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COMPLEX IMPEDANCE RESPONSE OF Al/V � O � –P � O � /Al STRUCTURES
�
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Glass samples of composition 30 mol % of P � O � and 70 mol % V � O � were used in this
study. They were prepared by the usual melt–quench method. The electrical conductance
and capacitance were measured over the frequency range 1 Hz to 1 MHz. Measurements
were performed in the temperature range between 303 and 403 K. The dielectric and com-
plex impedance response of the measured structure is discussed. The equivalent circuit was
proposed and its parameters calculated. A good agreement between proposed double–layer
physical model and parameters of equivalent electrical circuit was obtained.

PACS: 72.80.Ng

1 Introduction

Electrical conducting glasses have attracted much interest in the field of solid-state chemistry
and materials science. Vanadium pentoxide V � O � is known to have a structure composed of
VO � pyramids. Several vanadate (V � O � ) glasses show a semiconductive behaviour with the
electrical conductivity � of the order of about

�	��

�
to

����
 � Sm

 �

which is known to be due
to the electron hopping between V ��� to V � � ions, existing in the structure of the glass. The
mechanism of semiconductivity was explained by a small polaron hopping theory. The strong
interaction of electrons with ions produces the localisation and the formation of polarons in the
vanadium glasses.

Glasses containing transition metal oxides (TMO) are interesting for their possible applica-
tion in threshold, memory switching, and others. TMO glasses based on glass network formers
such as P � O � , TeO � , Bi � O � etc. have been studied [1–3]. Vanadium glasses are n � type semi-
conductors for low value of V ��� /V � � ratio. Some characterisation of electrical and dielectric
properties of V � O � –P � O � glass in the structure metal-semiconductive glass-metal was given in
our previous papers [4–6].

There are several questions regarding the frequency dependencies of electrical properties of
TMO glasses and complex quantities, such as ac conductivity, permittivity or impedance (both,
their real and imaginary parts). Dependencies as a function of frequency or temperature are
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often investigated. The polarisation effects at the electrodes and the presence of mechanisms
which give rise to frequency dependent impedance terms often lead to a masking of the actual
material parameters (conductivity, permittivity). The problem can be solved by measuring the ac
electrical response over a wide range of frequencies and analysing the data using the technique
of complex plane analysis [7–10].

Many observed dielectric responses, measured on particular dielectric material lead to the
distribution of relaxation times � around the midpoint ��� . The (relative) complex dielectric per-
mittivity � � behaviour would be then described by the equation [11]

� � ������� ��	 �
����
������� � ��� � 
�� (1)

where ������� is the angle between the real axis and the line to the centre of the circle from the high
frequency intercept at the Cole-Cole plot, ��	 and ��� are the static and optic value of permittivity,
respectively and

�
is the imaginary unit. For � � �

the relaxation process reduces to Debye
relaxation.

AC measurements are particular by the measurements and analysis of some or all of the four
quantities, ! � (complex impedance), " � (complex admittance), � � (dielectric permittivity), # �

(complex electric modulus). Investigated quantities are presented as a plot of the imaginary part
versus real part of these functions. The form of the complex impedance may be generalised [12]
to

! � �$!&%�� � !&% % (2)

with other related complex quantities defined similarly.
Impedance data represented by experimentally obtained simultaneous parallel equivalent val-

ues ')( , *+( (or series equivalent values ' 	 , * 	 ) actually represent a complex network. Although
all the complex plane plots are derived from the same measured data, each type of representa-
tion has its own advantages in particular circumstances. Information at high frequencies is better
highlighted by admittance and permittivity plots while impedance and modulus plots provide
better low frequency description [12, 13].

