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Engineering material systems for smart components and novel device applications require a thorough
understanding on the structure-property-processing relationships to optimize their performance. The
factors determining performance characteristics of the multi-phase/component heterogeneous polycrys-
talline hybrid (MPCHPH) systems are not identical to devices based on single-crystal/single-junction
(SCSJ) technology. Performing SCSJ-like data-analysis on the MPCHPH systems can lead to confusion
in delineating simultaneously operative phenomena when "physical geometrical factors" are used in
normalizing the as-measured electrical parameters or electrical quantities. Such an analytical approach
can vitiate interpretation when microstructural inhomogeneity plays a key role in determining the
electrical path. The advantage of using the as-measured electrical parameters or electrical quantities
constituting the "immittance function" is emphasized. The "state of normalization" using physical
geometrical factors can only be executed for a specific phenomenon when isolated from the total
electrical behavior.

INTRODUCTION

Many engineering material systems possess highly complex microstructures, which
may be regarded as the multi-phase/component heterogeneous polycrystalline
hybrid (MPCHPH) materials. Particularly, the structure-property-processing
relationships of these systems are crucial in the development of engineering
materials for applications as smart components and novel devices.1’2 The resulting
arrangement of the grains, grain-boundaries, and other phases (when present)
constitutes an integrated series-parallel lacy network of conducting paths involving
"rn" junctions in parallel and "n" junctions in series between the electrode
terminals.2’3 The lumped behavior of this network indicates dominance of the
electrical paths2 of the device under test (DUT). In general, a single-crystal/single-
junction (SCSJ) and/or electrochemical-type system is structurally simpler DUT
than an MPCHPH based device. Each of these DUTs is subject to engineering
applications depending on performance characteristics and appropriate needs.
The ac small-signal immittance (impedance or admittance) data complemented

with dc measurement have been utilized in characterizing a variety of electrically
active material systems.1-17 These measurements are widely exploited as the search
of new materials’ for various electrical applications continues. In order to extract
the phenomena related parameters/elements, the immittance data are displayed in
the complex plane formalisms2’17 via lumped parameter/complex plane analyses
(LP/CPA), which are often supported by the Bode plane analyses8’15 (BPA),
spectroscopic analyses18’19 (SA), etc. These parameters/elements, attributed to the
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conduction processes, can then be used as indicators to optimize microstructural
network configuration by varying the chemistry, composition or recipe, processing
variables, etc. In addition, these parameters/elements can be used to construct an
equivalent circuit model, consisting of the conducting paths, regardless of the
complexity in the microstructure. In this way, useful interpretations and conclusions
can be drawn for a DUT.
The as-measured "electrical parameters" or "electrical quantities" as a function

of frequency (f) can be transformed to the immittance (I*) function and analyzed
in a complex plane formalism. This function represents ac small-signal immittance
data in the complex plane formalism by

I* I’_+ j I", (1)

where j , I’ and I" are the real and imaginary parts of I*, respectively.
These real and imaginary parts can be termed as electrical quantities, and each of
these parts contain as-measured electrical parameters. The form of the as-measured
electrical parameters contained in the electrical quantities depends on the type of the
immittance function. The

___
sign also depends on the type of this function.

Therefore, the complex plane representation involving the LP/CPA technique
employs a plot of I’ on the x-axis (real) versus I" on the y-axis (imaginary). In
general, the BPA involves an investigation of I*, I’, I", I’ / I", I" / I’, as-measured
electrical parameters, etc. as a function of frequency at a specific experimental
condition. In the same way, the SA involves similar investigation of these
parameters as a sequential function of possible experimental variables, such as
variation in temperature, pressure, ambient environment, composition or recipe,
fabrication or processing route, voltage etc. As an example, in a parallel configura-
tion of the measurement processes,

of the system with

I* Y* admittance Gp + j(toCp) (2)

I’ Gp parallel conductance, and I" toCp parallel susceptance.
Using the same measurement configuration,

(3)

of the system with

%I* C* capacitance Cp -j(), (4)

I’ Cp parallel capacitance, and I" Gp imaginary capacitance.

In a series configuration of the measurement processes,

I* Z* impedance R

(5)

(6)
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of the system with

I’ R series resistance, and I" series reactance. (7)

Using the same measurement configuration,

1
I* M* modulus -- + y(toRs). (8)

of the system with

1
I’ inverse series capacitance (real modulus), and I" toRc,

imaginary modulus. (9)

Here, Gp and Cp are the as-measured parallel equivalent terminal conductance
and capacitance, respectively, and R and Cs are the as-measured series equivalent
terminal resistance and capacitance, respectively, as a function of angular frequency
to(= 2rf). These four as-measured (terminal) electrical parameters (i.e., Gp, Cp, Rs,

and Cs) are the basic constituents of the immittance function.
The "state of normalization" using "physical geometrical factors" in the immit-

tance data can be traced back to a pioneering work by Cole and Cole.2 They
highlighted non-Debye (non-ideal) electrical behavior in a single relaxation
process, and demonstrated an analytical approach of the immittance data via a
complex plane formalism (C* e*). As the total electrical response exhibited
SCSJ-like behavior, the state ofnormalization did not affect the fundamental aspect
of the demonstration. Grant21 applied this approach further to polycrystalline
materials exhibiting single-like relaxation process. He established simultaneous
multiple complex plane analysis (i.e., C* -= e*) and Y* -= {r*) of the same
immittance data, and demonstrated multiple aspects of the dielectric representation
of a DUT. The parameters e* and {r* are the normalized representation of C* and
Y*, respectively, using physical geometricalfactors. Their significance is discussed in
section V. The physical geometrical factors refer to the physical electrode area and
physical thickness of the DUT.

Grant’s demonstration inspired many investigators to use the state ofnormaliza-
tion in polycrystalline materials regardless of the number of relaxation processes in
a complex plane formalism. Such an approach should be adopted with caution when
microstructural lacy network plays a key role in determining electrical paths. This
is because it restricts significance of specific terminology, i.e., nomenclature for
every isolated phenomenon, and does not portray the same situation as it does for
a homogeneous system. In other words, an approach involving the use of physical
geometrical factors may give rise to erroneous interpretations when applied to a
non-SCSJ system. In view of escalating state of normalization using physical
geometrical factors in the literature, this paper will suggest a simple and universal
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way of handling/analyzing the as-measured immittance data for all types of DUTs so
that the electrical response can be evaluated without leading to erroneous
conclusions.
In this paper, the problems associated with the state of normalization of the

as-measured immittance data are discussed. Relevant issues concerning multiple
relaxations using the LP/CPA technique, especially the nomenclature used in
establishing operative phenomena, are highlighted. Possible detrimental aspects of
short frequency range immittance measurements (such as single- or spot-frequency
datum) on the interpretation are emphasized. Cumulative dividends of the correc-
tive approaches addressing these problems are suggested based on effective
data-handling/analyzing criteria. A detailed description of the analytical ap-
proaches, and the extracted parameters in conjunction with the derived units of the
electrical parameters or quantities (wherever appropriate for the as-measured/
terminal parameters including real and imaginary parts of I*) are also provided. It
will be demonstrated that the suggested data-handling/analyzing criteria can yield
fruitful results regardless of the degree of microstructural heterogeneity within a
DUT. Some generic schematics and results of the multi-plane analytical approaches
of several material systems are given to illustrate the main theme of this
paper.2,3,17,22

