in the ceramic are ions or with
contact impedances associated with Fermi level differ-
ences between ceramic and electrode if the conducting
species are electrons. In this paper, we are excluding
from consideration such electrode/sample impedance
phenomena; they are usually readily recognisable in
most oxide ion conductors since they have capaci-
tances of about 10~7 F or higher, typical of double
layer effects.

In practice, most samples do not exhibit the ideal
‘Debye-like’ behaviour shown in Fig. 1(b); instead,
arcs are depressed with their centres displaced below
the real axis. Such deviations from ideal behaviour are
often ignored when hand-fitting data and computer-
based curve fitting is time-consuming. Nevertheless,
modelling non-ideal responses and establishing the
most appropriate equivalent circuit to represent the
electrical properties is an absolutely essential step to-
wards a correct understanding of electroceramics, espe-
cially those that are chemically doped to create electri-
cally heterogeneous regions within the ceramic. In such
cases, curve fitting and the testing of various equivalent
circuits is essential.

In order to model non-ideal IS data, CPEs are usually
used in addition to resistors and capacitors. A CPE has
an impedance (Z¢py) defined as

Ziop = [AGw)"]™! (1

where A (A = A/ cos(nm/2) where A is a constant that
has been used in previous studies [2]) and n are con-
stants and j = /—1. Non-ideal Debye-like behaviour
of many electroceramics and especially, the bulk com-
ponent of ionic conductors is well-documented and can
often be successfully modelled using a parallel com-
bination of R, C and CPE components (Fig. 2). The
best method of fitting this circuit to the bulk data is
to examine spectroscopic plots of the real part of the
complex admittance, Y*. The expression for Y’ for the
circuit shown is:

Y = R+ aw" cos(nm/2) ()

In a spectroscopic plot of log Y’ against log w,
a frequency-independent plateau at low frequencies,
where Y/ &~ R~!, is followed by a ‘cross-over’
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Fig. 2. Schematic plot of log Y’ against log w illustrating a low
frequency plateau and a high frequency dispersion for an electro-
ceramic, and a possible equivalent electrical circuit to model the
behaviour.

region to a high frequency ‘dispersion” where log Y’
increases linearly with log w (Fig. 2). The value of
n gives the gradient of the linear dispersion region,
and log[A cos(nm/2)] is the extrapolated intercept with
the log Y’ axis at w = 1 Hz. Non-ideal Debye-like
behaviour of individual electro-active regions can be
modelled by a variety of circuit elements and combi-
nations, such as that shown in Fig. 2, or by replacing
R or C in a parallel RC element (as in Fig. 1(a)) with a
CPE.

A well-recognised problem with equivalent circuit
analysis is that it may be difficult to select the cor-
rect equivalent circuit. One objective of this paper is
to demonstrate a strategy that can be used to assist this
process. As part of this strategy, it is necessary to test
competing equivalent circuits to establish which gives
the best fit to the data. It is essential to give full weight-
ing to the IS data over the entire measured frequency
spectrum and for this reason, care is required over data
presentation to ensure that data over certain frequency
ranges are not ‘hidden’. Since values of the real and
imaginary parts of the different formalisms can vary
by several orders of magnitude over the measured fre-
quency range, use of complex plane plots on a linear-
linear scale highlight data of the largest magnitude,
and can easily give rise to an over-simplified model, as
can spectroscopic plots of Z”, M" vs. log(frequency)
if the Z”, M"” data are presented using linear scales,
where M" is the imaginary part of the electric modulus.
As an alternative, log-log plots ensure equal weight-
ing of data over the entire frequency range and allow
a more critical assessment of data fitting; such plots

are not yet in common usage, however. The strategy
presented here has two components. First, data are pre-
sented on linear scales to get an initial, visual overview
of the impedance response; it is particularly valuable to
present data as combined Z”, M"” spectroscopic plots
which highlight different features of the impedance
response. Second, data are presented on logarithmic
scales to allow accurate assessment of the quality of fit
of various model circuits.