It is well known that the differential equations which describe diffusion are identical to those
which describe the propagation of electrical signal down a resistive/capacitate branched trans-
mission line. It was pointed out that the branched transmission line exhibits constant phase
behaviour [14, 15] and therefore is an electric equivalent of the constant phase element (CPE).
The constant phase element has the form

!-,�.�/0��! � ����� � 
21 (3)

where ! � and 3 are both real parameters. Value of coefficient 3 lies between 0 and 1. CPE
modified Debye circuit leads to an exponential distribution of activation energies.

Except of dielectric material itself an electrode/dielectric interface modifies the impedance
response of measured structure. Thermodynamically and kinetically one can distinguish between
electrode/dielectric interfaces which pass a steady state current and those which are ideally po-
larisable or blocking to charge transfer reactions.
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2 Sample preparation and measurement

Glass samples of composition 30 mol % of P � O � and 70 mol % V � O � were used in this study.
They were prepared by the usual melt–quench method. CuO as a doping admixture was added
to these fundamental constituents. This mixture was homogenised and melted in a furnace at
900

�
C for 3 hours. After melting the mixture was poured out on a nonmagnetic steel plate so

that the sheet samples had the thickness up to 1.1 mm. To avoid internal strains, the samples
were annealed at 300

�
C for 1 hour. Annealed samples were ground off and polished so that

their thickness was between 0.7 and 1.0 mm. Finally, Al electrodes were (vacuum) deposited on
both sides of samples. The prepared electrodes were of circular shape with the diameter about
7 mm. The electrical conductance and capacitance were measured. Data were acquired using
the Solartron 1260 frequency response analyser in voltage drive mode employing a linear sweep
over the frequency range 1 Hz to 1 MHz. The amplitude of measuring ac voltage signal was
0.5 V. PC computer was used for data acquisition. Connection to the Solartron was performed by
screened coaxial cable (0.5 m length). Measurements were performed in the temperature range
between 303 and 403 K in the thermostat chamber in air. The temperature of the sample was
kept constant within an accuracy of

� �����
K. Amorphous nature of the samples was confirmed by

X-ray diffraction method.

3 Results and discussion

The real and imaginary parts of complex permittivity and complex impedance were calculated
from measured values of capacitance * ( and conductance � ( . An equivalent electrical circuit
was proposed to characterise the electric behaviour of prepared samples.

3.1 Dielectric properties

Oxide glasses are characterised by marked dielectric relaxation processes [1, 3, 5] caused not only
by bulk polarisation within the material but also by an interfacial effect at the electrode surface
– the barrier effect which arises on the contact between the glass and metallic electrodes. The
polarisation in oxide glasses occurs due to the presence of ions with different valencies which
enables the thermal activation of electrons and is manifested by their hopping between the ions.
Formation of thin layer on the surface of a material with electrophysical properties different from
those of bulk properties can be caused by other factors, e.g. thermal processing. The system
material/electrodes can be evaluated as conductive or dielectric system with a distribution of
activation energies or distribution of relaxation times.

The examples of frequency dependencies of real and imaginary parts of complex permittivity
� % and � % % are in Fig. 1 and Fig. 2, respectively. One can recognise the dielectric response of
system with superposition of two different polarisation processes. The real parts of complex
permittivity � % limit to the � 	 – static value, at low frequency end of the � % ��� � plot and to the � �
– optical value, at high frequency end.
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Fig. 1. Frequency dependencies of real part of complex permittivity at different temperatures.
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Fig. 2. Frequency dependencies of imaginary part of complex permittivity at different temperatures.

3.2 Complex impedance analysis

The example of the measured complex impedance plots of V � O � –P � O � glasses (so–called Nyquist
diagram) at different temperatures is shown in Fig. 3.

