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Abstract

A three-dimensional network of ZnO tetrapods was fabricated on a quartz substrate. The interconnected tetrapods, having legs with length of
several wm and diameter in the 0.1-1 wm range, were synthesized via a simple thermal oxidation reaction. Zn powder was heated in a furnace at
a temperature of 900 °C and was made to react with air and water vapor. The content of water vapor in air was found to control the adherence
onto the substrate and the morphology of the deposited layers. The layers developed a grain structure or a porous structure made of interconnected
tetrapods, depending on the content of water vapor in air. The network of tetrapods which was obtained for a small content of water vapor formed
a highly porous layer with a high surface to volume ratio. The tetrapod network was tested as a gas sensing element by measuring changes in its
electrical resistance upon exposure to ethanol. The responses to ethanol were investigated as a function of the layer temperature and the ethanol
concentration. The optimum temperature of the tetrapod network layer was found to be 400 °C, at which ethanol concentration as low as 0.5 ppm

was easily detected. The tetrapod network exhibited a 10-fold increase in sensitivity when compared with a ZnO polycrystalline thick film.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Zn0, a II-VI compound semiconductor, has found a multi-
tude of applications as a result of its wide and direct band gap,
its high exciton binding energy at room temperature, its ease of
fabrication and its good safety record (for areview see, for exam-
ple [1,2]). Synthesis of ZnO nanostructures [3—6] has revealed
more fields in which this material can be utilized. ZnO nanos-
tructures have potential uses in catalysis [7,8], in field electron
emission [9], in gas sensing [10,11] and in hydrogen storage [6].
Tetrapods were the first nanostructures of ZnO to be synthesized
[3], but it is only recently that their photoluminescence [5] and
gas sensing properties [11] have been investigated. Other ZnO
nanostructures such as nanorods [4] and nanowires [6,10] have
been produced in the form of powder. Investigations into the gas
sensing properties of these nanostructures were conducted on
thick layers prepared from powder of tetrapods and nanowires
[10,11]. The method used in the fabrication of a gas sensing
element from nanostructured powder typically consists of the
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following three steps: (1) ultrasonic dispersion of the ZnO nanos-
tructured powder in a solution (may contain an adhesive), (2)
layer deposition by spray or spin coating of the dispersed mate-
rial, and (3) drying/curing of the resulting layer. In this paper,
we report the direct deposition on quartz substrates of thick lay-
ers consisting of interconnected tetrapods of ZnO forming a
three dimensional network. The crystal structure and morphol-
ogy of the thick layers are characterized, and the layer electrical
responses to ethanol vapor are investigated as a function of the
layer temperature.

2. Experimental

Thick ZnO layers were prepared via a thermal oxidation reaction in air from
Zn powder (Nilaco, 99.9998% purity) placed in a quartz tube heated in a furnace
using the experimental setup depicted in Fig. 1. The furnace temperature was
controlled at £1 °C and had a temperature gradient of 3°Ccm™! at 1000°C in
the heating zone. The furnace temperature was set at 900 °C as it was found in
our previous study [12] that the thermal oxidation reaction which starts at a tem-
perature of >~ 900 °C produces a high yield of nanostructures. The fabrication
process did not rely on metal catalysts. In this study, the effects of air flow and
its humidity content on the layer morphology are investigated. Four layers were
fabricated under the conditions summarized in Table 1. Gas circulation in the
furnace quartz tube was obtained either by thermal convection (quartz tube aper-
tures kept open) or by forced convection (quartz tube aperture connected to an
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Fig. 1. Schematic of the experimental arrangement for the fabrication of the
ZnO layers.
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Fig. 2. Schematic of the measurement setup used to record gas responses.

air cylinder through a mass flow controller set at 100 standard cubic centimeters
per minute). Humid air was obtained by three means (1) using ambient air, (2)
using a humidifier, and (3) bubbling dry air through pure water. The amount of
humidity in the circulated air was varied from nearly 0 to about 30 gm~>. The
reaction products consisted both of powder deposit and layer deposit. Powder
samples obtained using thermal convection under low humidity conditions have
been analyzed elsewhere [12]. The four fabricated layers, denoted A, B, Cand D,
with a texture resembling that of frosted glass diffuser were deposited on quartz
substrates and used as sensing element in trace gas detection experiments.

