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The aim of the work was to obtain ZnO nanostructures with heightened surface area and to
study relationship between formation method and gas sensor properties towards propane-butane
mixture (LPG). In order to synthesize ZnO nanostructures chemical and physical formation
methods have been utilized. The first one was chemical bath deposition technology and the
second one magnetron sputtering of Zn followed by oxidation. Optimal method and
technological parameters corresponding to formation of material with the highest sensor
response have been determined experimentally. Dynamical gas sensor response at different
temperature values and dependencies of the sensor sensitivity on the temperature at different
LPG concentrations in air have been investigated. It has been found, that sensor response
depends on the sample morphology and has the highest value for the structure consisting of thin
nanowires. The factors that lead to the decrease in the gas sensor operating temperature have

been determined.
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1. Introduction

Zinc oxide (ZnO) is a promising material for applion in
optoelectronics [1], UV lasers [2], dye sensitizadar cells [3-5], photocatalysis
[6, 7] and et. Furthermore, it has already found applicatiom &ensitive layer of
cheap resistive gas sensors [8, 9]. Among diffegases, the possibility to control
propane-butane mixture (LPG) content in air is ighhimportance due to its high
explosiveness. This gas is widely used in integmhbustion engines, industry
and households.

There are only few papers devoted to investigatibsensor properties of
ZnO based structures towards LPG [10-21]. To thst bEour knowledge, in the
majority of publications the sensitive structuresrgvformed by chemical methods,
such as spray-pyrolysis [10-13], sol-gel [14], cieahbath deposition [15-20]. For
those methods, the gas sensor sensitivity hadreliffevalues, which can be
explained by the different surface area of the dasp

Besides that, in the above-mentioned publicatiafs20] the dependencies of
gas sensors sensitivity on the temperature have imeasured. The authors have
proved that the increase in the temperature up toerdain value leads to
enhancement in the sensitivity. However, the furteenperature growth results in
the decrease in the sensor sensitivity. Thus, tisesiga optimum temperature value
corresponding to the maximum sensitivity of the gimIn various studies, the
optimal temperature has value in range from 204G0 ° C. It is important to

emphasize, that these ZnO based sensors had naitisgguwhich naturally



eliminates the one of the possible reason forefisct - doping. Clarification of
the nature of this effect could be an importanp stavards the creation of low-
temperature ZnO based LPG gas sensors operatingaeveom temperature.

It is known, that ZnO formation method (chemicalphrysical) has strong
effect on the structural-phase state of the sangoldsthe ensemble of the defects
[22-24], which in turn, determine the structure elegent sensor properties of the
material. It can be assumed, that these charaatsrislso affect the gas sensor
properties of ZnO. Therefore, it is interestingdmmpare the sensor properties
towards LPG of the samples obtained by physicallgnchemical method.

This work is the starting point in our study of gsensor properties with
respect to LPG of various ZnO structures obtainedhiamical bath deposition and
by magnetron sputtering. The aim of the work isiébermine the optimal method
and technological parameters corresponding to foomaof material with the
highest sensor response, as well as to identifyatiers that lead to the decrease

in the sensor operating temperature.

2. Material and methods

In this study two different methods have been usedrder to obtain gas-
sensitive layers. The first was chemical bath dgpos[25, 26]. The second one
was magnetron sputtering of zinc followed by oxioiat

Chemical bath deposition was carried out by imnmgrshe substrate in an

agueous solution containing a zinc nitrate preaufZn(NQG;),) at a concentration



of 0.1 M under continuous magnetic stirring. Tbiigon was heated to 9C and
kept at this temperature for a certain time. Tontaan the pH of the solution at 10
level, ammonia solution (N4DH) was slowly added to the mixture. To investigate
the dependence of the surface on the sensor pexpdne deposition time was
varied from 60 min to 120 min and two series of gka® were obtained assigned
as (Che60) and (Ch120).

The second method consisted of two stages. At finst layers were formed
using magnetron sputtering of zinc target in higinty argon atmosphere. In this
case, the modified magnetron sputtering method wtiéized, which consisted in
reverse flows of the sputtered substance depod@dh Two sets of the samples
were obtained at the discharge power values 15WM5P and 30 W (Ph30). The
working gas pressure was 8 Pa and the depositma 60 min for the both
experiments. On the second stage, obtained stasctuere oxidized in oxygen
atmosphere at pressure 5'Ha and temperature 400 °C. The above oxidation
conditions allow to save the initial layers morggp almost unchanged [28].

