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Growth and properties of ZnO nanorods by RF-
sputtering for detection of toxic gasesf
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There is a strong demand for nanostructured materials prepared by an industrially-scalable technique. The
current work is devoted to the preparation of ZnO polycrystalline nanorods using RF sputtering at 400 °C
and Sn droplets as a catalyzer layer, for highly sensitive gas sensors. Nanorods with diameters ranging from
100 to 200 nm can be tailored by changing the RF power and the deposition time. Raman and PL
spectroscopy indicate that the material obtained is ZnO, with a characteristic emission spectrum in the
UV region and in the visible. The functional properties of the ZnO nanorods were investigated by
studying the response to CBRN (acetonitrile and DMMP), explosive (H,), and pollutant gases (H,S,
acetone, and NO,) in the temperature range 200-500 °C. The sensors showed good response to

rsc.li/rsc-advances

A Introduction

Nanoscale semiconductors with controlled morphology and
structure are thoroughly investigated due to their promising
potential applications in the fabrication of novel functional
devices. Among nanostructured materials, one dimensional
(1D) metal oxides have received enormous attention due to their
high surface to volume ratio, that can be exploited to enhance
surface reactions and gas adsorption.

ZnO is a wide band gap semiconductor (E, = 3.37 eV), with
high exciton binging energy (60 meV), that shows interesting
optical properties at room temperature.”” ZnO has been inves-
tigated for applications in light emitting diodes (LED),** dye
sensitized solar cells, biosensors,” and piezoelectric
nanogenerators.®

For gas sensing application, ZnO is one of the most inter-
esting oxide that was used both for conductometric and optical
transduction sensors.”'® Detection principle is based on the
interaction of gas molecules with ionized oxygen species of O,
0 that are on the surface of ZnO in ambient air at a temper-
ature in the range 250-500 °C. The reaction of a reducing gases
with the ionized oxygen, releases an electron into the conduc-
tion band of ZnO, thus increasing carrier number. For
conductometric sensors, the variation is observed by reading an
increase in the current.**

ZnO 1D materials are usually synthesized as single crystal-
line nanowires by vapour phase growth technique and
hydrothermal growth,"” while they are prepared as
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reducing gases at higher temperatures (500 °C) and to NO, at lower temperature (200 °C).

polycrystalline nanorods by plasma enhanced chemical vapour
deposition (PECVD),** electrochemical anodization*® and RF-
sputtering.'¢*

Among the cited techniques, sputtering deposition is a well-
known, cost effective technology that can be used in large scale
plants. Despite this, there are in literature few works that deal
with ZnO nanorods prepared by sputtering: ZnO nanorods were
grown at low temperature starting from rough Cu layer,' Ga
doped ZnO buffer layer,”” of FTO (Fluorine Tin Oxide) thin
film."™ We recently demonstrated that ZnO nanorods were ob-
tained by RF sputtering on magnetic Co/Sn layer:'* in this case
the use of relatively low temperature during growth, allowed to
maintain the magnetic properties of the Co layer.

To date, no extensive investigation is present on the growth
of ZnO nanorods using a Sn catalyzer. The current paper aims to
investigate the growth parameters of ZnO nanorods with Sn
catalyzer on an insulating substrate (alumina), and to correlate
the physical and morphological properties of the material with
its functional properties. Among different gases that can be
detected by ZnO gas sensor,”*** the current work focuses on
dangerous or poisonous gases: H, is an explosive gas produced
in industrial reactions, Dimethyl Methyl Phosphonate (DMMP)
is a simulant of sarin nerve agent (concentration around ppm),
NO, is an air-pollutant, H,S is toxic and bad tolerated due to
rotten-egg smell, acetonitrile is a simulant for hydrogen cyanide
compounds.

