CHAPTER 4
APPLICATION OF PURE ZnO AND Nb-DOPED ZnO

FOR USE AS GAS SENSORS

Gases are the key measure in many industrial and domestic activities. In the
last decade the specific demand for gas detection and monitoring has emerged
particularly as the awareness of the need to protect the environment has grown. Gas
sensors find applications in numerous fields [1-2]. Two important groups of
applications are the detection of single gases (as NOy, NH3, O3, CO, CHs4, H,, SO,,
etc.) and the discrimination of odors or generally the monitoring of changes in the
ambient. Single gas sensors can, for examples, be used as fire detectors, leakage
detectors, controllers of ventilation in cars and planes, alarm devices warning the
overcoming of threshold concentration values of hazardous gases in the work places.

Resistive-type gas sensors based on thin films of metal oxides have been
intensively investigated in the last few years. The sensor performance can be
improved by the incorporation of different additives to the films. They can participate
directly in the gas—solid interaction by means of a chemical or electronic mechanism
[3], thus favoring the adsorption of gas molecules on the surface. As a consequence,
the gas surfaces coverage increases and the electrical conductivity changes. In
addition, a decrease of the working temperature for the highest sensitivity is generally

observed.
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response and easy to operate; therefore, these semiconductors can approximately be
divided in determine their suitability for use as gas sensors [10-12].

Nitrogen dioxide (NO,) gas is a common air pollutant important for
monitoring environmental pollution produced during combustion in automotive
engines, industrial factories, and power plants [13]. Health and safety guidelines
suggest that when the concentration of NO; is higher than 3 ppm, it is dangerous to
the human body and is thought to cause asthma at significantly lower levels; the
effects of an exposure to NO, include factory paralysis and deterioration in health
[14-16]. In recent years, the concentration of NO; in atmosphere has increased. NO,
causes lung irritations, decreases the fixation of oxygen molecules on red blood cells,
increases the susceptibility to infections, contributes to acid rains and plays an
important role in the formation of ozone in the lower atmosphere [17]. Therefore, the
development of a reliable sensor that can effectively detect even with extremely low
concentration of NO, with high response is highly desirable. Such a sensor can be
used for environmental monitoring. These advantages to the development of sensors
can detect extremely low concentrations of NO,.

To the best of our knowledge, the application of Nb-doped ZnO nanoparticles
as gas sensor has not been reported yet. In this study, the gas-sensing capability of
undoped ZnO and Nb-doped ZnO nanoparticles as gas sensor was demonstrated for
NO,, CO, C;HsOH and acetone and the responsible gas-sensing mechanism was

suggested.

4.1 Introduction
Most widely studied area of solid-state gas sensors is that based on

semiconducting oxides. A semiconductor gas sensor usually utilizes a porous sintered
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block body consisting of polycrystalline particles of a semiconducting oxide such as
SnO,, WO;, ZnO, and In;0;3: Recently, thick- and thin-film-type sensors have also
been investigated for miniaturizing sensor elements by micro-fabrications. In Figure
4.1 examples of block- or film-type devices and the polycrystalline particles involved
in the devices are illustrated [18].

(a)

(b)

Au
electrode

Alumina substrate

Figure 4.1 Schemetic drawings of sensor devices (a) sintered block type, (b) thick- or
thin-film type [18].

Usually the devices for laboratory tests are furnished with a heater so that they
are heated externally to obtain an optimum operating temperature. Upon exposure to a
particular gas (target gas) of a low concentration in air, the sensor changes its
electrical resistance. The resistance change is caused by a loss or a gain of surface
electrons as a result of adsorbed oxygen reacting with the target gas. If the oxide is an
n-type, there is either a donation (reducing gas) or subtraction (oxidising gas) of
electrons from the conduction band. The result is that n-type oxides increase their

resistance when oxidising gases such as NO,, O; are present while reducing gases
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such as CO, CHy4, C,HsOH, acetone lead to a reduction in resistance. The converse is

true for p-type oxides, such as Cr,TiOs.
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Figure 4.2 Typical characteristics of semiconductor gas sensor: (a) response transient;

(b) temperature dependence of gas response; (c) dependence of Rg on gas

concentration [18].
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When this experiment is carried out in a flow apparatus, reducing gases can
obtain response transients like those shown in Figure 4.2(a). The change in the
electrical resistance is from a level in air (Ra) to a steady level (Rg) on exposure to
the target gas and vice versa on cutting off the gas flow. There are two important
characteristics of the gas sensor in these transients, i.e., the gas response (S) (often

called sensitivity) defined as:
S=—= 4.1)

and the rates of response and recovery. The gas response (Ra/Rg) is very much
dependent on the operating temperature, going through a maximum for an
inflammable gas as shown in Figure 4.2(b). Naturally Rg as well as Ra/Rg depend on
the kind and concentration of target gas besides other conditions. As illustrated in
Figure 4.2(c), Rg and gas concentration are usually correlated linearly in a log-log

scale. For oxidizing gases, the response (S) is defined as:
=-£ (4.2)

Equation 4.3 shows the response dependence of concentation of gas.
S=aC" (4.3)
where a is the variation constant.
The conductivity is enhanced by the adsorption of electron accepting gas

molecules. The temperature dependence of the conductivity is formally expressed by

o=a, exp(— qVs ) (4.4
k,T
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where ¢ is the conductivity, o, is a constant independent of temperature, V; is
potential barrier, q is electric charge, k is the Boltzmann constant and T is the absolute
temperature.

