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Abstract

Thick films of Nickel oxide (NiO) and mixture of
Lanthanum oxide (La2O3) and Iron oxide (Fe2O3) were
investigated for γ-radiation dosimetry purposes. Samples
having a metal-semiconductor-metal sandwich structure
were fabricated using the thick film screen printing
technique. These films were exposed to a 60Co γ-
radiation source with a dose rate of 6 Gy/min. The
effects of γ-radiation on the electrical properties of NiO
and La2O3-Fe2O3 thick films were studied.

1. Introduction

The need for appropriate dosimetry was recognized
soon after the discovery of ionising radiation, as it has a
deleterious effect on the human body. It was not only the
radiation hazard involved in the use of ionising radiation,
but its controlled use in biology, industry, medicine,
research, and military applications that required
measurement of the radiation energy absorbed. The
remarkable progress in the technology associated with
devices and systems operating at room temperature has
resulted in the occurrence of various semiconductor
radiation dosimeters.

Electrochromic materials, for example Nickel oxide,
are used in applications such as energy efficient "smart
windows", glare-free and variable reflectance mirrors,
high-contrast non-emissive information displays,
switchable displays, devices for thermal control,
semiconductor-based sensors, etc. [1-4]. Mixtures of
oxide materials, such as La2O3 and Fe2O3, are mainly
used in gas sensing applications [5-9]. Mixing the
different oxides in various proportions can control the
properties of the semiconductor films [10, 11].

The aim of this paper is to document the use of NiO
and La2O3-Fe2O3 thick films in radiation dosimetry. The
influence of ionising radiation on Nickel oxide and its
mixture with other oxides prepared by various techniques
has been explored [12, 13]. Nickel oxide is a typical
binary transition metal oxide with a rock salt structure

and antiferromagnetic properties below a temperature of
523 K. There were no information found up to date about
the use of La2O3 and Fe2O3 oxides mixture for dosimetry
purposes.

2. Experimental procedure

Throughout the experimental procedure two types of
thick films were used. The first is a polymer paste made
of 92 wt.% of NiO and 8 wt.% of C8H18O3 with
Diethylenglycolmonobutylether as a solvent. The starting
materials for the second type of the paste were La2O3

(50 wt.%) and Fe2O3 (50 wt.%). The weighed fractions
of the starting materials were mixed and wet-ball milled
in alcohol for 24 hours, then dried. The resulting powder
mixture was fired at 1473 K for 1 hour. After this
procedure, a solid amount of the functional material was
obtained. This solid lump was broken up and ground
down to a powder using mortar and pestle. Further
preparation procedure for this type of polymer paste was
the same as for the NiO material. Polymer pastes and
commercial DuPont 4929 silver paste were used to
fabricate the radiation sensitive layers and contacts
respectively. Pastes were printed on glass substrates
using a DEK RS 1202 automatic screen printer to form a
sandwich Metal-Semiconductor-Metal (MSM) structure
with an active area of 1cm2. As a result, samples having a
layout, as shown in Figure 1, were fabricated.

Figure 1. Sandwich MSM structure, where 1 is a
glass substrate, 2 – silver paste layers used as
electrodes, 3 – layer of radiation-sensitive material.



A 60Co radiation source with a dose rate of 6 Gy/min
was used for exposing all the samples to γ-radiation.
Series of irradiations were performed by changing the
exposure time and hence the dose. The current-voltage
characteristics for as-printed and γ-irradiated specimens
were recorded after each exposed dose. A Hewlett
Packard impedance analyser (HP 4277A LCZ-meter)
was used for pertinent AC electrical measurements of the
thick film samples.

3. Results and discussion

3.1. NiO thick film structure

Current-voltage characteristics for NiO thick film
samples were measured after each exposure dose, which
was increased in steps of 180 Gy. Figure 2 shows plots of
the I-V characteristics that were recorded for as-printed
and γ-irradiated Ag-NiO-Ag thick film sandwich
structures. Figure 3 shows a linear response of the
normalized current (I-I0)/Io with radiation dose up to
720 Gy under an applied voltage of 3V.
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Figure 2. Plots of current-voltage characteristics
that were recorded for as-printed and irradiated
Ag-NiO-Ag thick film sandwich type structures.
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Figure 3. Dependence of normalized current (I-I0)/I0
with radiation dose under an applied voltage of 3V.

Figure 4 shows the plots of log (I) versus V1/2 for as-
printed and gamma irradiated NiO thick film samples.
This relation is indicative of either Schottky emission or
the Poole-Frenkel effect. Both phenomena are described
by Eq. 1:
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where Ic is the circulating current, E is the electric field
gradient (E=Vb/d, Vb being the applied voltage and d is
the film thickness), k is Boltzmann’s constant, T the
absolute temperature in Kelvin and β is the field
lowering coefficient given by Eq.2:
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where e is the electronic charge, ε0 is the permittivity of
free space and εr is the relative permittivity of the
dielectric. The difference between these two effects is
expressed by n = 1 for the Poole-Frenkel effect and n = 4
for Schottky emission. In the Schottky emission process,
the electrons are emitted from the metal electrode into
the conduction band of the insulator over the potential
barriers between the electrons at Fermi levels of the
electrode and of the conduction band of the insulator
[14]. Poole-Frenkel conduction occurs as a field
emission of electrons from localized donors located at an
energy level below the insulator conduction band.
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Figure 4. Plots of log (I) vs. V1/2 for as-printed and
irradiated NiO thick film samples.