BACKGROUND: "SCSJ" AND "MPCHPH" SYSTEMS

An MPCHPH system cannot be treated like an SCSJ system as it cannot be
represented by either a uniform or homogeneous configuration. Under certain
limiting conditions an MPCHPH system can exhibit SCSJ-like behavior. A
thorough understanding on these limiting conditions is necessary to deleneate the
demarcation between the SCSJ-like response and MPCHPH behavior. This
demarcation can be evaluated using total response in the frequency-domain under
non-equilibrium experimental conditions. Such an evaluation may indicate
overlapped mechanisms due to non-distinguishable successive semicircular
relaxations and severe distortion in the relaxation processes in a complex plane
formalism.1,13,22

In an MPCHPH-type DUT, the current flows through the easiest paths consisting
of the series-parallel microstructural network. In other words, the electrical
conduction processes occur along the paths which are the shortest between the
electrode terminals. Thus, the grains and other relevant phases must produce
lumped series effect with the grain-boundaries, as the inter-connecting junctions
parallel (or nearly parallel/horizontal) to the physical electrode surface are not
likely to be the shortest electrical path. This situation can be visualized from Figure
l(a) where variation in microstructural grain-orientation is considered. The series
equivalent conducting path, assumed to be perpendicular (or nearly perpendicular/
vertical) to the electrode surface, must be operative between the two-terminal
electrodes. For all practical purposes, possible interference from the cross-linked
series-parallel lacy network within the microstructure may be assumed to be
negligible, and can have either no or very weak effect on the parallel conducting
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a. Each significant conduction path must be represented by a parallel equivalent circuit path.

P’ ’ ’(Ectrons)
Palh A2 (Holes)

1__ Path A; (Ions)

b. Each significant charge carrying species must be represented by a parallel equivalent path.

A i-I
Bulk

Ai-II
Grain Boundaries

Arlll
Electrodes

c. Each region of significance within a path must be represented by a lumped parameter circuit
with 1,2 and 3 (Figure b) for the type of charge carriers.

FIGURE 1 Illustration of the lumped representation incorporating simultaneously operative
competing phenomena in an electrically active multi-phase/component heterogeneous polycrystalline
system.

paths simultaneously operative between the two-terminal electrodes. Each
contributing carrier in the lumped grains constitute parallel combination within an
electrical path as shown in Figure l(b). Additional contribution from the electrode
material and its possible interaction with the DUT must be in series with the
lumped series behavior of the grains, grain-boundaries, and other phases.
The physical location of each of these microstructural entities between the

measurement terminals contributes to the net series effect, as demonstrated in
Figure 1(c). Thus, Figure 1 illustrates the lumped representation incorporating
simultaneously operative competing phenomena in an electrically active MPCHPH
system.
In addition to the foregoing discussion on the microstructural conduction

modeling, a serious attention is required in the immittance data analyses when the
porosity becomes a key issue. In the event an MPCHPH system (such as
ceramic-based gas sensing materials7) needs a finite degree of porosity in optimiz-
ing performance characteristics, a number of factors must be monitored carefully.
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These include physical geometrical factors, grain-to-grain contact area, current-
voltage data, dc superimposed ac small-signal response (i.e., capacitance versus
voltage or Mott-Schottky22 representation), frequency range of the immittance
data, status of other non-equilibrium experimental variables, etc. As the degree of
porosity approaches zero (i.e., achieving nearly theoretical density), the frequency-
domain response may differ greatly from that obtained in the highly porous state.
This is expected because the physical contact area across the grain-boundary starts
to vary significantly. Evidently, physical processes causing net contribution(s) to the
conducting path(s) can be influenced by the variation in the type of planer/non-
planer contact area across the grain-boundary. For practical purposes a DUT of
near theoretical density (99% or better) is less critical and, thus, its influence on
the electrical measurements can be neglected. However, for a small change in the
porosity, the frequency-domain response may be reproduced as the operative
mechanisms remain the same for either dense or porous system.
The foregoing discussion does not exclude an electrochemical-type DUT, as the

analyses of the immittance data are not different from those of the SCSJ and
MPCHPH systems. Also, the data-handling/analyzing criteria, which will be
described later, are the same for an electrochemical system regardless of its origin
and the type of ac small-signal response.

ELECTRICAL REPRESENTATION OF COMPETING
PHENOMENA

It is convenient to represent a DUT in the orm ot a lumped equivalent circuit. This
is a general practice for the SCSJ-type DUTs, such as p-n junctions, metal-
semiconductor diodes, p-n-p/n-p-n transistors, MOS/MIS and MOSFET/MISFET
devices, etc. Some general illustrations are given in Figure 1 to represent
simultaneously operative competing phenomena occuring within a DUT. These
phenomena can be represented by an equivalent circuit model. This model is
developed by following a set of rules2’17 summarized below:

1. each significant conduction path must be represented by a parallel equivalent
circuit path (Figure la);

2. each significant charge carrying species must be represented by a parallel
equivalent path (Figure lb);

3. each region of significance within a path must be represented by a lumped
parameter circuit with respect to the type of charge carrying species (Figure
lc);

4. each mechanism of polarization and relevant phenomena must be represented
by either a series or parallel combination of resistors, capacitors and/or
inductors (inductive effect is excluded in the subsequent discussion);

5. the components representing various conducting species and polarization
processes each has its own composition, microstructural, temperature, voltage,
pressure, environment, and frequency dependence;

6. the electrical paths of significance are those yielding the least impediment to
current flow;
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7. the regions of significance within these electrical paths are those presenting the
largest impediment to current flow; and

8. analytical techniques (such as exploitation of the complex plane formalisms in
conjunction with the Bode plane analysis and spectroscopic plots) can be used
to elucidate an appropriate equivalent circuit representation from measured
immittance components when used concurrently with the information
obtained from other methods.

Even with the application of these rules, difficulties may arise for a complicated
DUT system in which the electrical paths exhibit multiple current or voltage
dividing lumped segments. Each of these segments may not necessarily represent
SCSJ-like behavior. For example, "bulk phenomenon" may suit SCSJ-like
representation only when it is isolated from all other extraneous contributions, and
only then the state of normalization can be applied. Should other simultaneously
operative phenomena, such as trapping within grain-boundaries and depletion
regions, resonating behavior, charge accumulation effect at the DUT-electrode
interfaces, electrode contribution or polarization from work-function mismatch,
etc., demand an SCSJ-like representation, an adequate evaluation process of the
total characteristics is necessary. In the following sections it will be shown how the
state ofnormalization cannot be adopted as a universal route for data-analysis and
subsequent interpretation.

