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Abstract

This paper investigates iron-oxide and zinc-oxide thick-films for gas sensing applications. The films
were printed onto glass substrates with silver electrodes. The effects of propanol, methanol and ethanol
vapor on the devices at room temperature (in the concentration range 500-2000ppm) were investigated.
The percentage relative resistance change, AR = ((Rgas — Rair)/Rair) X100, was seen to increase linearly
with increasing gas vapor concentration. The sensitivity of the films to the gas vapor was determined
from the slope of the graphs. It was observed that various film compositions showed a higher
sensitivity to propanol than to methanol and ethanol. Moreover, the sensitivity to propanol increased
from 0.077 to 0.166 to 0.173%/ppm for the three samples with molecular weight composition ratios of:
90%/10%, 80/20% and 70%/30% of Fe,0; to ZnO respectively. The response times of sensors 1, 2 and
3 (to 1000ppm step changes in propanol concentration) were 48.6 seconds, 86.4 seconds and 76.5
seconds, while the recovery times were 117 seconds, 186 seconds and 153 seconds respectively.
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1. INTRODUCTION

The ever-increasing concern about the state of our
environment has led many scientists to investigate
methods that can detect and sense gases that have
undesirable attributes. Gas sensors based on metal-oxides
are playing an important role in the detection of toxic
pollutants and the control of industrial processes [1]. It has
long been known that the electrical properties of
semiconductor materials change as a result of adsorption
and/or reaction with gases in the atmosphere. This property
of semiconductor materials is typically exploited for sensor
development [2]. Numerous materials have been reported
to be usable as metal oxide sensors including single-
component (ZnO [3], TiO, [4], and Fe,03) [5] and multi-
component (SrFeO; [6], ZnFe,O4 [7], and SmCoO; [8])
oxides. The single or multi-component oxide used depends
on the properties of the materials and the gas sensing
requirements. Titanium dioxide has been used as a thin
film gas sensor to detect propanol (at 2100ppm
concentrations), methanol (at 2600ppm concentrations)
and ethanol (at 2600ppm concentrations) [9]. Iron-oxide
and zinc-oxide has been used to detect CO and NO, in a
thin film gas sensor that was prepared by liquid phase
deposition (LPD)[5]. SrFeO; has been used as a sensing
material to detect alcohol prepared by solid-state reaction
technology proving most sensitive to ethanol vapor [6].

Devices can also be made to display degrees of selectivity
via careful selection of materials and/or various pre-
treatment methods. Selectivity proves to be a highly
desirable characteristic in cases where sensors are required
to perform in an environment that may contain interfering
gases. Thick films based on zinc lanthanum and palladium
oxide semiconductors were used to detect ethanol vapor
[10], the sensor exhibited a higher sensitivity towards
ethanol in comparison to liquid petroleum gas (LPG),
carbon monoxide (CO) and hydrogen (H,) [10]. While
thick films of SmFeO; showed a much higher sensitivity to
carbon monoxide (CO) in comparison to nitrogen dioxide

(NO) [11].

Most oxide sensors require a heating element, which is
generally printed on the back of the sensor to provide the
elevated temperatures in which these devices typically
operate (100 - 650°C) [12]. This not only increases the
power consumption of the device but also adds to the
fabrication cost and complexity. Hence, the development
of selective alcohol sensors, which can operate at lower
temperatures, is the focus of much recent research [13].

This paper investigates the effects of propanol, methanol
and ethanol vapor on a screen-printed polymer thick film
gas sensor (consisting of iron-oxide and zinc-oxide)
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operating at room temperature has been studied.
2. THICK-FILM TECHNOLOGY

Screen-printing drew its inspiration from an ancient
Chinese printing technique for the decoration of pottery.
The deposition process for a thick film device is essentially
the same as that used for traditional silkscreen printing,
with the major differences being the screen materials and
the complexity of the printing machine. A thick film
circuit is generally considered to be one created from
layers of pastes deposited onto an insulating substrate [14].

The continued advancement of thick film methods resulted
in more stable resistor pastes with wider resistively ranges
and improved temperature coefficients [15]. The
development of fine line screen printing methods along
with improvements in dielectric materials for thick film
capacitors and crossovers allowed for greatly increased
component density, quality and cost effectiveness of thick
film hybrid circuits.