In an ideal case the plotted curves of the complex quantities (imaginary part plotted vs real
part when the frequency of measured signal is changing) are semicircular arcs or straight lines.
The shape of the curves depends on the character of conductivity and polarisation processes in
investigated material or material structure. The comparison of the response of discrete elements
– resistors and capacitors – connected in series or parallel when the frequency of the electric
signal is changing, leads to the use of an equivalent circuit. Measured values were fitted using
the equivalent electrical circuit in Fig. 4. The accuracy of the fitting procedure is visible in Fig. 5.
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Fig. 3. Complex impedance diagram of the structure Al/V � O � –P � O � /Al measured at different temperatures.
The “bulk” arcs become smaller with increasing temperature.
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Fig. 4. Equivalent electrical circuit of the dielectric with two relaxation processes.

The equation

! � � � � ��' � � ' ��
� ��� � � ! ,�.�/ (4)

where � � ' � * and ! , .�/ obeys the relation (3), was used to approximate the complex
impedance response of measured samples.

Two parts of complex impedance diagram – arc and straight line – shown in Fig. 3 are the
result of two different effects – conductive and polarisation. As it was shown and discussed
in our previous papers [4, 5], two different effects determine the electrical behaviour of studied
glass — the bulk conductivity as a result of electron hopping and the effect of the near-electrode
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Fig. 5. Measured (symbols) and calculated (solid lines) data of complex impedance. Parameters of equiva-
lent electric circuit (Fig. 4) are given in inset.
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Fig. 6. Arrhenius plot of extrapolated dc conductance (
����� � ) of Al/V � O � –P � O � /Al structure.

process. The line (the low frequency part of the Nyquist diagram) in Fig. 3 reflects the electrode
– semiconductive interface properties. With regard to the behaviour of electric charge in the case
of diffusion process, this part of diagram is generally in an ideal case a straight line and the CPE
can characterize it.

The activation energy of dc conductance was calculated using resistance values in the mini-
mums in Fig. 3. The Arrhenius plot has a linear form (Fig. 6) and ��� � � � �
	

eV was calculated.
This value is in very good agreement with published activation energies of V � O � –P � O � structure
[16].

Temperature dependencies of some chosen values of the fitted parameters of equivalent cir-
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Fig. 8. Temperature dependencies of the fitted parameter
� � , � � of the equivalent circuit.

cuit are given in Figs. 7 and 8. The value of equivalent capacitance increases with increasing
of the temperature. The output energy of metals is temperature almost independent while the
output energy of semiconductors is temperature dependent. The concentration of electric charge
in semiconductive material is temperature dependent, too. This fact results in the affecting the
space charge region thickness of interfacial layer between semiconductor and metal electrode by
temperature. The capacitance of the bulk and a near-electrode layer properties are influenced in
such a way too.

Parameter 3 generally varies between 0 and 1, characterising the CPE properties. For 3�� �

CPE shows pure resistance character. In another limit case (for 3
� �
) CPE is pure capacitance.

In the case of Al/V � O � –P � O � /Al structure at mentioned conditions as it is seen in Fig. 7, 3 is
larger than 0.82.
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4 Conclusion

The design of equivalent electrical circuit (Fig. 4) started from assumption that near–electrode
layers reach much more higher resistivity values than bulk material itself. Therefore, one can
consider the investigated Al/V � O � –P � O � /Al structure as a layer capacitor with significantly dif-
ferent resistivity of each layer. Extremely high values of real part � % of dielectric permittivity at
low frequencies validate that mentioned layers of thickness about

�	� 
 � � ��� 
��
m [17] are present.

In proposed equivalent circuit resistance ' � represents resistivity of bulk material. Parallel con-
nection of ' � � * elements in the equivalent electrical circuit reflects properties of near-electrode
layer and CPE element corresponds to polarisation processes in Al/V � O � –P � O � /Al structure with
adequate distribution of relaxation times. Numerical values of ' � and ' � as well as 3 and ' � , ' �
temperature dependencies (Figs. 7, 8) confirm assumptions about proposed circuit and they are
in good agreement with designed model. Decreasing of ' � and ' � values with increasing tem-
perature corresponds to the behaviour of semiconductive bulk material or near–electrode layer,
respectively.
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