EFFECT OF "STATE OF NORMALIZATION"

A comprehensive understanding on the nature of the dispersion of the immittance
data with frequency is necessary before normalizing the as-measured electrical
parameters or quantities. This helps resolving the total behavior of a DUT. Upon
identifying each contributing phenomenon, necessary parameters to be extracted
can be outlined with a meaningful interpretation, and carefully examined to
warrant the adequacy of the state of normalization using the physical geometrical
factors for the particular parameters. The state ofnormalization can only be applied
to the those parameters which are truly associated with the physical processes
within a DUT. In other words, the generalization of the state of normalization by
incorporating physical geometricalfactors before performing analysis is inappropri-
ate due to at least for the following reasons:

1. operative phenomena between the electrode terminals are unknown;
2. multiple relaxation processes may not to be distinct (possible overlapped

and/or distorted behavior);
3. multiple operative phenomena are not distinguishable from a single lumped

relaxation process [requires further analytical tool(s)/technique(s) to
delineate];

4. limitation of the analytical tools/techniques and window of visibility are
uncertain;

5. contribution of each phase to the total relaxation processes is unknown;
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6. contact area for each contributing electrical path between the successive grains
is unknown;

7. statistical variation in the contact areas (across a junction) is uncertain;
8. cross-section of effective contribution within each contact area is unknown

(entire contact area does not necessarily contribute to the total conduction due
to planer/non-planer situation, not all of the contact area is involved in many
DUTs);

9. distribution (spatial or localized) of traps is unknown; and
10. distribution of electrical barrier voltages is unknown.

These reasons may simultaneously exist in DUTs exhibiting multiple relaxations
in one or more complex plane or a single relaxation in one complex plane. For
multiple relaxations in one complex plane:

1. admixture of Debye and non-Debye responses influencing each operative
electrical path is unknown;

2. admixture of multiple non-Debye responses influencing each operative electri-
cal path is unknown; and

3. resulting non-Debye response for each relaxation is unlikely to originate from
the ordinate parameter (non-Debye behavior is attributed to the depression of
the ordinate parameter).

For a single relaxation in one complex plane:

1. range of frequency spectrum (measurement range as a function of frequency)
is likely to be limited;

2. resulting Debye or non-Debye relaxation is likely to be lumped (possible for a
Debye relaxation, common for a non-Debye relaxation) so that distinction is
not possible (described in 3); and

3. ordinate parameter remains critical for the non-Debye response as it does for
multiple relaxations.

Therefore, a single-frequency (designated as spot-frequency) immittance data-
analysis incorporating physical geometrical factors of the DUT may lead to
erroneous or physically meaningless conclusions. In other words, it is too much to
speculate about the mechanism(s) for the pair of normalized real and imaginary
immittance components corresponding to a single-frequency. Judgement based on
the single-frequency immittance data can be valid only when the entire frequency-
domain response is thoroughly understood through a systematic evaluation process.
This frequency-domain response assures a total dispersion characteristic asia
function of frequency, and can be significantly influenced by the presence of several
types of distinguishable or non-distinguishable traps. These traps are character-
ized3’21-23 by the energy depth, capture cross-sectional area, defect charge state
(donor/acceptor-like, neutral, etc.), capture-rate constituting elements (resistance R
and capacitance C) of the relaxation time (r RC), etc. When the frequency-
domain response of the simultaneously operative phenomena are not explored, the
underlying physical process(es) of an unknown DUT remains unresolved.
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DATA-HANDLING/ANALYZING CRITERIA

In order to establish a meaningful approach to the data-handling criteria, attempts
have been made by several investigators.2-17’22 on a number of material systems.
These attempts employed a series of systematic evaluation ascertaining uniform
geometry (i.e., possessing identical physical geometrical factors) and a consistent
history in the microstructural features of the DUTs. In this section the acquisition
and handling/analyzing procedure of the dc data are excluded, as it is a special case
with the ac small-signal measurement for f-- 0 Hz. The frequency-domain
measurements can be accomplished via the acquisition of the two-terminal ac
small-signal electrical data as a function of frequency in one of the following three
forms2,17:

1. impedance (Z*) or series equivalent (a resistor, Rs, in series with a capacitor,
Cs);

2. admittance (Y*) or parallel equivalent (a resistor, Rp or a conductor, Gp, in
parallel with a capacitor, Cp); and

3. IZ*l-phasor or IY*l-phasor (magnitude of immittance and the corresponding
loss-tangent, tan 8, or phase angle, 8).

The measurements are equally useful in any of these three forms, and can be
referred to as the immittance data described earlier. These three forms are
illustrated in Figure 2. The choice depends on the material characteristics and the
resolution of the measuring parameters in a particular frequency range. A trial run
of the acquisition may be helpful before the final data are acquired. This step allows
an initial judgement on the dispersion of immittance with frequency. Usually the
value of tan dictates the degree of resolution in the measuring parameters. To
reduce the stray and lead effects it is better to keep shorter contact leads.
The amplitude of the applied ac signal must be adjusted, without affecting

intrinsic immittance response, to obtain satisfactory data. Reproducibility of the
data depends on sufficient modulation of the quasi-equilibrated Fermi-level of the
DUT. The measurement range of frequency is independent of the small-signal
amplitude. When the signal amplitude is too low, the immittance data may contain
mainly noise. The noise may represent discrete or inconsistent pattern in the data
and appear as scattered points in the plot. Therefore, an adjusted amplitude of the
applied ac signal is crucial.
The polarization effects at low and ultra-low frequencies (usually in the Hz and

sub-Hz regions) also yield noise and data-scattering despite reasonable amplitude
of the ac signal. Under these circumstances, instead of increasing the amplitude of
the ac signal, enough equilibrium time may be allowed to obtain satisfactory data.
On the other hand, at sufficiently high amplitude of the ac signal, the terminal
immittance may be affected by the geometric effect within the DUT in addition to
the modulation of the quasi-equilibrated Fermi-level. The utilization of the fast
Fourier transform (FFT) in conjunction with averaging the measured electrical
parameters or quantities for a suitably fixed number of observations within a
specified time is a common practice to avert such problems.2’3’22 The use of FFT is
a standard practice for measurements at ultra-low frequencies in the sub-Hz region.
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A. preferred Measured Forms

(a) Series: ",---ie----=

Gp 1/Rp

(b) Parallel:

(c) Phasor: Z" or Y and loss tangent tan Gp/oCp 0RsCs

B. Four Complex Plane Equations ca 2nf, measured frequency, (-1)I/z

1. Impedance: Z* Rs- j(llcoCs)

2. Admittance: Y* Gp+ j(oCp

3. Capacitance: C* Cp- j(Gp/(O)

4. Modulus: M*= l/Ca + j0}Rs

l/jo)

reciprocal Y

jo o

reciprocal

j

Fundamental equations in four complex planes representing the
measured form of data and its transformation related to electrical
characteristics consisting of Z*, Y*, C* and M*. Arrows imply
multiplying factors for conversion between the complex planes.

FIGURE 2 Choice of measured forms of the ac small-signal electrical data acquisition and
inter-convertible relationships within the four complex plane formalisms.

The averaging procedure could utilize self-developed measurement processes
without employing FFT (generally in the Hz region but below kHz) which
reasonably satisfy the reproducibility of the data-acquisition method at low
frequencies. This is a beneficial approach to certain DUTs when the low-frequency
measurement becomes essential.
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The admittance (Y*) and impedance (Z*) obtained as a function of the ac
small-signal frequency, consisting of parallel and series parameters operative
in-phase (constituting real part) and out-of-phase (constituting imaginary part),
respectively, are expressed in equations 2 and 6. The phasor data also translate to
either form of these two equations. As an example, the phasor form may be
expressed for Z* or Y* as:

1 V
Z* IZ*I sin 8 + jlZ*I cos 8 IZ*I e/ --/8, (10)

Y* I

where IZ*I is the absolute magnitude of Z*, is the phase angle between the
voltage, V, across, and the current, I, through the DUT. Thus, these three forms of
data acquisition are equivalent and serve the same purpose. Subsequent analysis
using any form of these frequency-domain data can be performed via:

1. lumped parameter/complex plane analyses;
2. Bode plane analyses; and
3. spectroscopic analyses.