B Experimental
Nanorods preparation by RF sputtering

ZnO nanorods were deposited by RF magnetron sputtering
system onto 3 x 3 mm?® Al,O; substrates. A seed layer of Sn was
deposited from Sn target, maintaining the substrate at 400 °C:

This journal is © The Royal Society of Chemistry 2018
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Table1 Samples name and deposition conditions. Ar pressure during
deposition was 10~2 mbar for all sensors

Sample name Deposition power (W) Deposition time (min)

ZNOS10 100 10
ZNOS11 100 15
ZNOS12 150 10
ZNOS13 150 15

since the temperature is higher than Sn melting point, it grows
as droplets on the alumina substrate. The droplets act as the
catalyst for the subsequent growth of the ZnO nanorods. High
pressure deposition (107> mbar) induced columnar growth
resulting into ZnO nanorods. The RF power was varied from 100
to 150 W, while the deposition time was varied from 10 to 15
minutes, as resumed for clarity in Table 1 along with samples’
names. The conformation of the obtained layer was very porous
due to nanorods formation. The thickness was not measurable
with conventional method like profilometer, yet a thicker layer
of rods is expected for longer deposition times.

For functional tests with gases, Pt interdigitated electrodes
and heater were deposited by RF magnetron sputtering. A Pt
meander was deposited on the back-side of the substrate to
provide heating by Joule effect. Before the tests, the sensing
layers were aged on the TO-5 case by heating the sensors at
500 °C in ambient air for two weeks.

Electron microscopy characterization

The samples’ morphology was investigated by scanning electron
microscopy (SEM, Zeiss LEO 1525) in conventional mode
(recording the secondary electrons with an InLens detector)
with an accelerating voltage of 10 kv.

Raman and photoluminescence spectroscopy

Photoluminescence (PL) and Raman spectra were collected
using a modular micro-Raman confocal system from Horiba,
equipped with a single monochromator and a Peltier-cooled
charge-coupled device camera. A solid state laser at 325 nm
(PL)/442 nm (Raman) wavelength was used as the excitation
source, along with interference filters on the laser lines and
edge filters on the signal. For Raman spectroscopy, a 100X
objective and 1800 I mm ' grating were used. For PL spectros-
copy, a 40x UV objective and 600 | mm ™" grating were used.

Functional characterization

Sensing tests were performed in a stainless steel test chamber
(1000 cm?) at an ambient temperature of 20 °C, at atmospheric
pressure, using a constant flux (300 cm® min~') with 30%
relative humidity (RH). Gas species (acetone, DMMP, acetoni-
trile, H,, H,S, NO,) were diluted in dry air and contained in
certified bottles. A constant bias (1 V direct-current) was applied
to the sensing film and the electrical current was measured by
a picoammeter (Keithley model 486).

Sensor were tested at constant temperature [300 °C-400 °C-
500 °C]. Relative response towards reducing gases (sensor
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response, R) was calculated as R = (Iy — Iy)/ly, where I is the
steady state current in gas and I, is the steady state current in
air. Relative response towards oxidizing gases was calculated as
R = (I, — Ir)/I,. Response (recovery) times were calculated as the
time needed to reach 90% (70%) steady state value in gas (air).
Due to the physical constraint of the test chamber (flow 300
em® min~" - and volume 1000 cm®) a complete exchange of the
chamber atmosphere takes more than three minutes, so shorter
response and recovery times cannot be evaluated in the present
setup.

C Results and discussion

The morphology of the as-grown ZnO layer was characterized by
SEM. Since the previous literature on ZnO nanorods showed
that there is growth at room temperature from porous copper
layer,"” Cu catalyzer deposited by sputtering was firstly tested;
because of low porosity of Cu layer, no directional growth of
ZnO was observed - Fig. 1(a).

Growth from FTO thin film at temperatures higher than
400 °C was reported in ref. 16 the authors postulated that the
locally presence of SnO on FTO surface decomposed at the
deposition temperature (400 °C) and the decomposed metallic
Sn reacts with the sputtered Zn to form the liquid phase. The
liquid droplets formed on FTO surface act as nucleation sites
for ZnO nanorods during sputtering. Taking inspiration from
the mechanism involving the liquid phase between Sn and ZnO
at temperatures higher than 370 °C (Sn melting point), in the
present work we used Sn as the starting seed.