It can also be valuable to analyse data collected over
arange of temperatures; since most electrical processes
are thermally activated, each one will be observable
over only a limited range of temperatures within the
given window of available measuring frequencies. A
more comprehensive overview of the electrical make-
up of a material is therefore obtained if data can be
obtained over a range of temperature; in addition,
this can help discriminate between possible equivalent
circuits.

Z* plots are the most commonly-used presenta-
tion of IS data. In principle, all the information requi-
red to deduce an equivalent circuit is contained
within Z* plots, but it may not be readily accessi-
ble when these are plotted on linear scales. Instead,
the same data may either be re-plotted on logarith-
mic scales or transformed to one of the other three
impedance formalisms: admittance, Y*, relative per-
mittivity, ¢* and relative electric modulus, M*, using
the equations:

Y*=1/Z* 3)
e =1/M* (4)
M* = joC,Z* (5)
e =Y"/jwC, (6)

where C, is the vacuum capacitance of the sam-
ple holder and electrode arrangement. Since different
weighting factors are inherent in the use of these for-
malisms, additional insight into the appropriate equiv-
alent circuit may be gained. Specifically, the correct
equivalent circuit must give a good fit to all four for-
malisms and not just to Z* plots.

A good example to illustrate the dependence on fre-
quency and weighting of the various impedance for-
malisms is the use of a combination of Z* and M*
complex plane plots (or Z” and M” spectra) to anal-
yse IS data of positive temperature coefficient of resis-
tance (PTCR) BaTiOj3 thermistors that contain insulat-
ing grain boundaries and semi-conducting grains [3].
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From Eq. (5),

M* =M + jM" = jwCyZ* = joCy(Z' — jZ")
= wCoZ" + jwCoZ'.

Hence, M’ = wCyZ" and M" = wC,Z’. Detailed
consideration of the equations for M” and Z” shows
that for a circuit consisting of a single parallel RC ele-
ment, Z” and M” have the same functional form, giving
rise to a Debye peak when plotted against frequency,
but have different weighting factors in that the Z” peak
is scaled according to R whereas the M” peak is scaled
according to C~!. Hence, Z* and M* complex plane
plots (or Z” and M" spectra) highlight different aspects
of the same data. Since Z* plots are dominated by Ry,
if Rgp > Ry, they provide useful information about the
grain boundaries but little or no information on the bulk
response. Any equivalent circuit analysis based only on
conventional Z* plots, therefore, does not necessarily
provide adequate weighting to the bulk response of
such ceramics. In contrast, M* plots are dominated by
the bulk response since Cy, < Cyp, but provide little or
no information about the grain boundaries. Thus, by
using a combination of formalisms, different aspects
of the same data are highlighted [3].

This brings us to the critical step in data interpre-
tation and analysis. Often, no prior information about
the expected equivalent circuit and/or magnitudes of
resistance and/or capacitance for a sample is available.
The approach that we adopt in such cases is to first,
visually inspect the data in at least two of the four for-
malisms, usually Z* and M*, and determine the number
of RC circuit combinations that are likely to be needed
to model and fit the data. For most samples, a series
combination of parallel RC elements is usually appro-
priate, which is why Z* and M* formalisms are used
since each parallel RC element gives rise to its own
Z"”, M" peaks. A range of equivalent circuits with, or
without CPEs in addition to, or in place of the R and
C components are then fitted to the data. The quality
of the fits over the entire frequency range, for all four
formalisms is assessed.