Despite using these three analytical techniques in a simultaneous fashion, the
underlying physical processes for a complicated DUT system may not be unraveled.
Usage of additional tool(s)/technique(s) may be necessary to resolve complicated
situations. One of the techniques known as deep-level transient spectroscopy
(DLTS), not included here, employs the time-domain measurements.25 It is worth
pointing out that both the frequency-domain and time-domain measurements can
be regarded as a time-zone process yielding complementary results.

Lumped Parameter/Complex Plane Analyses

To perform the LP/CPA, the data in any form of the immittance function can be
used. The nature of the operative electrical path is facilitated by displaying these
data in the form of complex plane plots. A trial analysis in four complex planes is
necessary for the as-measured immittance data. Each of these complex planes can
represent a DUT with particular characteristics. These plots, when combined with
other known features of the DUT, allow the representation of an appropriate
equivalent circuit model. This model can be used to delineate the contribution of
various regions (of the microstructure) with respect to the overall electrical
behavior of the DUTs between the electrode terminals, including the influence of
process variables on these regions. These four complex planes are inter-convertible
as shown in Figure 2. By incorporating the physical geometrical factors, each of
these four complex plane formalisms can be described below with appropriate
nomenclature, symbol, equivalent synonym, and one consistent unit. These are:

1. impedance (Z* Z’ jZ") in 1 (ohm), or resistivity (p* p’ jp") in l-cm
(ohm-cm);

2. admittance (Y* Y’ + IN") in S (siemen or mho), or conductivity (r*
+ jtr") in S/cm (rnho/cm);
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3. capacitance (C* C’ jC") in F (Farad), or permittivity (e* e’ j") in
F/cm; and

4. modulus (M* M’ + jM") in F-1 (1 /Farad), or electric-modulus (rn* m’
+ jm") in F-l-cm.

The first group of the complex plane formalisms, consisting of Z*, Y*, C*, and M*
plots, is constructed from the as-measured electrical parameters shown in Figure 2.
The second group of the complex plane formalisms, consisting of p*, tr*, e*, and m*
plots, employed the state of normalization using the physical geometrical factors.
The direction of vertical arrows (upward and downward) in Figure 2 indicates the
multiplication factor jto or 1/jto to be used for the conversion between the
associated pair of complex planes. The horizontal arrows indicate reciprocal
relationship between the relevant pair of complex planes. The inter-convertible
relationships among these complex planes exist in the following way:

1 M* 1 1
Z* ,, _ R J(---A--), (11)

I

1
Y* jtoC*

Z* M* Gp + j(toCp), (12)

1 Y* 1

rvi.  ,oz. ,"
C_ (13)

and

1 jto 1
M* jmZ* F j(oR,). (14)

C* Y* C

The dimensionless relative permittivity

(15)

may be derived from

e* =e’- j(,") (16)

incorporating e0 (8.85 10-14 F/cm). This dimensionless complex quantity
provides the same information as the C*- or e*-plane plot.
The sample plots for each of the four complex plane formalisms are depicted in

Figure 3. Each plot contains a simplified equivalent circuit representing an intercept
on the left-side of the single semicircular relaxation on the x-axis. This intercept may
be termed as the left-intercept. The ordinate (y-axis) and abcissa (x-axis) must have
the same plotting scale so that the semicircular relaxation in any of these complex
planes can be clearly delineated. This means that the magnitude of each unit grid
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Z R, (1/oC=)

Impedance Plot

Y" GI +

==C2 IGz’1 +

Admittance Plot

C!

C, Cl+C= C’

Complex Capacitance Plot

M" 11C= +

1 l/c,+l/Cz H’

Modulus Plot

FIGURE 3 Sample plots with associated simplified equivalent circuits for each of the four complex
planes.

(or graphical segment) in length on ordinate and abcissa must be equal. A semicircle
whose center lies on the x-axis is defined as a Debye or Debye-like relaxation. The
transformation from impedance to admittance or vice versa is straightforward only
for the Debye relaxation. For a non-Debye relaxation, of which the center of the
semicircle lies below the x-axis, an empirical relation2 is available for such a
transformation. A non-Debye relaxation gives rise to a depression angle (0)
measured from the point at the left-intercept to the center of the semicircle below
the x-axis. This depression angle becomes a measure of the depression parameter,
h, where h 2 0/r. Depending on the idealized Debye or extreme non-Debye
response of a semicircular relaxation the value of h ranges between 0 and 1. Thus,
a Debye-like behavior can be achieved as 0 -- 0 (h -- 0), and an extreme
non-Debye response can be visualized with 0 -- 90 (h -- 1).
The aforementioned nomenclatures of each group of the four complex plane

formalisms are widely used. Using the same nomenclature, possessing a unit other
than mentioned above, can distort the meaning of the plot when multiple
semicircular relaxations are observed in one complex plane. This is discussed in
section VII. It is important to note that with growing popularity of the immittance
measurements and subsequent analyses, a vague nomenclature referring to
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"Nyquist diagram" or "Nyquist plot" is used for a complex plane formalism.
Particularly, the plot of real and imaginary parts of impedance or admittance are
described with this nomenclature. Macdonald26 has discouraged the use of such a
vague nomenclature and pointed out that immittance measurements have no
connection with the original work of Nyquist. He elaborated on the fact that the
immittance is derived from the measurements of current and potential at a single
(input) port recognizing a phase difference for a real-world DUT. However,
Nyquist26 dealt with two-port measurements of feedback in amplifiers which
involved input and output voltage determinations. Thus, Macdonald reasonably
argued that a complex plane "Nyquist plot" is intrinsically quite different from an
immittance function (I*) plot.
From the nature of acquisition of the in-phase and out-of-phase electrical

parameters or quantities, each complex plane formalism intrinsically represents a
complex quantity possessing real and imaginary parts. Therefore, the four complex
plane formalisms do not need to be emphasized with a prefix complex. Also, since
the immittance data acquisition employs the ac small-signal, there is no need of
stressing impedance by ac impedance. Similar argument applies to other complex
plane formalisms. To avoid ambiguity between a real and a complex quantity, the
four complex plane formalisms can be denoted by a superscript asterisk, such as Z*,
Y*, C*, and M*.
The unit of the constituting components for each immittance function (such as