The procedure followed was similar to that used to prepare
SnO, thin films sensors by RGTO (Reothaxial Growth and
Thermal Oxidation) technique: in that case a Sn layer is
deposited at 400 °C for about 2 minutes, resulting in droplet
growth because substrate temperature is higher than 370 °C,*
followed by oxidation in oven. For ZnO nanorods formation, the
need of much smaller tin droplets than those used for SnO,
RGTO thin films, suggested to use very short deposition time (5
s). We experimentally determined that increasing the deposi-
tion time of Sn to 10 s and 15 s Sn resulted in the growth of
a continuous ZnO film without nanorods development (not
shown). Fig. 1(b) shows early growth stages of the sample
deposited at 100 W. The alumina substrate is covered by
spherical agglomerates with dimension ranging around 50 nm;
in some regions tapered nanorods are observable. The nano-
rods growth direction is randomized with respect to the vertical
to the substrate.

As shown in Fig. 1(c) the thinnest rods were obtained by the
lowest RF sputtering power (100 W) and 10 minutes deposition
(Fig. 1(c)). In this case the diameter of the rod is around 80-
100 nm as can be observed in the inset at higher magnification.
Some rods are tapered towards the tip to a smaller diameter.
Several rods have the longer axes tilted with respect to the
normal to the substrate.

The diameter of the rod increased to 150 nm by increasing
the deposition time to 15 minutes (Fig. 1(e)). When the depo-
sition power increase to 150 W, the rod diameter increases to
140 nm for 10 minutes deposition - Fig. 1(d) - and 190 nm for
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Fig. 1

(a) Morphology of ZnO thin film deposited on Cu catalyzer: no nanorods formation can be observed. (b) High magnification images of

early growth stage for ZNOS10 acquired with the sample tilted at 30°; (c—f) top view of ZnO nanorods obtained by different deposition
conditions, along with high magnification image in the inset: (c) 100 W, 10 min (ZNOS10); (e) 100 W, 15 min (ZNOS11); (d) 150 W, 10 min (ZNOS12);

(f) 150 W, 15 minutes (ZNOS13).

15 minutes deposition - Fig. 1(f). In case of Fig. 1(d), the pres-
ence of a compact layer between rods can also be observed at the
bottom.

For 150 W deposition power, the rods are also more aligned
along the vertical to the substrate, with respect to the 100 W
condition.

Micro-Raman and micro-photoluminescence spectroscopy

The Raman spectroscopy was used to characterize the crystal-
line phase of the sensors (Fig. 2). Since the sensing material was
deposited on an alumina substrate, the signal from alumina
was also reported, as acquired from the substrate. A1(TO) mode
of the substrate at 418 cm ™" was used for spectra normalization.

All deposited ZnO nanorods showed the ZnO signature,
namely the EY'8" mode at 436 cm ™ (437 cm ™" in ref. 24), E, (LO)
at 583 cm ™, the 2" order multi-phonon combination of (E5'8"-
Ey™) at 328 cm ! and the second order band at 1152 cm™*, due
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Fig.2 Raman spectra of ZnO nanorods sensors deposited on alumina
substrate, compared to the substrate signal. Gray dotted lines corre-
spond to substrate vibrations, red dotted lines to ZnO vibrations.
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to optical combinations. A1(TO) mode at 574 cm ™ can also be
observed, superposed to the substrate mode, with higher
intensity for samples ZNO10, ZNO12 and ZNO13.

The EX” mode is outside the measurement range (99 cm ).
A;(TO) mode at 380 cm™ " is hidden by a substrate mode.

The samples ZNO12 and ZNOS13 shows higher intensity of
ZnO vibrations if compared to the substrate signal. This is an
indirect evidence that a thicker layer of nanorods is obtained at
150 W.