In the early stages of data analysis, especially if
the equivalent circuits contain a large number of fit-
ting parameters and all are allowed to vary simultane-
ously, it may be difficult to obtain a fully satisfactory
fit. An important strategy is then to focus on a range
of temperatures over which one particular feature of
the impedance response is dominant. Our preference

is to analyse first the lowest temperature data in which
the bulk response of the sample is dominant and for
which the circuit in Fig. 2 is usually appropriate. This
region of the ac spectrum, when log Y is plotted against
log w, should contain a low frequency plateau which
may, or may not overlap with dispersions at lower fre-
quencies associated with the onset of grain boundary or
other thin layer phenomena, together with the high fre-
quency dispersion characterised by a power law, with
a gradient equal to n. Only at the lowest temperatures,
is the power law dispersion adequately displayed since
it is a high frequency effect that moves to increasingly
higher frequencies with increasing temperature. In our
experience, all ionic conductors and electronic semi-
conductors show this bulk power law dispersion, which
is an example of Jonscher’s ‘Universal Law of Dielec-
tric Response’ [4] and therefore, to recognise and char-
acterise this region of the ac spectrum provides a good
starting point in data analysis. If suitable low tempera-
ture data are not available and instead, only the onset of
the power law dispersion is seen, overlapping with the
bulk conductivity plateau, then it is very easy to obtain
erroneous values of n and A by fitting over a limited
data set. In such cases, n may be fixed at a typical value
of 0.6.

Once the data in the region of the bulk response
have been fitted, higher temperature data may be con-
sidered by fixing, if necessary, the value for n of the
bulk response (n usually shows little temperature de-
pendence). It should then be possible, progressively, to
find the best circuit to model the grain boundary and
other, lower frequency components.

The temperature dependence of R and/or C val-
ues extracted from the data analysis using various
equivalent circuits may also be useful in discriminat-
ing between circuits. Thermally-activated resistances
associated with electronic and ionic conduction are
commonly governed by the Arrhenius law. A plot of
log(R~") against reciprocal temperature should be lin-
ear unless curvature associated with phenomena such
as extrinsic-intrinsic crossover, phase transitions, es-
pecially order-disorder transitions, and defect dissoci-
ation occurs. In the absence of such effects, any depar-
ture from linear, Arrhenius-type behaviour for Ry, and
Ry}, and/or unexpected high or low activation energies
may be evidence for an incorrect equivalent circuit.
With the exception of ferroelectric materials, capaci-
tance values usually have little or no temperature de-
pendence. For ferroelectric materials in the temperature
range above the Curie temperature, 7, the capacitance
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data should follow Curie-Weiss behaviour, with a lin-
ear dependence of C~! on temperature, and this is a
useful diagnostic. Anomalous values or temperature
dependence of capacitance may indicate an incorrect
equivalent circuit.

In our experience, when considering each of the
points above, it is usually possible to find one equiv-
alent circuit that accurately fits IS data over a wide
w, T range in all four formalisms and which gives a
physically reasonable set of R, C values. In particu-
lar, it is often possible to discriminate between equiva-
lent circuits which appear to give acceptable fits to Z*
plots. Here we illustrate this approach to analyse data
for oxide-ion conducting Lag goSr9.20Gag.s3Mgo.1702.82
ceramics over the temperature range ~182 to 280°C.

2. Experimental

Lag g0Sr0.20Ga0.83Mg0.1702.80 (LSGM) ceramics were
synthesised by a solid state route. Stoichiometric
amounts of LayO3 (99.99% pure), Ga,03 (99.995%),
MgO (reagent grade) and SrCOj (99.9%+) powders
were milled together in water with zirconia beads. The
La;0; and MgO powders were dried at 1000°C prior
to weighing. After drying, the mixture was calcined
at 1250°C for 6 hours, milled and dried. Pellets were
pressed uniaxially at about 50 MPa and sintered at
1470°C for 6 hours. Phase purity was checked by X-ray
diffraction (XRD) using a Guinier-Hédgg camera with
Cu Ko radiation of wavelength 1.5405 A, and by Scan-
ning Electron Microscopy (SEM) using a JEOL JSM
6400 scanning electron microscope with a 20 kV accel-
erating voltage. Ceramic density as a percentage of the
theoretical X-ray density was calculated using LSGM
lattice parameters and the mass and dimensions of the
ceramics.