"resistance and reactance" for Z* and "conductance and susceptance" for Y*)
should be used with caution. If the chosen unit is derived to serve a particular
purpose, the reasons of using the derived unit should be justified. It is necessary to
emphasize the significance of the derived unit for the constituting components.
Thus, a unit should refer to a meaningful physical parameter responsible for the
immittance function. As an example, the capacitance per unit area or conductance/
resistance per unit area should be considered at least for two reasons: (1)
applicability to the material system, and (2) selectivity of the series or parallel
configuration for the data-analyses. Only when these two reasons are justified, the
complex plane formalism with the derived unit on the axes is meaningful. Extending
the concept further, series configuration (i.e., impedance representation of the
acquired data) does not resolve the blocking situation of an Rs-Cs circuit under dc
(f--- 0 Hz) condition. The parallel configuration (i.e., admittance representation of
the acquired data) of an Rp-Cp circuit does not portray the same situation as the
Rs-C series combination satisfying Rp equal or equivalent to R and Cp equal or
equivalent to Cs.
The major part of the data-handling criteria involves proper fitting of the

semicircular relaxation. Due to the lack in precautions in fitting the semicircular
loci, erroneous interpretation is possible. The degree of accuracy in fitting the
actual data points on the semicircular loci is achieved by using the complex
nonlinear least squares (CNLS) analyses.27-34 This approach ascertains proper
numerical values of the extracted parameters described in section VI.
Complexity arises if a single semicircular relaxation (with or without "left-

intercept") is observed in more than one complex plane for the same set of data.
This kind of representation is referred to multi-plane analytical approach. The
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circuit(s) derived from the multi-plane analyses may either represent more lumped
or resolved behavior. The complexity of multi-plane representation can be
delineated with the help of information on processing variables, microstructural
features, phase distribution, role of dopants/additives, nature of the electrical
barriers, nature of dispersion of the measured parameters in a frequency range for
overlapped response(s) between the successive operative phenomena, etc. The
investigator has to determine the root or origin of the multiple complex plane
representation of the data. Once the root is determined, the interpretation is as
straight-forward as a single-plane representation of the data. The conclusion is left
to the investigator as only one valid interpretation with an equivalent circuit model
is appropriate for a DUT. Further, the multi-plane response may influence the
electrical parameters set for the applications criteria of a DUT.
A higher degree of complexity is encountered in DUTs having multiple

semicircular relaxations2-7’17’22 in more than one complex plane. In such cases, it is
found that the series circuits (i.e., voltage dividing or series segments) are best
represented by the Z*- and M*-plots, while parallel circuits (i.e., current dividing or
parallel segments) are best represented by the Y*- and C*-plots. The relative
magnitudes of various circuit elements govern the choice between the Z*- and M*-
or between the Y*- and C*-plane formalisms. The complexity of the systems that
can be analyzed using LP/CPA is exemplified in references 2 and 17. The results of
some case studies and limiting factors are also listed there.
Multiple relaxations in one complex plane and their simultaneous representation

in other complex plane(s) make the situation even more complicated.2-7’22 Such a
situation is very common in the MPCHPH systems (such as ZnO-based varis-
tors,3’22’35 TiO2-based gas sensing materials,TM Y203 and CaZrO3-based materi-
als5’6, etc.). Nevertheless, a systematic analytical approach, involving a careful
microstructural evaluation in conjunction with consistent thermal or processing
history of the DUTs, can provide an adequate solution as recently demonstrated.5-7

Bode Plane Analyses

The classical BPA involves plotting of the absolute magnitude of the immittance
function as a function of frequency.24 It can provide further understanding on the
behavior of the phase angle, as-measured electrical parameters, in-phase (real) and
out-of-phase (imaginary) quantities of the immittance function, etc. From the shape
of the curve on each Bode plane, an equivalent circuit analog may be developed. In
simplified cases, this approach can reveal results identical to that obtained from the
LP/CPA. The time-dependent behavior and/or reaction-related dynamic processes
are, however, generally not straightforward in the LP/CPA representation. The
response is usually distorted and/or overlapped with the other mechanism(s), and
often cannot be resolved due to severely lumped behavior of the simultaneously
competing phenomena.3-7’22 In this case, extraction of an equivalent circuit in a
simplified form is not meaningful as it may not match with the information revealed
via the LP/CPA technique. This situation can be improved using spectroscopic
analyses discussed in the following sub-section.
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Spectroscopic Analyses

The SA consists of sequential analytical steps of the as-measured immittance
components (or phasor form), under the non-equilibrium experimental conditions
(such as applied voltage, temperature, compositional change, processing variables,
ambient environment, pressure, etc.). It has been used by several investiga-
tors.3-7’18’19’22’23 This analytical approach is useful in the cases where the measure-
ment window is limited due to the lack of proper instrumentation. For example, if
the relaxation process is not visible in the complex plane representation at room
temperature, the spectroscopic approach as a function of temperature can be useful
and yield results identical to those obtained from the LP/CPA or BPA
technique.3-7’22 Figure 4 illustrates such a correspondence of these two analytical
methods. The spectroscopic technique can be very effective especially when a DUT
does not yield a meaningful solution in the LP/CPA and BPA, as it involves the
evaluation of the variation in the as-measured in-phase and out-of-phase
parameters (series or parallel configuration) under non-equilibrium conditions.

Measured form Y G, + jCp

Admittance S_oectroscogy Lum_oed Parameter/Complex Plane Analysi

O)x (= 1/Xx) is constant Tx is constant

T
T, Temperature where Gp is

maximum at a frequency

Real Part
Complex Plane Plot

T T Measured Temperature

1/Tx

FIGURE 4 Demonstration of identical results obtained via lumped parameter/complex plane analysis
(LP/CPA) and spectroscopic analysis (SA) techniques.
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EXTRACTION OF PARAMETERS

The equivalence of the complex plane formalisms, Bode plane analyses, and
spectroscopic plots has been well established.2-24 Therefore, for a single Debye/
non-Debye relaxation phenomena the introduction of "physical geometrical fac-
tors" in these analytical techniques may not be too critical. From the frequency-
domain analytical consideration, several electrical parameters of a DUT can be
extracted using these techniques. These parameters are very useful for the
optimization of the device characteristics and resulting performance. In general, the
common interest for an electrical characterization involves extraction of the
following parameters:2’37

1. voltage or current dividing equivalent circuit;
2. equivalent circuit elements (resistor, capacitor, inductor, etc.);
3. relaxation time (time-constant or peak-frequency);
4. left and right intercepts on the real axis for each semicircular relaxation;
5. chord or diameter (chord represents a depressed semicircle) of a semicircular

relaxation;
6. depression angle (0 h r/2) or depression parameter (0 -< h -< 1 for

Debye/non-Debye cases) for each semicircular relaxation yielding information
concerning the nature of the distribution of the relaxation time and the
energy-depth/level of its constituting elements;

7. extrapolation of dc behavior (depending on the frequency range in the
low-side measurement);

8. extrapolation of high-frequency dielectric (geometric) behavior (depending on
the frequency range in the high-side measurement);

9. barrier-related parameters (such as fiat-band potential or built-in-potential or
the amount of band-bending, barrier height, depletion layer width or electrical
thickness, carrier density, etc.);

10. trapping phenomena (when present) possessing energy depth, capture cross-
section, capture-rate (measure of relaxation time), defect charge state (donor/
acceptor-like, neutral, etc.), etc; and

11. isolation of trapping (when present) contribution in the frequency or time
domain;

12. phase angle (8) between the voltage and current;
13. Bode magnitudes representing absolute values of the four complex plane

formalisms (i.e., IZ*l, IY*I, If*l, and IM*I);
14. Bode magnitudes representing values of the electrical parameters or quantities

constituting the four complex plane formalisms (i.e., Z’, Z", Y’, Y", C’, C", M’,
and M" given by equations 2-9 and 11-14);

15. Bode slope of each segment of the straight line (i.e., more than one slope for
multiple segments in an extended frequency of measurement); and

16. inflection point between the successive straight line segments in the Bode
representation indicating relaxation time.