The production of gas sensing layers by screen-printing
technology has met the interest of the scientists working in
the field. Screen-printing is a simple and automated
manufacturing technique that allows the production of
low-cost and robust sensors with good reproducibility [8,
16, 17], this in addition to the use of cheaper sensing
materials and electrodes, allows the production of low
cost gas sensors which meet the requirements of devices
for industrial instrumentation. Thick film gas sensors
based on semiconductor oxides and manufactured by
screen-printing technology have certain advantages
compared to many types of gas sensors [8, 17, 18], some
of these advantages include: low cost, small size, ease of
operation and manufacture.

2.1 Paste preparation

This section outlines the basic procedure for the
preparation of a thick film paste. To produce thick film
paste formulations, particles in microns ranges are required
for the functional and vehicle systems respectively. In
general, commercially available materials must firstly be
ground down. The grinding process is best carried out at
low speeds, because high rotation speed can cause the
composite material to be embedded on the sides of the
container, thus removing itself from the grinding media.
After grinding, the particle size should be checked by
using a suitable mesh to filter out and large particles that
may remain. If necessary, the grinding process is repeated
until a suitable fine powder results.

After the grinding process, the materials are blended to
form a thick film paste. The functional materials are first
measured out into the desired proportions, a percentage
portion of solvent is then added and the mixture is blended

at low speed until totally dissolved. At this point the
binder is added, if desired the binder may be mixed with a
suitable surfactant. The viscosity and the particle size of
the blended paste is very important as it directly affects the
thickness of the print and the line definition of the printed
layers [15].

2.2 The screen printing process

The basic screen-printing process involves forcing a
viscous paste through apertures of a stencil screen in order
to deposit a pattern onto a substrate, as shown in Fig.1.

The final print dimensions and the level of registration
achieved by this technique depend on various parameters.
These parameters include: (i) emulsion thickness —see
below (ii) screen gap, (iii) print pressure, (iv) squeegee
hardness and (v) print speed.

Three sections comprise the screen: (i) the stencil (which
defines the pattern to be printed), (ii) the mesh (which
supports the stencil) and (iii) the frame (which supports the
mesh). There is a choice between the use of screens or
metal masks. While screens are relatively inexpensive,
offer ease of use and can be imaged in-house, they tend to
wear more quickly and offer less definition when
compared to metal masks. Masks also offer the possibility
of step-etching; this allows two different deposition
thickness from the same mask. In summary, screens are
more suitable for prototype work and short runs, while
masks are used mainly for more substantial work and fine
line work [19].

3. THE GAS SENSING MECHANISM

The gas sensing mechanism is based on changes in the
resistance of the sensing material. There exists two main
gas-sensing classes of semiconducting oxides. The first is
in the detection of oxygen (e.g. for the monitoring of
exhaust gases from internal combustion engines — also
known as lambda sensors). These classes of sensor rely on
bulk conductance changes induced by changes in oxygen
partial pressure [20]. Semiconducting oxides that have
been used as lambda sensors to respond to variations in
oxygen partial pressure at elevated temperatures (700°C
and above) [21]. These devices work by exploiting the
balance between the bulk stoichiometry and the
atmosphere. The change in electrical conductivity can be
represented by equation (1)

o =o,exp(-E,/kT)p(0,)" (1)
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Fig. 1 Shows schematic arrangement of screen-printing system

where k is Boltzmann’s constant, T is temperature in
degrees Kelvin, E, is the activation energy for conduction,
P(O,) is the oxygen partial pressure and N is a constant
determined by the dominant type of bulk defect [20].

The second major category in which semiconducting
oxides find application is in an environment of fixed
oxygen partial pressure (air), where they are used to detect
the presence of minority gases. This is the response
mechanism that applies to the sensors investigated in this
study.

3.1 Minority gases in air response mechanism

Materials used to sense concentrations of reactive gases in
air rely on changes in surface conductance. These changes
in surface conductivity result from a displacement from
equilibrium conditions caused by the presence of a gas
[20]. The primary reaction controlling the gas response of
the majority of semiconducting oxides operating in air
ambient, involves the modulation of a universal surface
species — the most likely candidate being surface oxygen
ions (Oy) [22].These materials also prove sensitive to
changes in oxygen partial pressure, however, since this
remains effectively constant for this application,
conductivity changes due to this phenomenon can be
ignored [20]. In the formation of these oxygen ions at the
gas/sensor interface, electrons are removed from the bulk —
see Fig. 2.