Sputtered gold electrodes were deposited on ce-
ramic samples for 8§ minutes at 20 mA current under
argon using an Emscope SC500 gold sputter-coater.
Samples were connected to a measuring jig and placed
in a non-inductively wound furnace where the tempera-
ture was controlled to £2°C over the temperature range
150 to 300°C. IS was performed at ~10°C intervals
using a Hewlett Packard 4192A impedance analyser at
frequencies ranging from 5 Hz to ~13 MHz. IS data
were corrected for the geometric factor of the sam-
ple (thickness/electrode area), the stray capacitance of
the measuring jig and the resistance and inductance
of the measuring leads. Corrected data were modelled

with various equivalent electrical circuits using ZView
equivalent circuit fitting software [5]. At frequencies
above 1 MHz, the impedance data were unreliable due
to inductive effects and were excluded.

3. Equivalent Circuit Analysis

IS data were analysed assuming a brickwork model for
the ceramic microstructure; four equivalent circuits, A,
B, C and D, shown in Fig. 3, were used to try and at-
tain the best fit to the experimental data. Circuits A—C
assume the ceramic response to be modelled on a bulk
component only, whereas circuit D, assumes a series
combination of two components which would repre-
sent bulk and grain boundary regions. The lower fre-
quency limit for modelling the data was chosen from
Z* and/or &’ spectroscopic plots so as to exclude, as
far as possible, data associated with the electrode pro-
cesses (see Fig. 4). This was necessary as it was not
possible to obtain sufficient data from the available

R, Ry
Ca CPEjg
Circuit A Circuit B
R¢
—— 1
\ ¢PEc
7/
| |
1
Ce
Circuit C
RD] R
— D2
\ {PEp
//
|1 |
| Cho
CDl D2
Circuit D

Fig. 3. Equivalent electrical circuits A, B, C and D used to model
IS data from an LSGM ceramic.
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Fig. 4. Z* plot of IS data from a LSGM ceramic obtained at 232°C.
The arrow indicates the lower frequency limit for modelling the data.
Selected frequencies (in Hz), on a logarithmic base 10 scale, are
shown as filled circles.

frequency range to model both the ceramic and elec-
trode interface responses at a given temperature.
In this case, we chose to analyse data measured
at ~182 to 280°C, which allowed the ceramic re-
sponse to be studied in detail. IS data were typi-
cally as shown in Fig. 4, with a broad, asymmetric,
depressed arc and a lower frequency spike. In this
work, we have analysed only the data correspond-
ing to the arc. Circuit component values are quoted
to two significant figures; the errors predicted by the
fitting software were typically in the third significant
figure.

As part of the fitting procedure it is necessary to in-
put starting values for the various components of each
circuit. As shown later, these values should be approx-
imately correct; if not there is the possibility that they
can refine into a false minimum.

Circuit A. Input values of Ry and C, for each tem-
perature were estimated by hand-fitting of data. R
was estimated from the diameter of the arc in the Z*
plots, and Cp using the relationship wnxRC = 1
from the frequency at the top of the arc. The fitting
software refined Rp and Cx to obtain the best fit to
the data at each temperature.

Circuit B. Input values of n and A for CPEg were
estimated by hand-fitting of Y’ data measured at
182°C as shown in Fig. 5, giving values of 0.55 and
4.8 x 1071° S 5", respectively. R was estimated in
the same way as R5. Rp, n and A were then freely
refined to give the best fit to the data. For higher
temperature data sets, n was fixed at the value ob-
tained from the refinement at 182°C, 0.89; Rg and A
were allowed to refine. n was fixed because the data

- 182°C
6
2 )
2
Z g gradient = 0.55
E
k)
9
_10 1 1 1 1 1 1
1 3 5 7
logio(w/Hz)

Fig. 5. log-log Y’ spectroscopic plot of data obtained at 182°C. The
estimated linear extrapolation of the dispersion region used to extract
input values of n and A for the CPEs is shown.

associated with the linear dispersion region in log Y’
spectroscopic plots became increasingly inaccessi-
ble above 182°C.