Semiconductor gas sensors have been investigated extensively for the purpose
of practical applications, such as gas leak detectors and environmental monitoring.
Since the pioneering works reported in 1962 by Seiyama et al. [19] and Taguchi [20],
much technological effort has been made in this field, aiming at improvement in gas
response, selectivity, stability, and feasibility for practical use. Yet further innovations
of gas sensing properties are still in great demand to expand the fields of gas sensor
applications. Numerous kinds of gases are emitted from various sources into our
living space, working space, or outdoors. Many of them are hazardous to human
beings and the environment, like air pollutants, while some others can be used as
measures to diagnose the state of their sources, like ethanol and acetone in the breath
and flavor components of foods. Most of these gases are present at very low
concentrations so that extremely good sensing characteristics are required for their
monitoring. In order to realize such gas sensors, it seems imperative to establish the
principles of sensor design on the basis of fundamental understandings of
semiconductor gas sensors. It is the aim of the present article to describe the state of
the art of sensor design in the hope of further advancement of semiconductor gas
Sensors.

4.1.1 Gas sensing mechanism

The process of gas sensing by a semiconductor device illustrated in Figure 4.3.
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(a) Surface (b) Microstructure (¢) Element

Figure 4.3 The adsorbed molecule can significantly modify the dielectric property at

the surface of the semiconductor gas sensor [18].

Owing to the large surface-to-volume ratio of the metal oxide nanoparticles
such as ZnO nanoparticles (which will be used as the model for the mechanism of gas
sensors), the conductance is very sensitive to the change in surface chemistry. As a
molecule being adsorbed on nanoparticles surfaces, charge transfer can occur between
the adsorbate and the adsorbent. The adsorbed molecule can significantly modify the
dielectric property at the surface, which greatly affects the surface conductance.
Therefore, nanoparticles materials can result in a huge improvement in gas sensing
performances. In case of n-type metal oxide sensor, this interaction is commonly
attributed to a redox reaction between the target gas and adsorbed oxygen [21]. As we
all know, the sensor response is determined mainly by the quantity of active sites on
the surface of gas sensors. When a ZnO nanoparticles sensor is exposed to air, oxygen
molecules adsorb on the surface of the materials to form O,’, O, O ions by capturing
electrons from the conductance band, Thus the ZnO nanoparticles sensors show a

high resistance in air.
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Ox(gas) - Ox(ads) 4.5)
Ojads)+¢ —  O,(ads) (4.6)
0y (ads) +¢° — 20" (ads) (4.7)
O (ads) +e — O (ads) (4.8)

When the ZnO nanoparticles sensor is exposed to a reductive gas (such as CO) at
moderate temperature, the target gas reacts with the surface oxygen species. The
reaction can result in a decrease in the amount of surface O,, O", and O ions, the
reaction can be described as follows:

R+0O'(ads) — RO+e¢ (4.9)

Thus leads to an increase in concentration of electrons. This eventually
increases the conductivity of the ZnO nanoparticles. When the material exposed to the
atmosphere of NO,, NO, can not only capture the electronics of the semiconductor
due to its higher electrophilic property, but also react with the adsorbed oxygen ion
leading to the formation of adsorbed NO,, the process of the reaction can be
described as follows:

NOy(g) + e — NO; (ads) (4.10)
NOx(g)+ Oz(ads) + 2e” — 2NO;(ads) +207(ads) (4.11)

The above reactions were all decreased the concentration of electron on the
surface of the material, thus results in an increase of the material resistance. In
addition, the reaction is happened between NO, (ads) and O, (ads):

NOy(ads) + Oz (ads) — 20;(ads) + NO, (4.12)

Thus the cycling reaction continues:

NO,(g) + ¢ — NO; (ads) 4.13)
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These series of reactions resulted in the concentration of electron on the surface of the
material further decreases, which led to the conductivity decrease of the material
(increase of the resistance), then the detection of NO, is achieved.

Figure 4.4(a) shows a schematic diagram of a channel composed of the as-
pasted ZnO nanoparticles with a relatively thin electron depleted layer under dry air
ambient. When the NO, gas molecules are adsorbed on the surfaces of the ZnO
nanoparticles, some of the electrons within them are transferred to the gas molecules
and the electron depleted layer is broadened in the channel, resulting in higher and
wider junction potential barriers. This mechanism is illustrated in Figure 4.4(b).
Under the dry air ambient, the resistance measured for the channel composed of the
heat-treated ZnO nanoparticles. After the as-pasted nanoparticles were heat-treated at
400°C, the nanoparticles became larger and necked. Consequently, the number of
junctions decreased, because of the increase in the size of the nanoparticles, and the
height of the junction potentials was reduced, due to their physical necking, as
illustrated in Figure 4.4(c). Figure 4.4(d) shows a schematic diagram of the heat-
treated nanoparticles and the junction potential under the target NO, gas ambient. The
junction potential barriers present at the necked parts of the nanoparticles are still too
high and too wide for the electrons to jump over the barrier, so that the reduction in
the number of junctions may not contribute significantly to the decrease in the

resistivity under the target gas ambient [22].
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Figure 4.4 Schematic diagrams of the as-pasted ZnO nanoparticles (a) under dry air
ambient and (b) under NO, gas mixed dry air ambient, and of the heat-treated ZnO
nanoparticles (c) under dry air ambient and (d) under NO, gas mixed dry air ambient.
The schematic junction potentials are drawn in the diagrams. The arrow at the center
of each of the figures represents the current flow at a certain applied voltage, and the
thickness of the arrow represents the relative magnitude of the measured current flow

[22].