In an n-type semiconductor for example, electrons are
drawn via the conduction band from ionised donors, hence,
the majority charge carrier density at the interface is
reduced. This decrease in the majority charge carrier
density results in the development of a potential barrier.

At the inter-grain boundaries a depletion layer is formed. It
is this depletion layer at the junctions between the grains
of the solid that comes to dominate the resistance of the
material [20]. A sensing layer, if present in a porous form,
can still exhibit large changes in resistance even if surface
reactions modify the conductance only to a depth of the
order of one micron or so [21]. Thus, semiconducting
oxides can function as resistive gas sensors to monitor in
air, any minority gases that can react in such a way as to
modify the quantity of charge residing at the surface of the
sensing layer. In the presence of a reactive gas such as
carbon monoxide for example, the coverage of surface
oxygen ions may be decreased and a fall in resistance is
observed, due to the reduction in both the surface potential
and the depletion length — see equation (2).

CO+0; —CO, +2e @)
For a p-type oxide semiconductor, the abstracted electrons

from the bulk, has the effect of increasing the majority
carrier (hole) concentration. Hence, a reaction with a gas

Fig. 2 The formation of oxygen ions at the grains of the oxide semiconductor
surface, due to the abstraction of electrons from the bulk.
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such as that shown in (2), would have the effect of freeing
electrons, thus reducing the hole concentration and as a
consequence the resistance rises [21].

The conductivity of some semiconducting oxides is also
found to be affected by the presence of oxidising gases,
nitrogen dioxide or chlorine for example. These gases are
highly unlikely to react with surface oxygen ions, but are
possibly reacting directly upon chemisorption, as described
in equations (3) and (4).

NO, +e” <> NO, 3)
and
Cl,+2e & 2CI° (4)

From these reactions it can be seen that they serve to trap
yet more electrons from the bulk. Hence, it is observed that
responses take place in the opposite sense as compared to
those with reducing gases [21]. Table 1 summarises the
effect of oxidising and reducing gases on oxide sensing
layers.

Another mechanism, in which oxide conductivity may be
altered as a result of gas interaction, is via the creation of

Table 1. Summary of the effect of oxidising
and reducing gases on n-type and p-type
semiconducting oxides.

Material Reducing Oxidising
gases gases
n-type Resistance Resistance
falls rises
p-type Resistance Resistance
rises falls

water molecules. Some oxide semiconductors have been
found to be dependent on the ambient moisture content.
Hence, when a surface catalysed reaction leads to the
formation of water, e.g.

H,+0% <> H,0+2e" (5)

the water itself may have an effect on the conductivity
response, in addition to the release of electrons. However,
in general, resistance changes due to moisture changes in
the atmosphere are undesirable in relation to gas sensing
[21].

In certain cases it has been reported that number of n-type
materials have been found to exhibit p-type characteristics
[23]. Conductivity sometime changes from a p-type to n-

type, and vice-versa. For example TiO, at low oxygen
partial pressures the n-type semiconductor but with
increase oxygen partial pressures (above some minimum
conductance values) switches from n-type to p-type. Some
oxide semiconductors such as BiFe;NbsO;, have been
known to exhibit resistance decreases to both oxidizing
and reducing gases at concentrations of 1% in air. The
oxide semiconductor possibly switches from n-type to p-
type or vice versa. Under normal conditions BaSng¢Zr; 05
has shown a p-type to n-type transition with increasing
hydrogen concentration [23].

4. METHODS FOR REPRESENTING SENSOR
RESPONSE

Methods for presenting the response of a sensor vary from
one paper to another. Here some examples, which have
been used by different authors to represent the response of
a gas sensitive device, are presented. In the case of a
chemical sensor based on changes in resistance or
conductance with respect to variations in the input
concentration of a gas, Table 2 presents some of the more
common parameters, which have been used to represent
sensor response. In this paper the percentage relative
resistance change was the parameter chosen to represent
sensor response, with the slope of the response curve
representing sensor sensitivity.