The crystal structure of the fabricated layers was analyzed using X-ray
diffraction on a MacScience instrument operating with the Cu Ko radiation and
recording 626 scans with a 0.02° resolution on 26. The sample morphology
was investigated using a Scanning Electron Microscope (SEM Hitachi S2400
operated at an acceleration voltage of 20 kV). The samples were investigated for
the presence of impurity with X-ray fluorescence analysis (Horiba, XGT5000).
The structural analysis results of our ZnO layers were compared with those of a
reference ZnO powder (Koch Chemicals, 99.999% purity).

The gas sensing characteristics of the fabricated ZnO layers deposited on
quartz substrates (20 mm x 10 mm) were investigated using the experimental
setup of Fig. 2. The variation in resistance of the thick ZnO layers upon expo-
sure to ethanol vapor was recorded as a function of the layer temperature. The
resistance of the sensing element was determined using a standard voltage divider
circuit in which the sensing element was connected in series to a resistance of
1 M2 and to a constant voltage source of 10 V. The material of the sensing ele-
ment was found ohmic in the voltage range used in this study (1-10 V). The
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Fig. 3. X-ray diffraction data of fabricated ZnO layers (denoted A, B, C and D
in the figure), together with that of the ZnO reference powder (denoted STD).

gas flow was generated by circulating pure air from a cylinder (air purity better
than 100 ppb for the total hydrogenated carbon content) into a permeater (Gastec
PD-1B-2, double line) containing a diffusion tube with liquid ethanol at a fixed
temperature. All experiments used the same constant gas flow of 0.5 L min~".
The gas concentration relative to pure air was controlled by varying the tem-
perature and the size of the diffusion tube which contained the ethanol. The
concentration of ethanol in air can be computed using the temperature, the par-
tial pressure of the ethanol vapor, and the diffusion tube dimensions. Ethanol
concentration varied in the range of 0.5-50 ppm. The second separate chamber
of our double line permeater was used to generate a flow of pure air at the same
temperature as that of the flow of ethanol vapor in air. The flow in the flask can
be switched from pure air to ethanol vapor in air by using a valve. The flask
where the sensing element was tested had a volume of 1 L. The temperature of
the sensing element was controlled by a heater for use in vacuum systems, so
that degassing from the heater itself was kept to a minimum. The temperature of
the heater was calibrated against the temperature of the sensor element. Stainless
steel and Teflon, both materials inert to the investigated gas mixtures, were used
exclusively in connecting the different elements of the gas sensing setup (air
cylinder, pressure regulator, permeater, mass flow controller and flask). Finally,
the flask and the heater were baked for half a day prior to gas experiments so as
to ensure minimum contamination.

3. Results

X-ray diffraction data for the four samples and the reference
powder are shown in Fig. 3. The observed peaks of the ref-
erence ZnO powder sample could be indexed to the hexagonal
wurtzite structure of the ZnO, with cell parameters of a = 3.249 A
and ¢=5.207 A [13]. Samples A and D exhibited very similar
diffraction data to that of the reference powder sample, strongly

Table 1
Fabrication conditions of the ZnO samples
Sample
A B C D
Furnace temperature 900°C
Gas flow Natural convection 100 sccm
Water content ~5¢g m~3 (ambient air) ~30g m~3 (humidifier) ~10g m™3 (bubbling in water) Og m™3 (pure air)
Reaction time 30 min
Process repetition 3 3 1 3

The masses of water vapor per unit volume of air computed from the measurements of air temperature and air relative humidity are given as estimates. For layers
A and B, the deposition process was repeated so as to obtain a sheet resistance at room temperature less than 100 M. For sample D, poor adherence on the quartz

substrate was observed.



J.-J. Delaunay et al. / Materials Chemistry and Physics 104 (2007) 141-145 143

=i 10 pm

=] pum

Fig. 4. Low magnification (left) and high magnification (right) SEM images of the ZnO samples A, B, C, and D. SEM observations were conducted without a

conductive layer for all samples (FE-SEM was used for sample D).

indicating that these samples were in the wurtzite structure. The
relative intensities of the diffraction peaks of samples A and D
were in fair agreement with those tabulated in standard powder
diffraction data [14], indicating that these samples consisted of
nearly randomly oriented crystals of good quality. For samples
B and C, the predominant intensity of the (00.2) peak is evidence
for a preferred growth of the ZnO crystals in the crystallographic
c-axis direction, a characteristic commonly found in the growth
of thick ZnO films and attributed to a higher growth rate in that
direction (see, for example [15,16]).