4.1.2 Temperature Limitations [23]
All sensors and electronics have ambient temperature limitations. The

installation of the sensor must be within the operating range of each. If the area is too
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hot for the electronics, a sensor extension kit is available to separate the sensor from
the transmitter/remote calibration modules. If the gas temperature is too hot for the
sensor, a gas reclamation adapter is available to draw air samples to the sensor. By
connecting metal coils to the inlet side of this adapter, the gas can be cooled down. If
any preconditioning system is to be used, make sure that the vapors will not condense
in the piping.

4.1.3 Response and recovery time [23]

Although sensor output is linear, response time is a logarithmic function. The
first molecules of gas to diffuse through the membrane cause a very rapid change in
response; as the sensor’s output approaches the actual ambient gas concentration, the
rate of change of response slowly decreases. The response curve of the best sensors
looks very much like a step function; that it looks more like a straight line. The

inverse of the response curve determines a sensor’s recovery time after being exposed

to gas.
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Figure 4.5 The response and recovery time of n-type semiconductor for

reducing gas [18].
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Manufacturers typically define some length of time, such as 10 minutes, as the
point at which a sensor reaches its maximum output. A sensor’s Too is the times to
reach 90% variation in resistance upon exposure to gas and air were defined as the
90% response time (7oge(air-to-gas)) and 90% recovery time (7gg(gas-to-air)),
respectively,

The response and recovery time of n-type semiconductor for reducing gas can

be calculated (Equations 4.14 and 4.15) as follows:

90

Loew =T par AT = TRg] )i Ry (4.14)
100
90

Trec - [TRgZ ¥ {(TRa2 i TRgZ )} X I—O_O_] = TRgZ (415)

4.1.4 Selectivity [23]

Selectivity is the ability of a sensor to measure only one parameter, in the case
of a chemical sensor, to measure only one chemical species. The sensitivity of certain
gas sensors to different gases depends on the choice of catalytic sensor material and
the operating temperature. By combining several different gas sensors into a sensor
array, complex gas mixtures can be analyzed

4.1.5 Metal additives affect

Recently, there are also many reports on the enhancement of gas response by
catalyzing or doping of metal-oxide semiconductor nanoparticles with noble metal
nanoparticles such as Pd, Ru, or Au [24-25]. Moreover, the additives can increase the
material porosity, thus increasing the specific surface area suitable for gas adsorption
and, consequently, the sensor response. Despite the mentioned positive effect, the use
of additives might provoke an increase in the electrical resistance of the metal oxide

films. In fact, NO; is an oxidizing gas and it induces a resistance increase on an n-type



156

semiconductor. The increase of sensor impedance is a non-desired effect, since a
complicated associated electronic circuitry is required when it exceeds about 10 MQ.
Therefore, the sensitization of sensors by using additives which decrease the electrical
resistivity of films via a doping mechanism may be a good solution. However, the
increase of the carrier concentration associated to doping would decrease the
fractional change of the resistance in the target gas and air, which would also decrease
the sensor response [26].

ZnO-based sensors can also be promoted by the addition of small amounts of
various metals such as Pt, Pd, and Ag. The metal additives affect the sensor properties
in a rather complex manner. The types of interactions between metal additive and
oxide semiconductor have been conceived, as shown in Figure 4.6. For example, an
inflammable gas (CO) is activated by the metal additive and the activated fragments
(CO) of the gas are spilt-over to the semiconductor surface to react with the adsorbed
oxygen. The metal additive thus facilitates chemical reaction of the gas on the
semiconductor. This type of promoting effect is called chemical sensitization. The
spillover phenomenon is known to occur in the catalysis of metal loaded oxides so
that this type of sensitization has been assumed for metal-loaded sensors. Thus leads

to an increase in concentration of electrons [18].

€

COz:, CO cCo

w

Figure 4.6 Mechanism of sensitization by metal additive [18].
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Oh et al. [27] fabricated ZnO nanorod array sensor that can sense NO, gas
(Fig 4.7). It was found that ZnO-based NO, gas sensor showed the lowest detection

limit of 10 ppb with short response and recovery time.

(@) (b)

8 mm Resistive heater
Zn thin film
; (40 nm) coated
sensor substrate
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Zn0 nanorod arrays
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Figure 4.7 (a) Photograph of sensor substrate including interdigitated comb-like Pt
electrodes and a resistive heater. (b) Zn thin-film sputtered sensor substrate. (c) A
schematic illustration for the sonochemical growth of vertically aligned ZnO nanorod

arrays on a sensor substrate.

Shouli et al. [28] synthesized three different morphologies of 1D ZnO
nanocrystals by low temperature hydrothermal process and sol-hydrothermal process.
The experimental results demonstrate that surfactant was very important in controlling
the morphology of the nanocrystals. The morphology and sensing property of ZnO
nanocrystals obtained by different synthesis methods were compared, it was found
that the pencil-like ZnO nanorods synthesized by CTAB-assisted low temperature
hydrothermal process had a good response towards 40 ppm NO; as high as 239.5 at

the operating temperature of 400°C. While flower-like ZnO crystals synthesized by
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hydrothermal process exhibited good response of 69.76 to CO. The responses towards
NO; and CO were greatly enhanced from 239.5 to 470.0 and from 52.2 to 169.2,
respectively, by the addition of 5 wt% Cd as dopants during CTAB-assisted low
temperature hydrothermal process.