5. EXPERIMENTAL

In this study three ratios of iron oxide to zinc oxide were
used to form thick film pastes. The first ratio (sample 1)
was 90% mol Fe,03/10%mol ZnO, the second ratio
(sample 2) was, 80% mol Fe,05/20% mol ZnO and the
third ratio (sample 3) was 70% mol Fe,03/30% mol ZnO.
Each sample was mixed and wet-ball milled in alcohol for
24h to ensure that both powders formed a homogenous
mixture. The mixture was dried at 120°C to evaporate the
alcohol. 20 grams from each sample was then pressed at 2
tons of pressure to make pellets using die. To change the
properties of the materials, all pellets were isostatically
pressed and fired at 1250°C at a rate of 5°C/min, under a
vacuum of 6x10° mbar for 5h, followed by cooling at a
rate of 3°C/min. The pellets were then broken up and
ground down to a powder using a Gy-RO Mill machine for
Tmintues.

Polyvinyl butyral (7wt%) was used as a binder, while
ethylenglycolmonobutylether served as a solvent to make a
suitable paste. Silver electrodes were printed onto glass
substrates; an interdigitated pattern was used to improve
the admittance of the
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Table 2. Common parameters used to represent sensor response.

Name Parameter Used by
Relative resistance eas ) Tianshu et al. [26]
air gas
Relative resistance change (Rgm _ RW) (Ra" _ Rgm) Bhooloka Roa [10]
Rair Ruir
Percentage relative resistance
change (Rgm _ Rm_r) (Rair _ Rgas) Srivastava et al. [25]
———x100 | ———=x100
air Ruir
Ggas Gair
Relative conductance G, Ggas Carotta et al. [8]
Relative conductance change (Ggm _ GW) (Ga" _ Ggm) Patel et al. [13]
Gair Gair
Percentage relative
conductance change (G — ) ( -G ) More et al. [27]
gas(; air xl 00 air gas xl 00

material. The paste was then screen-printed on top of these
electrodes. Fig. 3 shows the sensor electrode configuration.
Different designs of electrodes have been used in gas
sensors, but the interdigitated silver electrode structure has
become the most common [2, 24, 25].

Fig. 3 Sensor electrode configuration. The gap
between electrodes is 0.2mm.

5.1 Testing apparatus and procedure

For the experimental tests, the sensors were placed in a gas
chamber of volume 2000cc. Fig. 4 shows a diagram of the
test chamber used. The volume of liquid needed to give a
specific vapor concentration (C,,,) was calculated using
equation (6):

Copn VM

P (6)
24.5x10°.D

where V is the required liquid volume, ¥, is the volume of

the dilutant air (equal to the volume of the test chamber)

and M is the molecular weight of the liquid.

The sensors were used to detect methanol, ethanol and
propanol vapors at room temperature in the concentration
range 500 - 2000ppm.The readings were taken 10 minutes
after gas setting had occurred. The percentage relative
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Fig. 4 Schematic diagram of the test chamber used to
measure the alcohol vapour responses.

resistance change (AR) is defined in equation (7):

R as _Rair
AR = gR— x100 )

ail

where R, is the resistance of the sensor after exposure to
a gas and R, is the resistance of the sensor in air (baseline
resistance).

6. RESULT AND DISCUSSION
6.1  Material properties

6.1.1  X-ray diffraction analysis

It is well known that variance in different parameters such
as the milling speed; applied pressure in the creation of
pellets and the firing temperature during fabrication leads
to changes in the structures and compositions of the
sensing layers. X-ray diffraction analysis (XRD) is
employed to determine the final composition of the
materials [28]. XRD is also used to calculate the
crystallites size according to the Scherer equation [29].

In this study XRD analysis (from 10° to 70°, 20) was used
to examine the final compositions of the samples. Fig. 5
shows an XRD of sample 1, from this data it can be seen
that the main phase in the final composition of this sample
is zinc ferrite (ZnFe,O,) and a- iron oxide (0-Fe,O;). This
can be explained by the chemical reaction of Fe,O; with
ZnO at 1250°C — see equation (8).

Fe203+ZnO —>ZnF6204 +a- F8203 (8)

Fig. 6 shows the results of the X-ray diffraction analysis
for sample 2. This data shows that the final composition of
this sample consists of, only one phase, this being zinc
ferrite (ZnFe,O4). No peaks were observed for a- Fe,O;
and ZnO, this means that the zinc oxide and iron oxide
were completely consumed to form the ZnFe,O4 phase —
see equation (9).