Photoluminescence spectroscopy allows to characterize the
emission properties of ZnO nanorods. ZnO has a strong emis-
sion spectrum at room temperature, dominated by near-band-
edge (NBE) emission in the UV range (around 380 nm) attrib-
uted to excitonic emission. Depending on the preparation
condition, a broad band in the visible range can be observed
from green to red, due to the presence of deep levels distributed
in the band gap region. The origin of visible emission in ZnO
nws is still debated: the defect involved could be a single ionized
oxygen vacancy,” an antisite oxygen,*® donor-acceptor
complexes or interstitial Zn.”” The spectra in Fig. 3 shows typical
NBE emission with a peak in the UV range and broad emission
from 500 to 700 nm. The peak observed around 760 nm is the
second order of the NBE peak.

A close-up on NBE peak is presented in the inset of Fig. 3.
The NBE peak position shifts from blue to red (380.8-381.3—
381.5-383.8 nm)-going from sample ZNOS10 to ZNOS13, and
this can be considered as an indication of the increased diam-
eter of the nanorods,* in agreement with SEM images (Fig. 1).

The ratio of the NBE to deep level emission (DLE) peak,
measured under constant laser power conditions, can be used
as an index of the quality of the nanostructures:* in the present
case it is higher for samples deposited at lower power (ZNOS10
and ZNOS11) and decreases for the samples deposited at 150 W
(ZNOS12 and ZNOS13).

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 PL spectra of ZnO nanorods sensors acquired at room
temperature. The ratio of the NBE emission over defect emission is
considered a measure of the crystalline quality of the ZnO. (Inset)
Detail of NBE emission: a blue shift in the peak position can be
observed going from sample ZNOS13 to ZNOS10. Dotted lines are
merely a guide for the eye.

Gas sensing tests

The gas sensing tests were carried out to test the performances
of ZnO nanorods as gas sensors and to test the influence of
sample morphology on the sensing properties. The working
temperature was varied from 200-500 °C by a 100 °C steps.
Fig. 4 shows response to NO, (1-1.5-2 ppm) for the best
performing sensor ZnOS12. NO, behave as an oxidizing gas,
inducing a decrease in the current when the temperature
ranged from 200 °C to 400 °C. The noise observed at 400 °C is
due to a disturbance during the measurements. Response and
recovery times at 200 and 300 °C are of the order of minutes,

1
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Fig. 4 Dynamic curves for sensor ZNOS12 when NO, (1-1.5-2 ppm)
was introduced. Gas carried wad humid air (30%) at room temperature.
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Fig. 5 (a) Dynamic curve of the tested sensors at 400 °C towards 50—
100-200 and 300 ppm of Hy; (b) relative response to 100 ppm of H; at
different temperatures for all sensors; the lines between experimental
point are a guide for the eyes.

while they decrease at 400 °C at the expense of sensor response.
At 500 °C no detection of NO, was observed.

Hydrogen is an explosive gas, thus detection at concentra-
tion much below the Lower Explosion Limit (LEL, equal to 4%)
is very important. The range of concentrations analysed here
was [50-300 ppm]. Fig. 5(a) shows the sensing behaviour of the
ZnO sensors towards H, at 400°C: the analysis of the dynamic
current variation, demonstrated a complete recovery of the
baseline. ZnOS11 was the best performing sensor. ZNOS11 and
ZNOS13 showed increased response and recovery times with
respect to ZNOS11 and ZNOS12. Referring to SEM image (Fig. 1),
we can observe that the slower sensors are the one with bigger
nanorods - Fig. 1(e) and (f).

Fig. 5(b) reports the sensing behaviour of all sensors with H,
in the analysed temperature range. ZnO based sensors showed
good relative responses to H, at 400 and 500 °C. At 300 °C
a detection was evident, but the sensor dynamic was too slow
(not shown).

Fig. 6(a-d) shows relative responses of the tested sensors to
low concentrations of H,S (3-5-7 ppm) from 300 °C to 500 °C.
H,S behave as a reducing gas: an increase in sensor current was
observed for ZnO based sensors. ZnO nanorods were sensible to
H,S presence even at 300 °C but the relative response washigher
at 500 °C. Response and recovery times decreased from 300 °C
to 500 °C, being of the order few minutes at 500 °C.