Each of these parameters provides a meaningful information concerning the
electrical behavior of the DUT, and can be used to construct an equivalent circuit
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model. The elements in this model can then be modified by changing processing
variables and fabrication methods to optimize device performance.

DISCUSSION

The interpretation of an identified mechanism can be influenced by the
nomenclature of the electrical parameters selected with or without incorporating
physical geometrical factors. Therefore, it will be shown in a generic manner how
the nomenclature containing microstructural features (excluding "inductive" ef-
fect35 originating from DUT, electrode material, DUT/electrode configuration, etc.)
can mislead the physical occurrence (or location) of the phenomena. These include
some case examples and their implications on MPCHPH systems. The frequently
used nomenclatures of the derived circuit elements (series or parallel equivalent)
are as follows: (1) resistivity/conductivity or resistance/conductance, and (2)
permittivity or capacitance.
Schematic illustrations depicted in Figures 5, 6, and 7 displaying immittance

spectra of ZnO-Bi203 based varistors are used to describe the advantage and/or
purpose of the multi-plane representation. Each operative phenomenon is isolated
from the total behavior and, thus, the lumped response is further delineated in
Figure 5. Varistor is taken as an example because it represents a typical MPCHPH
system. If Figure 6 is used at first, before exploiting Figures 5 and 7 with or without
the resonating behavior at high frequencies, it is easy to provide a confusing
interpretation. This is because Z*-plane plot exhibits a severe lumped behavior
than the other two plots in Figures 5 and 7. The advantage of presenting these three
schematics in a simultaneous fashion is that they display the same bulk dielectric
behavior confirming resonating parameters.

Case 1

The "bulk phenomenon" of an MPCHPH system identified must indicate a
frequency-independent characteristic. As a high-frequency response, the "bulk
phenomenon" corresponds to an SCSJ-like dielectric behavior. The "bulk
resistance" results from a homogeneous conduction process throughout the series-
parallel microstructural network of conducting paths. It is reasonable to assume a
uniform distribution of electrical field stress as all junctions (i.e., grain-boundaries
or intergranular regions) are shorted out at high frequencies. This means that the
electrical barriers are no longer operative at high frequencies and, thus, leaving
only "bulk phenomenon." Under this circumstance, the "bulk resistance" can easily
be transformed to "bulk resistivity" using physical geometrical factors. The main
criterion for this conversion is that the electrical conduction across the junctions in
the microstructural network behaves like a single-crystal. A similar situation is
experienced at extremely high-voltages or high-currents, where the electrical
barriers across the grain-boundary junctions are completely in breakdown process
and yield only single-crystal like lumped grain behavior. This situation is once again
analogous to the single-crystal like dielectric response. These two physical situa-
tions (i.e., at high-frequencies and/or high-voltages/currents) neglect any influence
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)FIGURE 5 Capacitance (C* C’ j C" Cp j plane representation of ZnO-Bi20 based

varistor at near room temperature in the approximate frequency range (a) 10-2 -< f -< 400 Hz, (b) 5 --<
f <- 13 x 106 nz, (c) 106 -< f -< 109 Hz, (d) generic behavior in the C*-plane combining the behavior in
(a), (b), and (c).
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FIGURE 6 Impedance (Z* Z’ ]Z" R / 1 / toCs) plane representation of the ZnO-Bi203
based varistor at near room temperature in the approximate frequency range 10-2 -< f -< 105 Hz. The
immittance data in the frequency range 10 < f -< 10 Hz are not shown. The lumped grain dielectric
behavior complemented by the left-intercept of this semicircular relaxation is obtained in the C*-plane
of Figure 5(b) or 5(d).

of the disorder in the grain orientation as it may have no impact on-the total
electrical behavior. In the case of a sensitive DUT this issue should be considered.
Thus, "bulk conductance" or "bulk conductivity" would bear a meaning identical to
the "bulk resistance" or "bulk resistivity," respectively. Any of these four
nomenclatures indicates the same mechanism and must yield the "average grain
carrier density." The "average grain carrier density" assumes even distribution of
carriers in each grain. In the same way, "bulk phenomenon" resolves the other four
nomenclatures derived from "capacitance" when series and parallel configuration
are considered.
Figures 5, 6, and 7 provide examples of "bulk phenomenon" corresponding to the

high-frequency domain. Figure 6 has a tiny left-intercept on the left-side of the large
semicircular relaxation in the Z*-plane. It is identified as a bulk resistance (Rzno
10 l-l) on the real-axis attributing to the lumped ZnO grains’ resistance. This
situation has also been recognized in references 38 and 39. However, Figure 7
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FIGURE 7 Admittance (Y* Y’ + j Y’ Gp + j to Cp) plane representation of the ZnO-Bi203
based varistor at near room temperature in the approximate frequency range 106 --< f --< 109 Hz. The
chord of the semicircle or circle passing through x 0, y 0 and parallel to x-axis yields the
left-intercept value of RZno 10 ’ obtained in Figure 6.
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clarifies this situation when the chord of the circle coincides with the value obtained
in Figure 6 for Rzno. A detailed description on this parameter is provided in
references 35 and 40. Figure 5 supports the resolution of the bulk capacitance as the
dielectric behavior (Czno C6) of the lumped ZnO grains. The bulk resistance is
obtained from the chord (passing through x 0, y 0 and parallel to x-axis) of the
circle. This value is the same as the left-intercept obtained in Figure 6. Thus, to
describe bulk phenomenon and achieving complete information on the microstruc-
tural network of electrical paths, each of these illustrations is important. The bulk
parameters resolved in Figures 5, 6, and 7 can be converted to bulk resistivity (PZnO)
and bulk permittivity (ezno) using physical geometrical factors.
From the C*-plane plot of Figure 5, it is evident that the semicircular relaxation

in the Z*-plane (Figure 6) cannot simply be designated as the grain-boundary
phenomenon. The Z*-plane relaxation yielded several other relaxations in the
C*-plane. Figure 6 makes the situation complicated if the high-frequency resonance
phenomenon is incorporated. That is why the resonance phenomenon3’22’35 is
displayed separately as Figure 7. Although the left-intercept in Figure 6 is identified
as a bulk resistance, two consecutive semicircles were not obvious as the resonance
phenomenon intercepted the bulk dielectric behavior in ascribing the Z*-plane
behavior. The bulk dielectric quantity C6 (Czno) is obtained as a parallel parameter
in Figure 5, which effectively is also in parallel with the bulk resistance, Rzno-
Therefore, a precautionary measure is necessary before confirming a phenomenon
of an electrical response only by inspecting the semicircular feature in the Z*-plane.
The bulk phenomenon thus identified can be normalized to obtain the average
carrier density in the grains for the ZnO-Bi203 based varistors. This is analogous to
the SCSJ-like situation and, therefore, a carrier density of about 1017/cm3 can be
obtained. Same numerical value is also obtained from the post-nonohmic ohmic
region22’4 utilizing the current-voltage (I-V) behavior and optical method.41