Fe,03+Zn0O — ZnFe,04 (9)

Fig. 7 shows the results of the X-ray diffraction analysis
for sample 3.This data shows that the final composition of
this sample consists of, ZnFe,O, and ZnO. This reaction is
explained by the following equation:

Fe;03+Zn0 —ZnFe,04+Zn0O (10)

From equations 8, 9 and 10 and according to the X-ray
diffraction results, it can be concluded that:

(i)  Three small peaks were exhibited due to the
presence of a- Fe,O; in sample 1.

(il)) Only zinc ferrite was formed as no peaks were
observed for a- Fe,O; and ZnO for sample 2.

(iii) Three small peaks of ZnO were observed in
sample 3.

From the above results it is noted that the final
compositions of samples 1, 2 and 3 are quite similar, also
if the small peaks in the XRD results are ignored, it can be
said that the main composition of the three samples is zinc
ferrite (ZnFe,Oy).
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Fig. 5 X-ray diffraction analysis for sample 1.
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Fig. 7 X-ray diffraction analysis for sample 3.
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6.1.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to study the
microstructure of the materials and often is used in thin
and thick film studies to calculate the grain size of the
powders. Many studies have used this technique such as
Xu et al.[3], Qu et al [30]., Wang et al. [31] and Pignataro
etal.[32].

In this paper scanning electron microscopy was used to
calculate the grain size of the powders and to view the
surfaces of the printed films.

Figs. 8 and 9 show the scanning electron microscopy
photos of the film surface and the powder of sample 1
respectively. From these SEM images, it can be noted that
the average grain size of the powder is about 12pum.

Figs. 10 and 11 show SEM pictures of the film surface and
the powder for sample 2 respectively, with the average
grain size of the sensing powder estimated to be about 8 -
10um. Figures 12 and 13 show SEM images of the sensing
layer surface and the powder for sample 3 respectively.
The SEM showed that sample 3 had a smallest grain size
(~5um) of all the samples analysed. From the above SEM
figures it can be seen that there are differences in grain size
between samples 1, 2 and 3, with sample 3 showing the
smallest grain size. It was observed that the addition of Zn
increases the sensitivity by decreasing the grain size of the
materials. This is in agreement with the findings of Neri et
al. [5], where Fe,O; and ZnO was used to detect NO,.

In this study it was seen that the grain size of the materials
decreased from 12 to 8 to Sum for sample 1, 2 and 3
respectively although they were fabricated under the same
conditions. This change may be attributed to an increase in
the zinc-oxide and a decrease in the iron-oxide.

The decrease in grain size also lowers the working
temperature of the devices due to an increase in the surface
area [3]. It has been reported also that the grain size of
some materials can be affected by firing and/or annealing
temperatures, for example, Steffes ef al. used In,O; in the
form of thin films to detect NO,, the grain size was seen to
increase from 20 to 40nm after annealing at a temperature
of 800°C [33]. Kim et al. [34] used InyO3/Fe,0s5 as a thick
film gas sensor to detect ozone, SEM images of these
materials did not show any difference in the sensing layers
after firing at 900°C, but the grain size was seen to grow
substantially after firing at a temperature of 1300°C. It has
been reported that pure titania films fired at 650°C showed
grain size at the nanometric level, however firing at 850°C
induced a substantial grain growth of more than one order
of magnitude, up to 400nm [29]. In a study by Guidi et al.
[18], it was seen that firing of TiO, at a temperature of
1100°C resulted in a much broader average grain size
distribution.

(i) The three sensors display more or less

6.2 Sensor responses to alcohol vapors

The relative resistance change of the sensors was found to
increase linearly with increasing the gases vapor
concentration for the three sensors. The sensitivities for the
three sensors were calculated from the slope of the graphs.
Fig. 14 shows the percentage relative resistance change for
sensor 1 (ZnFe,040-Fe,O;) with increasing gas
concentration. The percentage relative resistance change
was seen to increase linearly with increasing gas
concentration at room temperature. The sensor exhibited
the highest response to propanol (with the sensitivity
calculated to be 0.077%/ppm), the second highest response
to ethanol (with the sensitivity calculated to be
0.024%/ppm) and the lowest response to methanol (with
the sensitivity calculated as 0.01%/ppm).

Fig. 15 shows the sensitivity of sensor 1 (ZnFe,O4/a-
Fe,0;) to methanol, ethanol and propanol at room
temperature.