Circuit C. Modelling was performed in a similar way to
circuit B. C¢ was estimated in the same way as Cx.
n was fixed at 0.64 to refine the higher temperature
data.

Circuit D. A similar approach was used as for circuit C
except that input values of Rpj, Rp, and Cp, could
not be estimated accurately by hand-fitting. Rp; and
Rp, were given starting values of 4/5 and 1/5 of the
diameter of the arc in the Z* plot, respectively, so
making the assumption that the data are dominated
by the parallel R-C-CPE element. Cp, was given a
starting value of 107! F which is typical of a grain-
boundary capacitance. All variables were allowed to
freely refine for the 182°C data. For refinement of
higher temperature data sets, n was fixed as before
with a value of 0.59.

4. Results

The LSGM ceramics were found to be phase-pure by
XRD but SEM showed the presence of two minor
secondary phases. One was intra-granular and had a
plate-like morphology and the other was found at triple
junctions. The regions of secondary phases were too
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Fig. 6. SEM micrographs of polished, thermally-etched surfaces of
LSGM ceramics showing (a) LaSrGazO7 and (b) LaSrGaO4 sec-
ondary phases.

small to perform quantitative energy dispersive spec-
troscopy. Comparison of the SEM images with those
obtained in another study [6] indicated that the phase
at the triple junctions was LaSrGa3;O; and the plate-
like phase was LaSrGaQy4. LaSrGa;O; and LaSrGaOy
secondary phases are shown in Fig. 6(a) and (b), respec-
tively. The grain size of the ceramics was in the range 5
to 30 um. Ceramic densities were approximately 95%
of the theoretical X-ray density.

A typical Z* plot of a LSGM ceramic measured
at 232°C is shown in Fig. 4 and consists of a single
depressed arc with a low frequency ‘spike’. The capac-
itance of the spike, calculated at several frequencies us-
ing the relationship C = 1/w|Z”| was approximately
0.1 uF, typical of an electrode response for an oxide-
ion conductor with partially-blocking gold electrodes.
The arc and spike were therefore assumed to be the

response of the ceramic and the electrode/sample in-
terface, respectively. For the same data set measured at
232°C, used in Fig. 4, log-log spectroscopic plots of the
real and imaginary components of all four formalisms
are shown in Fig. 7. Salient features include:

(i) a peak in Z” and M” plots, with f.x ~ 50 kHz
(Fig.7(a)), and ~100 kHz (Fig. 7(b)), respectively.
The gradients of the low and high frequency arms
of the Z"” and M” plots, respectively, deviate from
the values of 1 and —1 expected for ideal Debye
behaviour [7],

(i) a low frequency plateau at <5 kHz and a high
frequency dispersion at >100 kHz in the Y’ plot
(Fig. 7(0)),

(iii) two overlapping plateau regions, arrowed, centred
at 10 kHz and 5 MHz in the ¢’ plot (Fig. 7(d)), and

(iv) alow frequency electrode response at <1 kHz seen
most clearly in Z”, M’, Y” and ¢’ plots.

Z* plots of the data measured at 190°C (open symbols)
and the best-fit simulations (crosses) for circuits A—D
are shown in Fig. 8(a)—(d), respectively. For circuit A, a
very poor fitis observed since the measured data exhibit
marked non-ideal Debye-like behaviour. In contrast,
circuits B—D, which contain CPEs to model non-ideal
behaviour, give much better fits. For circuit B, small
deviations are observed at most frequencies; C and D
appear to fit the data with reasonable accuracy. Only
circuits C and D are considered for a more detailed
analysis.

log-log spectroscopic plots of the real and imaginary
parts of each formalism for the measured and best-fit
simulated data for circuits C and D are shown in Figs. 9
and 10, respectively.