Structural investigations of the samples were edrrout using an X-ray
diffractometer (Bruker D8 Advance) with Ni-filterd€ radiation of copper anode
in a range of angles 20° &280°, where 2 is the Bragg angle. XRD patterns were
normalized to the intensity of the (002) peak d& trexagonal ZnO phase. Phase
analysis was performed by comparing interplanaiadises and relative intensities
of the investigated samples with the standard aoogrto JCPDS 79-0207 [23].

The X-ray beam was focused using the Bragg—Brentatbod.



The texture quality of the ZnO films was estimatexing Harris method [24,

25]. The pole density was calculated using the &gua

P= (Ii/IOi) , 1)(
L3014

N =

wherel, and |, are the integral intensity of thieth diffraction peak for the
investigated film and for the standard, respegivilis the number of lines in the
diffraction pattern. Then we built the dependernegersus(hkl); andP; versusy.
Here ¢ is the angle between the chosen direction and aotoncrystallographic
planes corresponding to the reflection in the XRddtgrn and(hkl); are Miller
indices. This angle was calculated for the hexagtatace, using the equations
given in Ref. 25. The axis of the texture has iadicorresponding to the maximal

value ofP;. The orientation factor was estimated via equation

f :Jﬁi(ﬁ " 2)(

i=1
The interplanar distances of ZnO wurtzite structweze found from the position
of K, component of all of the most intense lines presetiie XRD pattern.

In order to investigate the gas sensor propertles,samples were placed
inside a quartz reactor, which was equipped witlistive heater outside. Before
the sensor test, the samples were heated to thedléemperature value. The
temperature was regulated by chromel-alumel theoonale with an accuracy of
1 °C. The samples were contacted by molybdenum-gjakeéd contacts and the

voltage 5 V was applied. After that, the value leé turrent passing through the



sample was measured at different concentrationagane-butane in air inside

the quartz reactor.

3. Resultsand discussion

The morphologies of ZnO samples produced usingdifferent methods are
presented in the Fig.1l. Zinc oxide layers obtaittedugh the decomposition of
zinc nitrate precursor in the presence of complgen& via chemical bath
deposition consist of hexagonal rods that havesiifit inclination angles to the
substrate surface. At the same time, the increasieei reaction time from 60 min
(Fig 1a) to 120 min (Fig 1b) leads to the increasthe thickness (from 0.2-0.8 um
to 1.0 - 1.9 um) and in the rods length. Besides, tthe merging of the gaps
between rods by thin lamellar crystallites is olsedr which leads to the formation
of a very porous layer. The samples prepared bynetagn sputtering followed by
oxidation, also have a developed surface. At tiehdirge power 15 W, a porous
structure consisting of interconnected particlegy.(Ac) was formed. With an
increase in the discharge power up to 30 W, a tstreicconsisting of nanowires
with a diameter of 100 - 300 nm start to grow (Ed).

The phase analysis of the samples produced by chEbath deposition and
magnetron sputtering has shown that the layers haxagonal structure of ZnO.
The maximum intensity has the reflections from tingstallographic plane (001)
which indicated the presence of growth texture JO&i#inciding with the crystal

lattice axis. In addition, we have registered fairitense lines at angles 31.65°,



36.13% and 47.52° in the diffraction patterns. yrheere identified as the
reflections from (100), (101), (102) ZnO wurtziteupes, respectively [JCPDS 79-

0207].

Figure 1. SEM images of ZnO films produced by cleinbath deposition
at different reaction time: 60 min (a), 120 min;(@hd by magnetron sputtering at

different discharge power: 15 W (c) and 30 W (d).

Furthermore, in the XRD patterns of ZnO produced dhemical bath
deposition, the presence of another phase was folinedvas identified as
reflections from (311), (020), (021) planes of.,OZNs compound. [JCPDS
024-1460, 30]. This fact can be explained by redidediment incorporation into

the crystalline lattice of the film during the chieal reaction.



The pole density and the orientation factor cakmos of the hexagonal
phase of ZnO films (Fig. 2b) confirmed the preseoic02] axial growth texture
for the samples obtained by both methods. This tirdexture is typical for ZnO
films. Furthermore, the orientation factor valuesé shown that the crystallinity
of the films produced by chemical bath depositi®mmproved by increase in the
deposition time from 60f(= 0.45) min to 120 minf(= 1.1) and in the layer
thickness correspondingly. The same dependence obasrved for the ZnO

samples obtained by magnetron sputtering (Ph1®.6%, Ph30: f = 0.76).
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Figure 2. XRD patterns (a) and the dependencig¢seopole density on the
anglep between the texture axis and the normal to thieatdn plane for ZnO
films obtained by chemical bath deposition (60 i) and 120 min (2)) and

magnetron sputtering 15 W (8)30 W (4).