To distinguish the predominant conduction
mechanism, theoretical values of β coefficient had to be
calculated and consequently, it was necessary to measure
the capacitance. Related measurements were performed
using an impedance analyser (HP 4277A LCZ-meter) at
frequency of 1 kHz. Theoretical permittivity was
calculated using the Eq.3:

ACdr 0/εε = (3)



where C is the measured capacitance and A is the
effective area. For comparison, the measured and
calculated permittivity values of as-printed and γ-
irradiated samples are given in Table 1.

Table 1. Comparison of the measured and
calculated permittivity values to reveal the

conduction mechanism

Permittivity εr
Radiation
dose, Gy

Capacitance
C,

x 10-11 F

Measured
by LCZ-

meter

Poole-
Frenkel
effect

Schottky
emission

0 14.0 9.49 9.5 23.9
120 11.8 8.00 7.4 18.6
360 9.7 6.57 6.1 15.4
540 8.0 5.42 4.6 11.6
720 6.2 4.20 3.9 9.9

The experimental values of εr for the samples under
investigation lay close to the calculated values for n = 1.
One may therefore regard the high-field conduction
mechanism as being predominantly of the Poole-Frenkel
type. The decrease in the measured dielectric constant
values with an increase in radiation dose is shown in
Figure 5.
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Figure 5. Linear decrease in measured permittivity
values εr with the increase in radiation dose.

The values of εr for as-printed samples were found to
be 9.5. In contrast, the dielectric constant for Nickel
oxide has been found to decrease with the increase of
frequency and to reach a constant value of 11.9 at a
frequency of 105 Hz and at a temperature of 298 K [15].
This discrepancy may be attributed to the different film
fabrication techniques used.

Figure 6 shows typical plot of the conductance vs.
frequency dependence, recorded for as-deposited Ag –
NiO – Ag samples using impedance analyser. Figure 7
shows dependence of the conductance on radiation dose
at a frequency of 224 kHz for NiO thick film samples. At
lower frequencies radiation-induced changes in value of
conductance were less pronounced.
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Figure 6. Typical plot of conduction vs. frequency
dependence for NiO thick film samples.
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Figure 7. Dependence of conductance on radiation
dose at a frequency of 224 kHz for NiO thick films.

3.2. La2O3 – Fe2O3 thick film structure

Figure 8 shows dependence of the conductance on
radiation dose that was measured using HP 4277A LCZ-
meter at frequencies of 2.8, 6.3 and 7.1 MHz for thick
film samples made with La2O3-Fe2O3 polymer paste. The
radiation-induced changes in values of conductance are
more pronounced at higher frequencies, whereas at
frequencies below 2 MHz the changes were not
measurable.
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Figure 8: Dependence of the conductance G on
radiation dose at a frequency of f = 6 MHz

for La2O3-Fe2O3 thick film samples



Figure 9 shows dependence of the capacitance versus
radiation dose at a frequency of 10 kHz for La2O3-Fe2O3

thick film samples.
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Figure 9. Dependence of capacitance vs. radiation
dose at frequency of 10 kHz for La2O3-Fe2O3

thick film samples.

Both NiO and La2O3-Fe2O3 films exhibited a p-type
semiconductor behaviour. The behaviour of the electrical
properties for both types of the specimens under the
influence of γ-radiation was found to be similar to the
dose response of most materials used in thermolumi-
nescence dosimetry [16]. They usually show a linear,
then supralinear, followed by saturating response and
further increase in dose leads to their damage.

All exposed samples were annealed in a Thelco
Model 6 laboratory oven for 12 hours at 388 K to restore
their initial electrical properties. A higher annealing
temperature was not recommended as a diffusion of the
material could occur. Irradiation of the samples and
subsequent annealing was continuously repeated to
ensure repeatability of the results.

Up to a certain level of radiation dose, the samples
showed an increase in the values of current. The regions
of linear response may be considered as a working region
for dosimetry purposes as usually radiation sensors have
linear dose-response characteristics in certain region of
doses. However, the samples are susceptible to the
environmental conditions, such as temperature, humidity,
electromagnetic field, etc. This may result in under- or
overestimation of the absorbed dose. To eliminate such
effects, there is a need for corresponding signal
conditioning.

4. Conclusion

NiO and La2O3-Fe2O3 thick film structures can be
considered as effective materials for room temperature
real time γ-radiation dosimetry due to the linear response
in their electrical properties with radiation dose.
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