Case 2

The identification of the grain-boundary resistance becomes obvious at a frequency
range lower than that of the bulk resistance phenomenon. This is evident in Figure
6 by the chord of the semicircular relaxation. The grain-boundary resistance can
simply be transformed to grain-boundary conductance. It cannot be converted to
the corresponding resistivity or conductivity, because the grain-boundary region
does not have any connection with the physical geometrical factors. The grain-
boundary phenomenon is associated with the intergranular region where two
consecutive grains are in intimate contact (possibly with the presence of a second
phase at the interfaces). This intimate contact can cause a potential barrier or
discontinuity in the conducting path due to the charge storage and/or trapping at
the defect sites (primarily originating from the dangling bonds). Each potential
barrier constitutes a certain electrical thickness, corresponding to a transition or
depletion region for a Schottky-like barrier. Since these regions in the microstruc-
ture are more resistive than the surrounding grains, a major portion of the applied
electric field is dropped across these regions. Thus, the microstructural geometrical
factors constitute contact area between the successive grains and electrical thickness
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of the grain-boundaries. These factors should be used in converting grain-boundary
resistance to grain-boundary resistivity. Implying the same argument, grain-
boundary capacitance can be converted to grain-boundary permittivity. Thus, it
becomes obvious that such a conversion is meaningful only when the grain-
boundary phenomenon is properly identified in the frequency-domain, and these
two microstructural geometrical factors (contact area and electrical thickness) have
nothing to do with the physical geometrical factors.
The grain-boundary relaxation yields a resistance of about 6.2 108 f in Figure

6. This response is extracted while the grain-boundary junctions are not electrically
shorted. The grain-boundary barriers are still in effect in the frequency range (f <-
-106 Hz). As the depletion region thickness and grain-to-grain contact area are not
known, the grain boundary resistance cannot be converted or normalized to grain
boundary resistivity. If single grain-boundary junctions are investigated, individual
thickness of the depletion region and grain-to-grain contact area will be known.42

In the event when single-frequency (arbitrarily selected spot-frequency) immi-
tance components are used in investigation, the nature of dispersion is not
identified or the operative phenomena can only be assigned, mostly, by guessing.
This is one of the reasons why single-frequency dielectric evaluation incorporating
physical geometrical factors can cause confusion. Extending this concept further,
until the term grain-boundary resistivity is ascertained, the term grain-boundary
conductivity will not be appropriate to use. If a fraction of the contact area
contributes to the total conduction process (due to the non-planer contact
configuration across the grain-boundary interfaces), this contact area is better
termed as the effective contact area. In order to understand the role of either contact
area or effective contact area, a grain-to-grain single-junction study is helpful.42 The
effective contact area can be determined using classical Mott-Schottky equation if
the carrier concentration is spatially uniform in each grain, as demonstrated in the
literature.22,43

Case 3

The electrode-related contribution to the immittance components can be observed
at frequencies much lower than the frequency-range for the grain-boundary
phenomenon. The contributions associated with each electrode terminal may not be
identical, although their physical nature or origin is likely to be the same
considering the degree of non-uniformity and relevant concentration of the
dangling bonds at the DUT’s surface. A mismatch in the work-function between the
electrode material and the DUT is often responsible for the electrode-related
contribution. Another source of electrode-related contribution, commonly
observed in ionic or electrolytic materials, is ascribed to the charge accumulation or
blocking of the charge carriers. For reasons similar to that of the grain-boundary
phenomenon the electrical parameters associated with the electrode, once identified
cannot be normalized using physical geometrical factors. Although the physical
electrode area may be applied, the barrier layer thickness (i.e., electrical thickness)
should be determined and used to replace the physical thickness of the DUT.
Another perspective of the electrode effect is the evolution of the resonance

phenomena in certain material systems. This is observed, in general, at very high



www.manaraa.com

MATERIAL CHARACTERIZATION 161

frequencies and can be seen in Figure 5. The resonance effect is not necessarily
related to the piezoelectric resonance phenomena. Reference 35 describes
combined (lumped) electrode-material effect for the observed resonance in Figure
5. When a material exhibits piezoelectric resonance, possible contribution from the
electrode may not be separated. Therefore, electrode effects can be observed
depending on the type of the material and the nature of investigation. It is,
therefore, important to have sufficient knowledge of the type of materials
investigated when a resonance phenomenon is observed.

Case 4

The trapping contribution to the terminal immittance is another important issue.
This contribution causes dispersion of immittance with frequency. Figure 5 is an
example of such a dispersion. For a lumped "grain-boundary phenomenon" the
identity of trapping is completely masked as is seen in Figure 6. However, Figure 5
unravels the lumped response and several trapping contributions are evident. The
traps are responsible for constituting electrical barriers at the grain-boundaries.
They sustain these barriers under the applications of the ac small-signal amplitude
in conjunction with the superimposed dc electric field. These traps may vary in their
contributing R-C elements. Thus, the relaxation time (time constant) is sensitive to
the frequency-domain measurements, and may vary or remain the same. Often
these traps give rise to a lossy system. Depending on their nature of contribution to
the total immittance components, the entire dispersion of immittance as a function
of frequency may vary. The origin of the traps may be so different that the traps can
respond at several frequency-domain steps for a wide range of frequency. This
response can be masked by other simultaneously occuring phenomena (such as
grain-boundary resistance and capacitance), especially in an MPCHPH system.
Therefore, a full exploitation of the LP/CPA, BPA, and SA techniques (i.e.,
involving wide frequency-domain measurements and analyses) are essential to
evaluate the trapping contribution(s). Although the traps are distributed all over an
MPCHPH system, their frequency-domain response may become distinct when
they actively respond from the regions where the electrical field drops significantly.
The relaxation time is not affected when the physical geometrical factors are
incorporated to its constituting elements. Thus, normalization of the constituting
elements of the relaxation time

-r RC pe (17)

is not essential. In other words, although trapping phenomenon is physically
associated with certain physical or geometrical configuration, it does not require
exact knowledge of the physical area and thickness to be precisely determined.
However, for a left-interceptless single semicircular relaxation in the Z*-plane the
normalization of R and C to obtain p and , respectively, will not affect the purpose.
Each trapping relaxation depicted in Figure 5 provides a pair of R-C series

combination in the C*-plane. None of these parameters can be normalized, as their
physical location is within the depletion region of the grain-boundary electrical
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barrier. ’i"2 through 74 are trap-related relaxations. 7i- trapping is heavily distorted,
and primarily influences the visibility of the semicircular relaxation in the Z*-plane
representation. This is attributed to the lossy nature of the ZnO-based varistors.
Extending the concept further, more lossy varistor will provide better visibility,
possibly without sub-Hz measurement domain, in shaping the low-frequency arc of
the semicircle in the Z*-plane. None of these traps can be ascribed to the physical
geometrical factors. Since the relaxation time, 7, is a geometry independent
parameter, their constituting elements can be evaluated using non-equilibrium
conditions (such as temperature, voltage, composition, processing variables, ambi-
ent gases, etc.). Exercising foregoing argument, there is no need of the state of
normalization if 7 and the constituting elements are systematically evaluated.44

The demonstration of the multi-plane analytical approach in Figures 5 and 6
provided a complete picture of the trap-controlled lumped grain-boundaries.
Further, such an analysis demonstrated that the state of normalization of the
as-measured immittance data is a confusing approach when extraneous contribut-
ing elements related to the traps exist in addition to the regular geometric
contributions. Thus, the state of normalization cannot be used as a universal
practice for the trap-related (Ca through C4 in Figure 5) and trapless (C5 and C6)
parameters.