Standard vapour phase growth process for ZnO tetrapods was optimized in
order to reach a very large yield, a good reproducibility and a single morphology by
Calestani et al. [29] The large yield of the growth and the simple deposition of these
nanostructures on an alumina substrate with contacts and heater, allowed us to realize
gas sensor prototypes with a relatively low-cost procedure. Good responses were
observed towards NO, and CH3CH,0OH (S=20 for 20ppm of NO, and 50 ppm of
CH;CH,OH), while lower values were obtained towards CO (S < 0.2 for 10 ppm of
CO).

The effect of In-doping on the sensor performance was studied by Ferro et al.
[30] With the addition of 1 and 3 wt% of indium nitrate to the spraying solution, a
good sensor response to 5 ppm of NO, at 275°C and an important decrease in the
device electrical resistance is obtained.

Tamaekong et al. [31] produced ZnO nanoparticles doped with 0.2-2.0 at% Pt
in a single step by FSP technique using zinc naphthenate and platinum (II)
acetylacetonate dissolved in xylene. The gas sensing properties towards carbon
monoxide (CO) was studied at the operating temperatures ranging from 200 to 350°C.
It was found that the 0.2 at% Pt/ZnO sensing film showed the highest sensitivity and
the fastest response time at 350°C.

Chang et al. [32] report the growth of high density single crystalline ZnO

nanowires on patterned ZnO:Ga/SiO,/Si templates, adsorption of Au nanoparticles on
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nanowire surfaces and the fabrication of ZnO nanowire-based CO gas sensors. It was
found that the device sensitivities were significantly enhanced by Au adsorption. With
Au adsorption, it was also found that large (60%) sensitivity could be achieved at
250°C. Furthermore, it was found that the response speed and stability of the
fabricated sensor were both good.

Shishiyanu et al. [33] fabricated NO, gas sensor by successive ionic layer
adsorption and reaction (SILAR) technique of the Sn-doped ZnO film. The
experimental results showed that tin doping of zinc oxide thin films improved the
sensor element sensitivity to 1.5 ppm NO, in air and downshifted the operating
temperature. The composition of 5 at% Sn in ZnO thin film shows a maximum
sensitivity of 11 at 150°C and a sensitivity of 1.5-2.0 at room temperature (25°C)
towards 1.5 ppm of NO, gas. There was a decrease of sensitivity when the operating
temperature becomes higher than 250°C. A composition of 10 at% Sn in ZnO thin
film shows a maximum sensitivity of about 6 at 150°C and a sensitivity of 1.5-1.8 at
room temperature (25°C) toward 1.5 ppm of NO; gas in air.

Using zinc naphthenate dissolved in xylene as a precursor undoped ZnO
nanopowders were synthesized by the flame spray pyrolysis technique was reported
by Tamaekong et al. [34]. The gas sensitivity of the undoped ZnO nanopowders
towards 50 ppm of NO,, C;HsOH and SO, were found to be 33, 7 and 3, respectively.
The sensors showed a great selectivity towards NO, at high working temperature (at
300°C), while small resistance variations were observed for C;HsOH and SO,
respectively.

Sahay et al. [35] reported on the details of preparing of ZnO thin films by

spray pyrolysis and the sensing behaviors of the films to ethanol. The sprayed ZnO
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thin films showed considerable changes in their resistances when exposed to ethanol
with different temperature. It was found that the film layers of 20 pm in thickness
showed sensitivity in terms of rather high ethanol concentration (1000-5000 ppm) at
150-350°C. It was observed that the sensitivity increased with increasing operating
temperature. At higher ethanol concentration, the sensitivity increased rapidly with
increasing operating temperature. Response and recovery times were found to be
sensitively dependent upon the operating temperature.

Liewhiran and Phanichphant [36] reported the effect of Pd loading on the
ethanol gas sensing performance of the ZnO nanoparticles and the crystalline sizes. In
the experiment, ZnO nanoparticles doped with 0-5 mol% Pd were successfully
produced in a single step by FSP using zinc naphthenate and palladium (1)
acetylacetonate dissolved in toluene-acetonitrile (80:20 vol%) as precursors. The gas
sensing of ethanol (25-250 ppm) was studied in dry air at 400°C. The oxidation of
ethanol on the sensing surface of the semiconductor was confirmed by Mass
spectroscopy (MS). A well-dispersed of 1 mol% Pd-doped ZnO films showed the
highest sensitivity and the fastest response time (within seconds).