XFA analysis of our samples revealed no metallic impurities
above the detection limit (~0.01 at.% level), which confirmed

that our layers were synthesized without metallic catalysts. Note
that a self-catalyst mechanism in the growth of ZnO nanostruc-
tures by thermal oxidation of Zn may be at play [9].

The SEM images of Fig. 4 revealed different morphologies
for samples A, B, C, and D. Sample A consisted mainly of
interconnected tetrapods having legs with length of several pm
and diameter in the 0.1-1 wm range. A few microplates were
also observed in sample A. Sample B showed a typical grain
structure of polycrystalline thick films, with grain size in the
1-10 wm range. A close inspection of the surface of sample
B revealed cracks, which were very likely developed during
the sample cooling due to the difference in thermal expansion
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Fig. 5. Variation in the “sheet” resistance of sample A upon exposure to ethanol
recorded at a layer temperature of 400 °C.

coefficients of ZnO and quartz. The preferred c-axis orientation
found in the X-ray data of sample B can be explained by the
formation of a thick film for which a texture was developed.
The SEM image of sample C revealed both characteristics of
samples A and B with a grain structure at the bottom of the layer
and tetrapods attached on the top of the layer. The tetrapods of
sample C were larger in size than those of sample A and were
randomly oriented. The SEM observation and the X-ray data
indicated that sample C consisted of a combination of c-axis
oriented grains and randomly oriented tetrapods. For sample D,
very little material was deposited onto the substrate, resulting
in an island like structure with no texture. Poor adherence of
ZnO on the quartz substrate for sample D was attributed to the
absence of water. Reaction of Zn and water in an Ar flow was
used to form nanostructures [4,11], but the effect of water when
mixed in air on the ZnO nanotsuctures has not been studied. We
concluded that water content very likely promoted the formation
and the adherence onto the quartz substrates of ZnO nano/micro
structures.

The three-dimensional network of tetrapods of sample A
formed a highly porous structure with a high surface to volume
ratio, making it an ideal candidate for use as a high-sensitivity
gas sensing material. The surface to volume ratio of the fabri-
cated samples ranked as follows: sample A >C>B.

The changes in resistance upon exposure to ethanol of sam-
ples A, B, and C were recorded using the setup of Fig. 2. Fig. 5
shows the change in resistance (‘sheet resistance’) of sample A
operating at a temperature of 400 °C for the ethanol concentra-
tions of 0.5, 5, and 50 ppm. It is noted that ethanol concentration
as low as 0.5 ppm was easily detected. The layer response to gas
is defined here as the ratio between layer resistance in air and the
layer resistance in gas. The gas responses of samples A, B, and C
were examined as a function of the layer temperature for a con-
stant ethanol concentration of 50 ppm. The responses obtained
for a temperature series of 200, 300 and 500 °C are plotted in
Fig. 6(a). The optimum operating temperature was 400 °C for
samples A and C, and 500 °C for sample B. The difference in the
optimum operating temperature between the tetrapod network
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Fig. 6. Response to ethanol of the fabricated ZnO layers as a function of: (a)
the operating temperature and (b) the ethanol concentration. The variations in
response with the operating temperature are shown for a constant ethanol con-
centration of 50 ppm. The variations in response with concentration are shown
for the optimum operating temperatures obtained at 50 ppm ethanol.