Fig. 16 shows the percentage relative resistance change of
the sensor 2 (ZnFe,0,4) with increasing gas concentration.
The sensor exhibited the highest response to propanol
(0.166%/ppm) in comparison to that of ethanol
(0.037%/ppm) and methanol (0.007%/ppm).

Fig. 17 shows the sensitivity of the sensor 2 (ZnFe,04) for
methanol, ethanol and propanol at room temperature.

Fig. 18 shows the percentage relative resistance change of
sensor 3 (ZnFe,04/Zn0) with increasing gas concentration.
The sensitivity of the sensor to methanol, ethanol and
propanol was: 0.006%/ppm,.015%/ppm and 0.173%/ppm
respectively.

Fig. 19 shows the sensitivity of the sensor 3
(ZnFe,04/Zn0) to methanol, ethanol and propanol at room
temperature.

From the above results, it is observed that:

the same
sensitivity to methanol vapors.

(i) It was found that the sensitivity of sensor 1 and 2 to

ethanol increased from 0.024 to 0.037%/ppm but
decreased to 0.015%/ppm for sensor 3.

(iii) The three sensors exhibited excellent sensitivity to

propanol, from 0.077%/ppm to 0.166%/ppm to
0.173%/ppm for sensor 1, sensor 2 and 3 respectively

(iv) All three sensors exhibited a higher sensitivity to

propanol, followed by the next highest sensitivity to
ethanol and lowest sensitivity to propanol. These
differences in sensitivities are due to the effects of one
or more factors, which will subsequently be discussed.

As Figs. 17, 19 and 15 show, all sensors exhibit a much
higher sensitivity to propanol, in
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Fig. 8 Scanning electron microscopy of film Fig. 11 Scanning electron microscopy of prepared
surface on the glass substrate for sample 1, 90% powders on the glass substrate for sample 2, 80%
mol Fe,03/10% mol ZnO. mol Fe,03/20% mol ZnO.

Fig. 9 Scanning electron microscopy of the Fig. 12 Scanning electron microscopy of film
prepared powders on the glass substrate for surface on the glass substrate for sample 1, 70%
sample 1, 90% mol Fe,0:/10% mol ZnO. mol Fe,03/30% mol ZnO.

Sample 2 1000x SEI

Fig. 10 Scanning electron microscopy of film surface Fig. 13 Scanning electron microscopy of
on the glass substrate for sample 2, 80% mol prepared powders on the glass substrate for
Fe,03/20 %omol ZnO. sample 1, 70% mol Fe,03/30% mol ZnO.
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comparison to their sensitivity to methanol and ethanol.
Moreover, it was observed that the composition ratio of
Fe,O; to ZnO influenced the sensitivity of the sensor
towards propanol vapor. Propanol sensitivity was seen to
increase from 0.077 to 0.166 to 0.173%/ppm for the

sensors with molecular weight composition ratios
90%/10%, 80%/20%, and 70%/30% of Fe,O; to ZnO
respectively.

The gas sensing mechanism is based on changes in the

y, =0.0772x - 30.299
Sensor 1 R? = 0.9924
~ 140 1 Yy, = 0.0241x - 6.0578
& 190 . R? = 0.9435
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Fig. 14 The percentage relative change in resistance with increasing gas vapour
concentration for sensor 1.
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Fig. 15 The sensitivity of the sensor 1 to methanol, ethanol and propanol.
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resistance of the sensing material. This resistance change The particle size: It is well known that gas sensitivity is
depends on the following parameters (some of which have correlated to grain size, oxygen adsorption quantity and the
been discussed previously in section 3): active energy of oxygen adsorption.
Sensor 2 y, =0.1662x - 74.17
R? = 0.989
L 300 y. = 0.0372x - 10.321
2 —
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200 - Y., =0.0074x + 14.729
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D
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*
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Fig. 16 The percentage relative change in resistance with increasing gas vapour
concentration for sensor 2.
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Fig. 17 The sensitivity of the sensor 2 to methanol, ethanol and propanol.
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Screen-Printed Fe203/ZnO thick films for gas sensing applications

Sensor 3 yp =0.1732x - 82.923
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Fig. 18 The percentage relative change in resistance with increasing gas
vapour concentration for sensor 3.
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Fig. 19 The sensitivity of the sensor 3 to methanol, ethanol and propanol.
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The smaller the grain size, the larger the specific surface
area, which results in greater oxygen adsorption and higher
sensitivity, and vice versa [3]. The average grain size of
sensors 1, 2 and 3 were 12, 10 and 5um respectively. As
consequence, sensor 3 proved to have the highest
sensitivity to propanol, due to it having the smallest grain
size. Sensor 2 had the second the smallest grain size;
hence, it had the second highest sensitivity to propanol.
Sensor 1 had the highest grain size and as expected it
displayed the lowest sensitivity.