ZnO nanowires and Au-doped ZnO nanowires were prepared by oxidation
reaction reported by Hongsith et al. [37]. The oxidation was performed by heating
zinc powder (purity 99.9%) with a mixture of zinc powder and 1 wt% gold powder.
The pressed powders were sintered at 600 °C for 24h. The ZnO nanowires and the
Au-doped ZnO nanowires were characterized using field emission scanning electron
microscopy (FE-SEM) and EDS to examine morphology and composition,
respectively. The ethanol sensing properties of ZnO nanowires were observed from

the resistance change under ethanol vapor atmosphere, for ethanol concentrations of
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100, 500, 1,000 and 2,000 ppm, and at operating temperatures of 180-280 °C. It was
found that the nanowires and the Au-doped ZnO nanowires had diameters between 60
and 180 nm respectively and lengths of about 5-10 pum. This suggested that the
addition of 1 wt% Au dopant had no effect on the morphology of ZnO nanowire. The
sensitivity of both ZnO nanowire and Au-doped ZnO-nanowire sensors depended on
the operating temperature at each ethanol concentration The optimum operating
temperature was at 240°C with the highest sensitivity of 27 for ZnO-nanowire sensors
and 37 for Au-doped ZnO-nanowire sensors. The sensitivity of the sensor based on
Au-doped ZnO nanowires exhibited higher values than that of the sensor based on
undoped ZnO nanowires. This suggested that the Au-doping on ZnO nanowires has
enhanced the performance of the ethanol sensor.

The sensitivity of zinc oxide films doped with Sn, Cu, Al and Pd grown by
SILAR method and rapid photothermal processed were studied bv Sergiu et al. [38].
The experimental results showed that tin doping of zinc oxide thin films improved the
sensor element sensitivity to 1.5 ppm NO, in air and downshifted the operating
temperature. The sensitivity of Sn-doped zinc oxide-based sensor to NO, was higher
than that of Cu, Al and Pd-doped ZnO films for all the concentrations studied at room
temperature and 150°C. The Sn-ZnO sensor element had a fast response time and
higher sensitivity compared to Cu-ZnO and Pd-doped ZnO-based elements. The
obtained experimental results showed that increasing the Sn concentration from 5 to
10 at% in the ZnO film led to the sensitivity decrease of the sensor element and
increase the response time. The sensitivity of Sn-doped zinc oxide-based gas sensor
element towards 1.5 ppm of NO; versus the operating temperature. The composition

of 5 at% Sn in ZnO thin film showed a maximum sensitivity of 11 at 150°C and a
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sensitivity of 1.5-2 at room temperature 25°C toward 1.5 ppm of NO; gas. There was
a decrease of sensitivity when the operating temperature became higher than 250°C. A
composition of 10 at% Sn in ZnO thin film shows a maximum sensitivity of about 6
at 150°C and a sensitivity of 1.5-1.8 at room temperature (25°C) towards 1.5 ppm of

NO; gas in air.

4.2 Chemicals and equipments
Pure ZnO and Nb-doped ZnO nanoparticles
Ethyl cellulose (Fluka, 30-60 mPa.s)
Terpineol (Aldrich, 90%)
Al O3 substrates interdigitated with Au electrodes (Au/Al,O3; 0.5x 0.24
cm; National Electronics and Computer Technology Center, Thailand)
Spin coater (Laurell, WS-400B-6NPP-LITE)
Three-zone tube furnace (Lenton, PTF 15)
Lab-set gas sensor measurement (National Electronics and Computer
Technology Center, Thailand)

Scanning electron microscope & EDS (JSM-6335F, JEOL)

4.3  Experimental

4.3.1 Sensing film fabrication

Sensing films were prepared using flame-made pure ZnO, 0.25 mol% Nb-
doped ZnO, 0.50 mol% Nb-doped ZnO and 1.00 mol% Nb-doped ZnO by mixing 60
mg of the nanoparticles into an organic paste composed of ethyl cellulose (Fluka,
Viscosity: 30-70 mPa-s at 25°C) and terpineol (Aldrich, 90% ), which acted as a

vehicle binder and solvent, respectively. Figure 4.8(a) shows the sensor substrate,
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illustrating interdigitated Au electrodes. The alumina substrate has a dimension of 0.4
cm x 0.55 cm x 0.04 cm and the interdigitated electrode area was 0.24 cm x 0.5 cm.
200 nm-thick Au layers were deposited by DC sputtering in argon gas at a pressure of
3x10” mbar. ZnO thin-film was deposited on the sensor substrate using spin coating.
After ZnO thin-film (10 um) deposition on the interdigitated Au electrodes as shown
in Figure 4.8(b), the sensing films were then subsequently at 400°C for 2 h (with
heating rate of 2 °C/min) for binder removal and finally cooled down to room

temperature. The particle size of films was slightly changed after annealing.

Alzo3

Au electrode
(a) (b)
Figure 4.8 (a) Photograph of sensor substrate including interdigitated comb-like Au

electrodes. (b) ZnO thick-film spin coat sensor substrate.

4.3.2 Sensing film characterization

The morphologies, cross section and elemental compositions of sensing films
were analyzed by SEM and EDS line-scan mode analyses.

4.3.3 Gas sensing characterization

The sensor characteristics of metal oxide nanoparticles were characterized

towards the low dynamic range in concentration of NO, (0.1-4 ppm) and high
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dynamic range in concentration of C;HsOH, CO and H; (50-1000 ppm). The flow
through technique was used to test the gas-sensing properties of thin films. A constant
flux of synthetic air of 2 1/min was mixed with the desired concentrations of
pollutants. All measurements were conducted in a temperature-stabilized sealed
chamber at 20°C in the presence of dry air. The external NiCr heater was heated by a
regulated dc power supply to different operating temperatures. The operating
temperature was varied from 250°C to 350°C. The resistances of various sensors were
continuously monitored with a computer-controlled system by voltage-amperometric
technique with 5 V dc bias and current measurement through a picoammeter. The
sensor was exposed to a gas sample for ~10 minutes for each gas concentration testing
and then the air flux was restored for 30 minutes. The NO, concentration was varied
from 0.1-4 ppm of concentration and C,HsOH, CO and H, were varied from 50-1000

ppm of concentration. Figure 4.9 showed the experimental set up for gas sensing test.