Circuit C gives a good fit to the peak in the Z”
spectroscopic plot, Fig. 9(a), but over-estimates the
M" data at high frequencies (Fig. 9(b)). The fit to the
Y’ data also deviates above 10° Hz (Fig. 9(c)). Con-
versely, the fit to the ¢’ data deviates below ~1 kHz
(Fig. 9(d)).

Circuit D gives the best fit to all the data at 190°C: all
features are modelled satisfactorily over the entire fitted
frequency range (Fig. 10). The final fitted values for
the 190°C data were Rp; = 3.5 M, Rp, = 0.97 ML,
Cp; = 3.0 pF, Cpy = 37 pF and n = 0.59 (fixed at
182°C value) and A = 3.3 x 107'° S 5" for CPEp.

Circuit D also gave the best fit for the other data
sets in the temperature range (not shown). Arrhe-
nius plots of R/ and Ry, from fits of circuit D,
are shown in Fig. 11 and both have activation ener-
gies of ~1.0 =+ 0.05 eV. Cp; and Cp; were within
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(d).

the range 3.0 to 3.2 pF and 33 to 38 pF, respec-
tively. A for CPEp increased with temperature from
2.8 x 1071%t0 16 x 10717 S s". Plots of In(Ry, T) and
In[A cos(nmr/2) T] againstreciprocal temperature using
the fitted values for circuit D are linear with associated
activation energies of 1.1 eV and 0.44 eV, respectively,
as shown in Fig. 12.

5. Discussion

Circuit D gives the best fit to the data in all four for-
malisms over the measured temperature range. The
magnitude of Cpy, ~3 pF, is a typical bulk capacitance
and an n value of 0.59 and A value of ~107'° S s" for
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Fig. 10. log-log spectroscopic plots of the real and imaginary parts of
Z* (a), M* (b), Y* (c) and &* (d) measured at 190°C (open symbols)
and the best-fit simulation (crosses) for circuit D.
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Fig. 11. Arrhenius plot of fitted values of Ry 11 and ngzl from circuit
D for the temperature range 182 to 280°C.

CPEp, are typical for a good ionic conductor [8]. The
parallel combination of Rp;, Cp; and CPEp in circuit D
therefore represents the bulk component of the LSGM
ceramics. The Arrhenius plot of R;| gives an activation
energy of ~1.0 eV which compares well with the value
of 1.08 eV reported for Lag g Sty »Gag §3Mgo.1702.815 by
Huang et al. [9].

The gradient of In[A cos(nw/2)T] against recipro-
cal temperature is approximately equal to the gradient
of In(Rp T) against reciprocal temperature multiplied
by (1 — n) (Fig. 12), in agreement with predictions by
Almond and West [2] for ionic conductors with tem-
perature independent carrier concentrations.

The magnitude of Cp, and the similar activation
energies for Rp; and Rp, suggest that the parallel com-
bination of Rp; and Cp; represents a constriction resis-
tance within the ceramic, as opposed to a grain bound-
ary response associated with a secondary phase. Cpy
is approximately one order of magnitude larger than
Cp; and therefore, the feature giving rise to the cur-
rent constriction is expected to be approximately ten
times smaller than the grain size. Possible origins of the
current constriction include the presence of the intra-
granular, plate-like LaSrGaO; (electrically insulating)
secondary phase and/or pores at the grain boundaries,
Fig. 6. Since sputtered gold electrodes were used, con-
striction resistances due to poor electrode-ceramic con-
tact [10] were unlikely. Further work is required to es-
tablish the source of the constriction resistance.