The better sensors for H,S are ZNOS10 and ZNOS12, working
at 500 °C; the data in Fig. 6(a) and (c) were fitted by a power law
response = A x [concentration]®. Extrapolation of data fit to axis
limit (ESI, see Fig. S11) showed that the limit of detection for
ZNOS10 is 0.1 ppm, while for ZNOS12 is 0.2 ppm.

At 500 °C the dynamic curves for the two sensors were
comparable - Fig. 6(e) - while the worse response was observed
for ZnOS11. ZNOS11 and ZNOS13 showed also slower recovery
of the baseline value: these sensors were the ones with bigger
rods diameter.

ZnO nanorods prepared by RF sputtering have performances
much better compared to those obtained with ZnO single
crystalline nanowires,* being AR/R = 0.25 to 5 ppm for sensor
analyzed in the reference, while in our case AR/R = 200 to the
same concentration for ZNOS10 sensor.

RSC Adv., 2018, 8, 32038-32043 | 32041
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Fig. 6 Relative response to 3—5-7 ppm of H,S in the temperature range [300 °C-500 °C] for (a) ZNOS10, (b) ZNOS11, (c) ZNOS12, (d) ZNOS13;
the dotted line are the fit of the data with a power law. (e) Dynamic curve of sensors at 500 °C towards 7 ppm of H,S. (f) Selectivity to 6 gases

measured for ZnOS10 sensor at 500 °C.

There is debate in literature on the mechanism responsible
for H,S detection with ZnO. Chen et al.*' claimed that the high
sensing capabilities of 20-50 nm diameter ZnO nanowires
to ppm level H,S was due to sulfuration reaction when H,S was
introduced into test chamber. Instead, the reaction scheme
usually associated with the detection of reducing gases in metal
oxide semiconductors, takes into account the reaction of H,S
with oxygen ionosorbed over the surface, with a consequent
release of electrons into the conduction band.** In the present
work, the latter mechanism is more probable due to higher
dimension of the nanorods used, and to the higher working
temperature used. Moreover, in the conventional sensing
mechanism, the calibration curve was described by a power law,
while in the case of sulfuration reaction the calibration curve
was fitted with a line.**

Fig. 6(f) shows the comparison of the sensor response
towards six different species: five reducing gases (H,, acetone,
H,S, DMMP and acetonitrile), and one oxidizing gas (NO,). At
500 °C, response to H,S is two orders of magnitude higher
than response to H, and DMMP (0.8 and 1 respectively), and
three orders of magnitude higher than response to NO, and to
acetonitrile (0.3 and 0.2 respectively). The response is only one
order of magnitude higher than the response to acetone, for
which indeed the concentration is much higher (150 ppm
versus 5 ppm).

We can thus observe partial selectivity towards H,S at 500 °C.
At lower temperatures (200 °C), no response to reducing gases is
observed, thus the sensors are partially selective to NO, in this
temperature range. A feasible approach to lower the cross-
sensitivity of ZnO material in view of the sensor application,
is the use of one ZnO sensor working at 500 °C and another ZnO
sensor working at 200 °C in an array configuration: higher
selectivity can be gained using pattern recognition.**

32042 | RSC Adv., 2018, 8, 32038-32043

D Conclusions

In summary, ZnO polycrystalline nanorods was easily prepared
by RF sputtering, starting from Sn catalyzer. The diameter of
ZnO nanorods was controlled by changing the deposition
power and the growth time. The rod diameter ranges from
100 nm to 150 nm for 100 W power and from 140 nm to 190 nm
for 150 W power.

PL and Raman spectroscopies showed that the material ob-
tained is ZnO with the typical emission spectrum in the UV
region and in the visible. The quality of UV emission is higher
for samples deposited at lower power.

The analysis of the gas sensing properties of the ZnO
nanorods showed that they are very promising for detection of
CBRN (acetonitrile and DMMP), explosive (H,), and pollutant
gases (H,S), with some selectivity towards H,S at high
temperature. Selectivity to NO, detection can be obtained
working at lower temperatures (200 °C). A smaller diameter of
the nanorods is in general useful to achieve better sensor
response. The results obtained are highly relevant in view of
the strong demand for nanostructured materials prepared
using an industrially-scalable technique.
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