Mass flow controller SR

A computer-controlled system

Figure 4.9 Gas sensor measurement setup.
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4.4  Results and discussion

4.4.1 Sensing film properties

4.4.1.1 X-ray diffraction analysis

Gas sensing films based on flame-made pure ZnO and 0.25-1.00 mol% Nb-
doped ZnO nanoparticles after anneal and sensing test at 350°C were analyzed by X-
ray diffraction spectroscopy (XRD, Philip X’ Pert PRO PW 3719) using CuK,
radiation at 20 = 20-80° with a step size of 0.06° and a scanning speed of 0.72°/min.
The XRD patterns showed that the sensing films were highly crystalline, and all peaks
can be confirmed to be the hexagonal structure of () ZnO match well with the
JCPDS No. 89-0510 [39] (Figure 4.10). The XRD diffraction patterns from sensing
film coated on Aw/Al,O; substrates showed that the diffraction patterns of (A) ALO;
(JCPDS file No. 82-1468 [40]) and (m) Au (JCPDS file No. 04-0784 [41]) from the
substrates are also visible in these samples. Amorphous phase of ZnO and Nb peaks
were not found in these patterns. It can be assumed that concentrations of Nb were

very low and the sizes of Nb particles were too small to be detected by XRD.
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Figure 4.10 XRD patterns of the flame-made (5/5) pure ZnO and Nb-doped ZnO
nanoparticles with different Nb concentrations, and samples of sensing films were
spin-coated on Aw/Al;O; substrate after annealing and sensing test at 350°C. JCPDS
files No. 89-0510, 04-0784 and 82-1468 as refer to () ZnO, (m) Au and (A) ALO;,

respectively.

4.4.1.2 SEM-film thickness sensing layer
Figure 4.11 shows the SEM cross-section image of flame-spray-made of pure
ZnO and 0.25, 0.50 and 1.00 mol% Nb-doped ZnO thick films at different
magnifications on an Al,O; substrate interdigitated with Au electrodes after annealing
and sensing test at 350°C in dry air. It was found that film thickness of pure ZnO and

0.25, 0.50 and 1.00 mol% Nb-doped ZnO sensors were 10.5, 10.3, 9.5 and 9.1 um,

respectively.
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Figure 4.11 SEM micrographs of flame-made ZnO thick films as a sensor (a) pure
Zn0, (b) 0.25 (C) 0.50 and (d) 1.00 mol% Nb-doped ZnO on an Al,O; substrate
interdigitated with Au electrodes after annealing and sensing test at 300°C in dry air.

The film thickness was approximately 10 pum.

4.4.1.3 Energy Dispersive X-ray Spectrometry (EDS): line scan mode
The trends in the elemental composition of the agglomerated nanoparticles
formed of pure ZnO and 0.25, 0.50 and 1.00 mol% Nb-doped ZnO was shown by the
EDS line scan mode in Figures 4.12-4.15. Interestingly, the analyzed regions
composed of the nanoparticles and gold sputtering prior to an analysis. The line scan
across the agglomerate for the sensing films of pure ZnO and 0.25, 0.50 and 1.00
mol% Nb-doped ZnO are indicated in Figures 4.12-4.15. The elemental-line

histograms were shown as signals corresponding to a rich in aluminum (Al) caused by



171

the contamination of alumina substrate, gold (Au), zinc (Zn), oxygen (O), and
niobium (Nb) elements. After annealing process, a denser film layer was formed.
Regularities and preciseness in the film thickness were affected from the spin coating

technique.

'llflu _ﬂ.huuxﬂhm!i“*"‘,
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30 " Electron Image 1
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Figure 4.12  The EDS line scan mode of sensor based on flame-made pure ZnO
nanoarticles. The histograms showed the elemental compositions of samples. The

lines scans correspond to O, Zn, Al and Au elements.



172

U&MHIMU ;H“ I ‘ll

Zinc Ka1

" Electron Image 1

|

I

Niobium Lat Gold La1t

Uit i |

|

{1 SRR T e SPRRTNTR 1T TUpagr

Aluminum Ka1

Figure 4.13  The EDS line scan mode of sensor based on flame-made 0.25 mol%
Nb-doped ZnO nanoarticles. The histograms showed the elemental compositions of

samples. The lines scans correspond to O, Zn, Al, Au and Nb elements.



Zinc Ka1

1 W I ITI | TR

Niobium La1

hln‘: Itk LL[ I_JM ll‘,i"

Oxygen Ka1

Aluminum Ka1

Figure 4.14 The EDS line scan mode of sensor based on flame-made 0.50 mol%
Nb-doped ZnO nanoarticles. The histograms showed the elemental compositions of

samples. The lines scans correspond to O, Zn, Al, Au and Nb elements.
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Figure 4.15  The EDS line scan mode of sensor based on flame-made 1.00 mol%
Nb-doped ZnO nanoarticles. The histograms showed the elemental compositions of

samples. The lines scans correspond to O, Zn, Al, Au and Nb elements.