The results shown in Figs. 9 and 10 illustrate the
value of using log-log spectroscopic plots of all four
formalisms to critically assess fitted data and estab-
lish the most probable equivalent circuit. They also
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Fig. 12. Plots ofln(RI;ll T)and In[A cos(nw/2)T] against reciprocal
temperature using fitted values for circuit D for the temperature range
182 to 280°C.

illustrate the value of making visual estimates of fit-
ting quality rather than relying on error bars associ-
ated with computer-fitting procedures. The different
formalisms highlight different aspects of the same data
and therefore, close examination of all real and imagi-
nary parts over a wide frequency range helps discrim-
inate between circuits which at first sight give ‘good’
fits to Z* plots on linear scales. Thus, although cir-
cuits C and D both fit the Z* plots, only circuit D can
model the overlapping plateau regions in the &’ spectro-
scopic plots. This is because the Z* plots are dominated
by the larger resistance associated with the bulk re-
sponse (Rp1) and it is difficult to detect the presence of
asecond, smaller arc at low frequencies associated with
the constriction resistance (Rp;), especially as Rp; and
Rp have the same activation energy. In contrast, the in-
termediate frequency data in the &” spectroscopic plots
are dominated by the larger capacitance (Cp;) associ-
ated with the constriction resistance. The presence of
the (poorly resolved) intermediate frequency plateau in
the &’ spectroscopic plots therefore highlights the need
for an additional parallel RC element in series with the
element that models the bulk response.

For the data sets analysed here, we have deliber-
ately chosen a temperature range that gave adequate
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Fig. 13. log-log Y’ spectroscopic plots of data measured at 182, 232
and 280°C.

access, at low temperatures, to the bulk response. Let
us consider now the consequences of not having such
information available to guide the analysis of higher
temperature data. It is certainly possible to obtain a
good fit to high temperature data using an incorrect cir-
cuit such as circuit B or C, by allowing n to vary with
temperature. Thus, at 280°C, where there is very little
information associated with the high frequency disper-
sion in Y’ compared to lower temperatures (Fig. 13),
the fits of circuits B and C to the data are excellent, as
shown for circuit B in a Z* plot (Fig. 14). In the ab-
sence of adequate bulk data, therefore, it is not possible
to distinguish circuits B, C and D. The values of Rp
and Rc that are obtained are both approximately equal
to the total resistance of the ceramic at 280°C, as would
be expected. The only indication that these circuits are

- 40 N

g 280°g

g 20 eebeeeeee &
F AR A

7’ (kQcm)

Fig. 14. Z* plot of data measured at 280°C (open symbols) and the
best-fit simulation (crosses) for circuit B with the n value for CPEg
allowed to refine.

not suitable models, is that the value of Cc¢, 0.5(2) pF,
is too low to be associated with a typical bulk response;
there is no indication from the quality of the fits at high
temperatures that the sample impedance contains a sig-
nificant grain boundary contribution and therefore, that
the extracted values of Rg and R¢ provide an overesti-
mate of the true bulk resistance.

The value of obtaining impedance data over a tem-
perature range, and scrutinising the temperature depen-
dence of the extracted R and C values, is shown by the
consequences of selecting completely inappropriate in-
put values of Rp; and Rp; in fitting data using circuit
D. By using Rpy = 0.025Rp; as input values (instead
of Rpy = 0.25Rp, as used for the refinements above),
satisfactory refinement in a (false) minimum was ob-
tained, by either fixing n at the 182°C refined value or
allowing it to vary for each temperature. Results from
fitting the data using circuit D with the conditions:

(1) n fixed at 182°C value and Rp; = 0.25 Rp; in-
putted,

(2) n refined (variable) for each temperature and
Rpy = 0.25 Rp; inputted,

(3) n fixed at 182°C value and Rp, = 0.025 Rp; in-
putted, and

(4) n refined for each temperature and Rp, =
0.025Rp; inputted,

are shown in Figs. 15 and 16.
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Fig. 15. Arrhenius plots of Ry 11 and R[_)zI from solutions 1, 2, 3 and
4 for circuit D.
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Fig. 16. Variation with temperature of Cp; and Cp; for solutions 1,
2, 3 and 4 for circuit D.