Type of the sensing materials: the electrical conductivity of
p-type semiconductors increases reducing gases are
adsorbed on their surface. The opposite occurs for n-type
semiconductors — see Table 1. The sensors fabricated in
this study displayed p-type behaviour. Electrons are
captured from the sensing layers, which results in an
increase in the hole concentration. The reducing gases
acting on the ZnFe,04 sensor surfaces can be explained by
equation (11)

R+0O () <> RO+e” (11)

where R is the reducing gas, O is the oxygen ion
adsorption and e are electrons. This reaction shows an
increase in the number of electrons (this reaction infuses
electrons into ZnFe,O, sensing material) [6]. This leads to
a decrease in holes concentration (majority carriers in p-
type semiconductors) resulting in a decrease in the value of
the current (I) through the sensor. This is observed as an
increase in resistance, the magnitude of this observed
change being proportional to the concentration of the
reducing gas.

Type of acceptor and donor: When a reactive gas is
adsorbed on the surface, the carrier density is altered; this
results in a conductivity change. This change depends on
the chemical characteristics of the acceptor and donor
centres [4, 35]. The different chemical characteristics of
the acceptors and donors for the three sensors under test,
results in differing amounts of adsorbed gases on their
respective sensing surfaces. As a consequence the three
sensors display different sensitivities to propanol,
methanol and ethanol vapors.

6.3 Response and recovery time

The response time of a sensor can vary from seconds to
minutes, but short response and recovery times are
desirable sensor characteristics. In the testing of these
sensors, the response time was defined as the time taken to
achieve 90% of the final change in the resistance,
following a 0-1000ppm step change in vapor
concentration. The response times for the three sensors
were calculated as 48.6s, 86.4s and 76.5s respectively. At a
given time (after the steady-state response) the alcohol
vapor was flushed from the system to determine the

recovery times for the three sensors. The respective
recovery times for the three sensors were calculated as
117s, 189s and 153s. Fig. 20 shows the graphs from which
the response and recovery times were calculated.

Sensor 1 shows the fastest response and recovery times
while sensor 2 shows slowest response and recovery times.
It was found that the recovery times were longer than the
response times for the three sensors. It is well known that
the response time is a function of gas adsorption and
recovery time is a function of gas desorption. Adsorption
is an exothermic process, whereas desorption requires
external energy for the molecules (gas or water) to depart
from the sensors surface [30], for this reason the recovery
times were longer than the response times.

7. CONCLUSION

In this paper the gas sensing properties of zinc ferrite (p-
type semiconductor) polymer thick films were
investigated. It was observed that:

i) The propanol sensitivity increased from 0.077 to
0.166 to 0.173%/ppm for the sensors with
composition ratios 90/10%Mwt, 80/20%Mwt, and
70/30%Mwt of Fe,05 to ZnO respectively.

(ii) An increase in the amount of ZnO results in a
decrease in the grain size of the sensing material, and
hence, there is an increase in the sensitivity to
propanol at room temperature.

(iii) The response times of the three sensors to a 0 to
1000ppm step change to propanol vapor concentration
were 48.6s, 86.4s and 76.5s for three samples

respectively.
(iv) The recovery times of three sensors to propanol
following removal of the 1000ppm vapor

concentration were 117s, 186s and 153s respectively.
) The three sensors proved to be more sensitive to
propanol vapor than to methanol and ethanol vapor.

From the above if is clear that Fe,O5/ZnO thick-films can
function effectively as sensitive and selective gas sensors.
Due largely to their ability to operate at room temperature
(hence, low power consumption) and low fabrication costs
(afforded by screen-printing), these sensor devices fulfil
the requirements for many industrial applications,
especially portable, sensor array based measurement
instruments, such as the electronic nose.
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Screen-Printed Fe203/ZnO thick films for gas sensing applications
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Fig. 20 Response and recovery characteristics of sensors 1, 2 and 3 following 1000ppm step changes in propanol

vapour concentration at room temperature
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