(sample A) and the polycrystalline film (sample B) may point to
some difference in the sensing mechanisms between the tetra-
pod network and the polycrystalline film, the latter being known
to be determined by grain boundary conductivity [17]. The gas
responses of the fabricated samples recorded at the optimum
layer temperature for the ethanol concentrations of 0.5, 5, and
50 ppm are shown in Fig. 6(b). The sensitivity to ethanol, as
defined by the slope of the loglog response—concentration curve
in Fig. 6(b), was 0.4 and 0.04 ppm~! for sample A and sam-
ple B, respectively. The porous network of layer A exhibited
a 10-fold increase in sensitivity when compared with the thick
film of layer B. This increase in sensitivity is very likely driven
by the increase in the surface-to-volume ratio of the tetrapod
network structure. The gas sensing mechanism in metal oxide
semiconductors relies on oxygen ion adsorption at the surface of
the semiconductor and subsequent oxidation of the analyte gas
by the adsorbed oxygen ions. In our n-type ZnO semiconductor
[12], adsorption of oxygen ions takes electrons from the con-
duction band, whereas oxidation of gas molecules by adsorbed
oxygen ions releases electrons. Oxygen ion adsorption and ana-
lyte gas oxidation by adsorbed oxygen ions are thus related to
a decrease and an increase in carrier concentration. This gas
sensing mechanism is governed by the amount of surface avail-
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able for reaction, as well as the physico-chemical properties of
the surface. The network of ZnO nanostructures may provide
a means to drastically increase the surface available for reac-
tion compared with those of materials in the bulk or film form.
Further investigations are necessary to quantify the respective
contributions of geometric characteristics and physico-chemical
properties to sensitivity.

Comparison of sensor performance between different works
is made difficult by the use of different measurement setups
as well as different measured ranges of ethanol concentration.
A rigorous comparison can only be conducted using data col-
lected under the same experimental conditions. With this in
mind, we compare our results with those reported in the liter-
ature. Responses to ethanol have been reported for two types
of sensors: (1) sensors made of ZnO ceramic material [17]
and (2) sensors fabricated from paste of nano/micro structured
ZnO materials [10,11], for which sensitivity was computed from
the published response data. Our tetrapod network (sample A)
offered improvement in response by a factor 20 at 100 ppm
over standard ZnO ceramic material [18]. The response val-
ues of sensors fabricated from paste of nano/micro structured
powders (2 at 1 ppm for [10] and 25 at 50 ppm for [11]) were
close to those of sample A. The sensitivity of our sample A was
4 times higher than that reported for the sensor element pre-
pared from a paste of tetrapods in [11] (sensitivity estimated
at 0.09 ppm~! from their Fig. 5(a)). The use of an adhesive
in the preparation of this sensor element may explain its rela-
tively smaller sensitivity. The effect of adhesives on gas sensor
responses has not been documented to our knowledge. Sample A
sensitivity was 1.3 times higher than that reported for the sensor
prepared from a paste of nanowires in [10] (sensitivity estimated
at0.3 ppm~! from their Fig. 4(a) using the data in the 1-100 ppm
range). It is remarkable that sample A showed a better sensi-
tivity than a sensor prepared from nanowire powder because
the surface to volume ratio of the nanowires should be higher
than that of the tetrapods. This may be explained by the use of
ethanol as a solvent in the preparation of the paste which likely
degrades the sensor performance in detecting low concentration
of ethanol. The sensitivity to ethanol of our sample A compared
favorably with other sensor elements prepared from paste of
powders, indicating that our sensor elements obtained by our
direct fabrication process are well suited to gas detection at low
concentration.

4. Conclusions

A three-dimensional network of ZnO tetrapods was fabri-
cated on a quartz substrate via a thermal oxidation reaction.

The fabrication process does not rely on the preparation of a
paste from ZnO powder and its subsequent drying. The ZnO
tetrapod network was deposited directly onto a quartz sub-
strate via a thermal oxidation reaction in air from Zn powder
placed in a quartz tube heated in a furnace. The morphologies
of the fabricated layers were found to depend on the content
of water in air. A high content of water in air promoted the
growth rate forming a polycrystalline thick film, whereas no
water vapor yielded almost no deposit. The tetrapod network
was obtained for a small content of water of a few gm™3. The
fabrication process did not rely on any external metal cata-
lyst. The tetrapod network formed a highly porous structure
with a high surface to volume ratio that was used as a gas
sensing element. The optimum layer temperature for ethanol
detection was found to be 400°C for the tetrapod network
structure and 500 °C for the polycrystalline thick film. Ethanol
concentration as low as 0.5 ppm was easily detected using the
tetrapod network structure at its optimum operating temperature
of 400 °C. The gas sensitivity of the tetrapod network was found
to be 10 times that of the thick ZnO film, pointing to superior
properties of the tetrapod network over standard gas sensing
elements.
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