Case 5

The choice of plotting electrical quantities and their units is left to the investigator.
A series of arbitrary units can be derived from a basic root unit. In the LP/CPA
technique, Z*- or p*-plane plot utilizes the unit of resistance (i.e., ) and/or

resistivity (II-cm), respectively. Sometimes -cm2 is also used to represent either of
these two complex plane plots. The root unit 1 or normalized unit l)-cm (using
physical geometrical factors) has a physical significance and are based on
fundamental physical parameters, such as resistance or resistivity. Ascertaining the
same fundamental cause, the physical significance of -cm2 is vague. It does not
represent a unit of a scientific parameter or a physical quantity. It has no connection
with the use of sheet resistivity for an SCSJ-like system. In this case either resistivity
or conductivity is exploited through a dc conduction process, describing exclusively
the in-phase (or real) quantity. This in-phase quantity is invariant whether series or
parallel configuration is considered.
A derived unit has no physical meaning when it does not reflect the true nature

of a physical quantity. Depending on the material system, a derived unit will have
an impact on the interpretation whether series or parallel configuration is used in
the data-analysis. The reactance of the impedance (Z* R 1 /roCk) can be
converted to the equivalence of l-cm2 using the physical electrode area in the series
capacitance (Cs) to represent capacitance per unit area. Since the unit of the axes is
not impedance Z* (or resistivity 0") by definition, practicing such a plot is not
worthwhile. To extend the argument further, l-cm2 can be used as a hypothetical
parameter, as sheet resistance is considered only under the dc (f-- 0 Hz) condition.
At this conjencture, the significance of Cs is totally diluted in comparison to that of
Cp or vice versa.



www.manaraa.com

MATERIAL CHARACTERIZATION 163

To validate a derived unit (such as -cm2), it is necessary to understand the role
of the series capacitance (Cs) converted with the physical electrode area. The
reactance component of the impedance (1/toCs) is in series with the series
resistance (Rs) yielding a blocking configuration of the DUT as f--> 0 Hz. This
situation can be explained with a left-interceptless (i.e., no left-intercept on the
real-axis) single semicircular (Debye-like or non-Debye) relaxation which is
represented by an equivalent circuit consisting of a parallel R-C combination
(Z*-plot in Figure 3). This R-C parallel circuit is open to conduction at f-- 0 Hz.
capacitance per unit area without further explanation of the real component in the
equivalent circuit. Despite such an explanation of the terminal or circuit capacitance
(series or parallel form), there is no meaning of the real component with a unit
-cm2. It has no physical significance regardless of the number of semicircular
relaxations. This is because the real component is not a representative of the sheet
resistivity or sheet resistance discussed earlier. In fact, the situation becomes slightly
more complicated if multiple semicircular relaxations are observed. This type of
behavior is very common in the polycrystalline materials.1 Further complication is
expected if each relaxation or any of the relaxations is non-Debye. Although an
equivalent circuit can be constructed, the elements therein will have no meaning
(with respect to the microstructural features) when -cm2 is used except for the
lumped dielectric behavior. Same argument applies to the analysis using BPA or SA
technique with this kind of unit. Thus, a derived unit is not a generalized
representation of the DUT, as it cannot explain the purpose and meaning of each
equivalent circuit element concerning the network (through microstructures or
media) of electrical paths.

It is useful to add that to represent complex electrical quantities of Y* or C* per
unit area is more meaningful than that of Z* or M* per unit area. This is because,
the parallel configuration parameters are directly related to the physical situations
of the DUT. However, achieving R-C parallel circuit in a semicircular relaxation of
the Z* or M*-plane plot may enlighten the argument. Again, this achievement does
not justify the concept of "capacitance per unit area" on a series configuration for
the as-measured data.
Figures 8 and 9 illustrate the advantage of multi-plane analytical configuration,

plotted with the unit of the as-measured electrical parameters of the immittance
function, for polycrystalline yttria.5 Similar illustration is also provided for calcium
zirconate6 in Figure 10. These illustrations provide congruity within the three
complex planes. However, only one equivalent circuit may be emphasized for each
material at a specific experimental condition from the combined effect of these
three plots. More than one equivalent circuit provides a better resolution when
other dominating mechanisms cannot be delineated by one complex plane
representation. Thus, multi-plane analytical approaches unravel simultaneously
operative mechanisms and provide a reasonable concept on the equivalent circuit
modeling. The multiple relaxation phenomena are not disturbed by the unit of the
electrical parameter used during the data-acquisition process. Nevertheless, BPA
and SA techniques are exploited to assure the same operative mechanisms and
equivalent circuit model as obtained via the LP/CPA for these material systems.
Since normalized unit inherently possesses limitations in interpreting

simultaneously operative phenomena representing multiple semicircular
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FIGURE 8 (a) Impedance plane representation of yttria at 1200C. (b) Modulus (M* M’ +
j M" 1/C + jcoRs) plane representation of the same sample as in (a). (c) Admittance plane
representation of the same sample as in (a) or (b). The inset is a Bode plot showing variation of oCp as
a function of frequency. The linear region in the high-frequency limit yields a value C which causes
vertical representation in (c).
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representation of the same sample as in (a) or (b). The inset is a Bode plot showing variation of Cp as
a function of frequency. The flat region in the high-frequency lit yields a value C which causes
vertical representation in (c).
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FIGURE 10 (a) Impedance plane representation of a calcium zirconate sample at four temperatures
(1000C, ll00C, 1200C, and 1300C). (b) Modulus plane representation of the same sample as in (a)
at 1200C. The inset highlights the demarcation with an arrow between high- and low-frequency
responses documented in (a). (c) Admittance plane representation of the same sample as in (a) or (b)
at 1200C.

relaxations for the current or voltage dividing electrical paths, i3-cm (or similar unit
of other electrical quantities/parameters constituting immittance function) should
be used with caution. In the event when the as-measured data are used, freedom
exists to choose whether multiple operative phenemena really require the state of
normalization. Nevertheless, exploitation of the as-measured data are usually more
meaningful than that of the normalized data in extracting and establishing
"universal characteristics" for a DUT.

CONCLUSIONS

Various aspects of data handling/analyzing criteria for unknown material and
device systems are emphasized. These systems include multi-phase/component
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heterogeneous polycrystalline hybrid materials, single-crystal/single-junction like
divices, and electrochemical systems. In particular, the pitfalls of incorporating
physical geometrical factors in the fragmented analytical procedure before
ascertaining operative phenomena in conjunction with the nature of dispersion of
immittance as a function of frequency are emphasized. The parameter bearing the
sense of normalization is carefully identified. It is essential that the as-measured
electrical data be examined thoroughly before incorporating physical geometrical
factors into the electrical quantities or parameters of the immittance function. The
data-handling criteria for a device under test are applicable to all types of material
systems regardless of their structural configuration. Furthermore, systematic evalu-
ation procedure and careful handling of the immittance data for engineering
applications of these materials can provide a basis for microstructure-property-
processing relationships, which in turn can be used to optimize performance
characteristics.
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