It has been established, that measurement of thesg@asor properties was
hard to implement for freshly prepared sampleshmnucal bath methods. In this
case, even at constant environment conditions ghe\of the current through the

sample changes significantly. From our point ofwié is caused by presence of
8



residual impurities, which contaminate the sampldse presence of other than
ZnO phases was also confirmed by X-ray diffractmeasurements. However,
after one hour annealing in air atmosphere at &)Q@tfe impurity phases disappear
from the X-ray diffraction pattern and the currstebilizes at a constant level.

The gas sensor sensitivity was defined as therratiaghe current through the
sample in air containing propane-butane mixtureledired concentration to the
current value in pure air atmosphelgd/l.;). The measurements were performed
in the temperature range from 300 °C to 450 °C wi@th°C step. The gas sensor
tests have shown, that an increase in propaneutancentration leads to an
increase in the current value (Fig. 3). After thas gnixture introduction, the
current dependencies have very similar characterafioof the samples. It is

necessary to point out, that the current valualstab after about 10 min.
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Figure 3. Dynamical response at different tempeeatalues of the samples
Ph30 (a) and Ch60 (b) during puffing and pumpingiotontaining different LPG

concentrations (0%, 0.2%, 0.5%, 0.7%).
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Figure 4. Dependencies of the sensor sensitivitghentemperature for the

samples Ch60 (a), Ch120 (b), Ph15 (c), Ph30 (difi@rent LPG concentrations in

air.

It has been determined experimentally, that regasdlof the deposition
method the gas sensor sensitivity has negligiblglismalues below 300 °C (Fig.4).
The increase in the temperature up to 350°C graatignsifies the samples
sensitivity, which continues to grow even at higlhemperature values up to
450°C. Thus, the distinctive feature of our sampilesomparison to ZnO based
LPG sensors reviewed in the literature [10-20this absence of the characteristic
maximum on the sensitivity versus temperature degecies. For conventional

sensors such maximum is observed in range of texyres from 200 to 400 °C.
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The above described tendency toward monotonic aserén the gas sensor
sensitivity is observed for all of the samples. Jhat the first sight it seems that
the sensor properties are not affected by the deposnethod. However, it is
necessary to point out, that all of the samplesevgeibjected to annealing. The
samples Ch60, Ch120 were annealed at 500 °C i twdexclude impurities and
Ph15, Ph30 were kept at 400 °C with purpose testoam Zn into ZnO. It is well
known, that annealing can greatly influence stmecphase state, the surface
morphology, and the defect structure of ZnO filn84-B4]. That is why, the
monotonic character of the sensor sensitivity towdtPG can be explained by
their annealing and corresponding assembling ofdiéfect in the samples. But,
this assumption requires additional prove. If tdes the samples according to
their gas sensor sensitivity, we obtain: PhRi®h120— Ch60— Ph30 (Fig. 5).
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Figure 5. Dependencies of the sensor sensitivity diferent LPG

concentrations at 450 °C.
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The result is quite predictable from their morplyyloThe highest response
has the sample Ph30 that consists of thin ZnO naeswand has the largest value
of the surface area to the volume ration. The $a@p60 has structural elements

of bigger size, and as a result has lower gastsatysvalue.

4. Conclusions

The sensor properties of ZnO films with developadaze obtained by two
different methods have been investigated. The dingt was chemical bath method
and the second magnetron sputtering followed bystaples oxidation. It has
been established, that the presence of propanedumaxture in air atmosphere
causes decrease in the samples resistance. The fbimmed by chemical bath
method need annealing before the sensor testsder do eliminate residual
impurity phases and in such a way to stabilizectireent value. It has been shown,
that the gas sensor sensitivity differs signifibafdr various samples. This fact is
caused by different values of the surface areadwolume ratio. Besides, the time
required for the resistance and the temperatureaoh stable values at which the
sensor properties start to observe is the samalf@f the samples. It has been
found, that the increase in the temperature inrdmge from 300 °C to 450 °C
causes corresponding increase in the gas senseitiagn The absence of
maximum on the sensitivity versus temperature degecies for the samples
obtained by the both methods can be explained &y #nnealing at 400°C and

500 °C.
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Highlights

. ZnO porous nanostructures have been synthesized by chemical and physica
methods;

. influence of deposition method on sensor properties to LPG has been studied;

. it is shown that LPG sensor response depends on the porous layer morphol ogy.
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