4.4.2 Gas sensing properties

The dynamic changes of resistance to NO, (0.1-4 ppm) of ZnO films with

difference Nb contents at operating temperature of 250°C, 300°C and 350°C are shown

in Figures 4.16-4.18. It can be seen that the resistant of all ZnO sensors increased upon

the exposure to NO; which is an oxidizing gas, indicating that both the pure ZnO and

Nb-doped ZnO films show the typical n-type semiconductor behavior. Comparing to

pure Zn0O film, all Nb-doped ZnO films had much higher resistance when exposed to

NO,. In addition 0.50 mol% Nb-doped ZnO film showed the highest response to NO,.

These results could be assumed that the gas sensing properties of ZnO nanoparticle

films could be greatly improved by doping with an appropriate amount of Nb.
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igure 4.16 Dynamic response of pure ZnO and 0.25, 0.50 and 1.00 mol% Nb-

doped ZnO gas sensor towards 0.1-4 ppm NO, gas square pulses at 250°C.
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Figure 4.17  Dynamic responses of pure ZnO and 0.25, 0.50 and 1.00 mol%

Nb-doped ZnO gas sensor towards 0.1-4 ppm NO, gas square pulses at 300°C.
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Figure 4.18  Dynamic response of pure ZnO and 0.25, 0.50 and 1.00 mol% Nb-

doped ZnO gas sensor towards 0.1-4 ppm NO, gas square pulses at 350°C.
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From Figure 4.17 the sensors have acceptable reversibility. It is seen that the
sensor resistance recovers to within 10% of its base line value after several NO,
exposures. The deduced sensor response and response time are thus considered valid
and meaningful. Nevertheless, it can be noticed that the sensors exhibit quite slow
response and recovery of the order of minutes. This problem is due to the use of large-
volume (5.2 L) test chamber and this can be solved by reducing the size of test
chamber.

Figure 4.19 shows the effect of operating temperature on response with 4 ppm
NO,. The operating temperature dependence on the sensing properties could result
from changing of the adsorption and desorption rates of the oxygen ions on the metal-
oxide surface [42] (equations 4.10 and 4.11).

When the ZnO nanoparticles are exposed to NO, gas, NO, gas reacts with the
adsorbed O ions as well as adsorbs directly on the surface of ZnO nanoparticles.
Then, the concentration of electrons on the surface of ZnO nanoparticles arrays
decreases and, correspondingly, the resistance of ZnO layer increases. The adsorption
of O ions is very interesting step in metal-oxide gas sensor, because the O ions assist
the adsorbed NO, ions to take the electrons from the ZnO nanoparticles arrays. The
response of the ZnO sensor is relatively high due to adsorbed O ions at the
temperature range of 250-350°C. As the temperature increases, however, the
dominant process becomes the adsorption of O ions, then the response of the ZnO
sensor decreases. Furthermore, progressive desorption of all species occurs and the
response decreases at high temperature range. For these reasons, the response of ZnO
sensor very steeply decreases at 350°C. It can be confirmed that the temperature

dependence of sensor responses with different concentrations (0.1-4 ppm of NO,
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gases) showed a similar trend of maximum response at 300°C. The present results
showed that the maximum response was obtained at a relatively low temperature of

300°C compared to the previous reports of 400°C [43—44].

20001
4 ppm NO, W Pure ZnO
025 mol% Nb-doped ZnO
" 1500 M0 50 mol% Nb-doped ZnO
o B 1 00 mol% Nb-doped ZnO
£
e
@ 1000
o
500
0

250 °C 300°C 350°C

Figure 4.19 The response of Nb-doped ZnO gas sensor towards 4 ppm of NO, versus
the operating temperature. The composition of 0.50 mol% Nb in ZnO thin film shows

a maximum response of 1640 at 300°C.

The response and response time versus the NO, concentrations ranging from
0.1-4 ppm concentration based on ZnO nanoparticles at operating temperature of
300°C are shown in Figure 4.20. It can be seen that the semiconducting and gas-
sensing behaviors are strongly depending on the Nb doping concentrations in ZnQO
nanoparticles. By doping ZnO nanoparticles with Nb, the NO, response was increased
and response time was reduced. As the Nb doping concentration increases from 0 to
0.5 mol%, the response increases by more than two orders of magnitude and response
time decrease by more than a factor of three. However, the response and response
time are considerably degraded when the Nb doping concentration further increases

from 0.5 to 1.0 mol%. Thus, the optimum Nb concentration was 0.5 mol%.
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The detection range of 0.1-4 ppm of the Nb-doped ZnO nanoparticles is very

important in the context of experimental pollution monitoring. According to U.S.