It is quite clear from the temperature dependence of
the R and C parameters that only solution 1 is valid.
Solution 1 gives linear Ry 11 and RSZI Arrhenius plots
and approximately temperature independent Cp; and
Cpy values. There are, of course, many well-established
cases where non-linear Arrhenius plots do occur, such
as around extrinsic-intrinsic crossover regions or asso-
ciated with various kinds of phase transitions [11]. Our
point is that linear Arrhenius plots provide good evi-
dence that data analysis has been carried out satisfacto-
rily whereas caution is needed over the interpretation
of non-linear Arrhenius plots since these could arise
from incorrect data analysis.

The variation of n with temperature for solutions
2 and 4 is shown in Fig. 17. n varied little at lower
temperatures where there are adequate data pertaining
to the dispersion in Y’ spectroscopic plots. At tempera-
tures above 220°C, however, n gradually increased with
increasing temperature which is an additional pointer
that these solutions are incorrect. The gradual loss of
data associated with the bulk response with increasing
temperature was simulated by reducing the maximum
frequency employed in fitting the data with solution 2

0.9
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Fig. 17. Variation with temperature of n for CPEp from solutions 2
and 4 for circuit D.

for circuit D at 220°C. n increased as the maximum
frequency cut-off value decreased, Table 1, thus indi-
cating that the increase in n when fitting higher tem-
perature data may be an artefact due to the loss of data
associated with the dispersion region, rather than to an
intrinsic property of LSGM. This analysis, therefore,
justifies fixing n at the 182°C value during the fitting
of higher temperature data.

Although circuit D has a larger number of fit pa-
rameters compared to the other circuits, it clearly fits
the data better when the entire range of temperatures is
considered, especially at low temperatures where only
circuit D gives a good fit. It is possible that some alter-
native circuit with the same number of fit parameters
could, in principle, fit the data equally as well as cir-
cuit D; however, circuit D is related directly to the
assumed brickwork model of the ceramic microstruc-
ture. Since, within errors, our data are accurately fitted
by circuit D, which is a one dimensional represen-
tation of the brickwork model, and the values of the
extracted parameters are reasonable and have a sensi-
ble temperature dependence, we regard this as a valid

Table 1. The variation of the fitted value of n as a function of the
maximum frequency cut-off value for solution 2

Maximum frequency

cut-off (Hz) n

1.0 x 10° 0.60
6.3 x 10° 0.61
40 x 10° 0.62
2.5 % 10° 0.64
1.6 x 10° 0.65
1.0 x 10° 0.68
6.3 x 10* 0.71




A Strategy for Analysis and Modelling of Impedance Spectroscopy Data of Electroceramics 177

working model with which to analyse the impedance
data. It may be that, in practice, a two or three di-
mensional model provides a more accurate description
of the impedance response, as discussed by Fleig and
Maier [12—14], but there is no experimental justifica-
tion for the use of such a more complex model in this
case.

6. Conclusions

The electrical behaviour of oxide-ion conducting
Lag.80Sr0.20Gag.§3Mgo.1702.82 ceramics was modelled
successfully using an equivalent electrical circuit con-
sisting of a parallel combination of a resistor, capac-
itor and CPE to model the bulk response, connected
in series with a parallel combination of a resistor and
capacitor to model the response of a constriction resis-
tance. To identify and deconvolute these two responses
it was necessary to analyse IS data using log-log spec-
troscopic plots of the real and imaginary parts of all
four complex formalisms over a temperature range be-
tween 182 and 280°C. Alternative equivalent circuits
were eliminated by critically assessing the quality of
fit to the measured data over a range of frequency and
temperature.

It is probably true to say that the reasons why
impedance data often show departures from Debye-
like ideality are not well-understood. At the simplest
level, n and A may be regarded as adjustable fitting pa-
rameters. Nevertheless, n and A are parameters whose
temperature (in)dependence is usually well-behaved

and their satisfactory inclusion in data analysis helps
greatly in discriminating between competing model
circuits.
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