Environmental Protection Agency (EPA) standard, the allowed NO, concentration in

normal ambient air is 53 ppb (0.053 ppm) while the allowed NO, concentration at

source is around 3 ppm. Thus, Nb-doped ZnO nanoparticles based sensors have

promising performance of environmental monitoring of NO,. The 0.5 mol% Nb-

doped ZnO sensor gives a good sensitivity of ~35 at 100 ppb and minimum detection

limit can be estimated to be 20 ppb (at a sensitivity of ~1.1). It should be noted that

the lowest tested concentration is presently limited at 100 ppb due to the gas mixing

capability of our system and this limit will be reduced by the use of lower

concentration NO; standard gas in the future.
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Figure 4.20 Variation of response (left) of NO2 concentrations (0.1-4 ppm) and

variation of response times (right) with change in resistance at 300°C.
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The dynamic changes of resistance to C;HsOH concentrations ranging from 50
~1000 ppm concentration based on ZnO films with difference Nb contents at operating
temperature of 350°C were shown in Figure 4.21 and the response were shown in
Figure 4.22. It can be seen that the resistant of all ZnO sensors increased upon the
exposure to NO, which is a reducing gas, indicating that both the pure ZnO and Nb-
doped ZnO films show the typical n-type semiconductor behavior. Comparing to pure
Zn0 film, all Nb-doped ZnO films had much higher resistance when exposed to

C2HsOH. In addition 0.50 mol% Nb-doped ZnO film showed the highest response

towards C;HsOH.
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Figure 4.21 Dynamic response of pure ZnO and 0.25, 0.50 and 1.00 mol% Nb-doped

Zn0 gas sensor towards 50-1000 ppm C,HsOH gas square pulses at 350°C.
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Figure 4.22 Variation of response of C,HsOH concentrations (501000 ppm) with

change in resistance at 350°C.

The dynamic changes of resistance to acetone concentrations ranging from
50-1000 ppm concentration based on ZnO films with difference Nb contents at
operating temperature of 350°C are shown in Figure 4.23 and the response were shown
in Figure 4.24. It can be seen that the resistant of all ZnO sensors increased upon the
exposure to acetone which was a reducing gas, indicating that both the pure ZnO and
Nb-doped ZnO films show the typical n-type semiconductor behavior. Comparing to
pure ZnO film, all Nb-doped ZnO films had much higher resistance when exposed to
acetone. In addition 0.50 mol% Nb-doped ZnO film showed the highest response

towards acetone.



1E+093
E e PUTE 20O
] Acetone 350°C e () 25 mol% Nb-doped ZnO
= = () 50 mol% Nb-doped ZnO
1E+085- —— 1.00 mol% Nb-doped ZnO
G :
(++] —
e .o
E1E"Of§—
2 =
w -
Q =
o .
1E+064F
1E+05 lflilll%!lI%III%III%III:IIIJ]III%Ill%lll%Tll{lll:lll

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Times (min)

Figure 4.23 Dynamic response of pure ZnO and 0.25, 0.50 and 1.00 mol% Nb-

doped ZnO gas sensor towards 50-1000 ppm acetone gas square pulses at 350°C.
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Figure 4.24 Variation of response of acetone concentrations (50-1000 ppm) with

change in resistance at 350°C.
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The dynamic changes of resistance to CO concentrations ranging from
50-1000 ppm concentration based on ZnO films with difference Nb contents at
operating temperature of 350°C are shown in Figure 4.25 and the response are shown
in Figure 4.26. It can be seen that the resistant of all ZnO sensors increased upon the
exposure to CO which is a reducing gas, indicating that both the undoped ZnO and Nb-
doped ZnO films show the typical n-type semiconductor behavior. Comparing to pure
Zn0 film, all Nb-doped ZnO films had much higher resistance when exposed to CO.

In addition 0.50 mol% Nb-doped ZnO film showed the highest response towards CO.
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Figure 4.25 Dynamic response of pure ZnO and 0.25, 0.50 and 1.00 mol%

Nb-doped ZnO gas sensor element from 50-1000 ppm CO gas square pulses at 350°C
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Figure 4.26 Variation of response of CO concentrations (50-1000 ppm) with change

in resistance at 350°C.
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Figure 4.27 Variation of response with concentration of NO, (4 ppm), CO, C;HsOH
and acetone (1000 ppm) at 350°C for sensor of pure ZnO as compared to 0.25, 0.50

and 1.00 mol% Nb-doped ZnO.
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From Figure 4.27, 0.5 mol% Nb-doped ZnO gas sensor has good gas
selectivity to 4 ppm of NO, concentration of 98.5 at 350°C. The response of 0.5 mol%
Nb-doped ZnO sensing films towards C;HsOH, CO and acetone were 9.1, 2.4 and
19.8 respectively at 0.1 vol% concentration at 350°C. Therefore, 0.5 mol% Nb-doped
Zn0 gas sensor can be used for selective detection of these four gases. It should be
noted that C;HsOH, acetone and CO are selected for selectivity study because they
possess similar properties due to their comparable molecular weights (MW of

acetone, NO,, C,HsOH and CO are 58, 46, 46 and 28, respectively).

45  Conclusions

Pure ZnO and Nb-doped nanoparticles containing 0.25, 0.5 and 1 mol% Nb
were produced in a single step by FSP technique. The sensor performance of spin
coated ZnO thick film-based NO, sensor was enhanced by Nb-doping. ZnO
nanoparticles doped with 0.5 mol% Nb exhibited an optimum NO, response of ~1640
and a very fast response time (27 s) for NO, concentration of 4 ppm at 300°C. The
low NO; detection limit of 0.5 mol% Nb-doped was estimated to be 20 ppb at 300°C.
Furthermore the 0.5 mol% Nb-doped sensor films are highly sensitive to low NO,
concentrations (4 ppm) at 350°C. The sensing films showed lowef gas response to
other gases: CO (1000 ppm), C,HsOH (1000 ppm) and acetone (1000 ppm)
suggesting the use of 0.5 mol% Nb-doped sensing films for selective detection of

these four gases.
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