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ZnO nanowires (NWSs) oriented in three different directions were synthesized via the vapour-liquid-solid
technique over c-, r- and a-plane sapphire substrates. Gas sensing properties of these samples against
reducing and oxidizing gases were examined. ZnO NWSs grown on the c-plane substrate showed the
highest response to oxidizing gases (NO,), while those grown on the a-plane substrate were more
responsive to reducing one (ethanol). According to the insights gained by photoluminescence studies, the
distinct responses were clearly correlated with the quantity and type of defects present in the material, and
ultimately, relating the orientation of the different ZnO NWSs sensors to their gas sensing characteristics,

showing a possible rational strategy to tailor oxide nanomaterials for gas sensing applications.

Introduction

Semiconductor metal oxides have become a major technological drive in the field of gas
sensing because of their low cost, high sensitivity, fast response and their relative
simplicity. Among others, nanostructured zinc oxide (ZnO)* is an interesting material
for its unique electric and optoelectronic properties. Its wide direct bandgap (around
3.37 eV) at room temperature as well as its extremely large binding energy (around 60
meV), much higher than those of widely used metal oxides such as GaN (25 meV),
make it suitable not only for gas sensing? but also for solar cells®, * lasers® and
waveguides®. Moreover, it possesses high breakdown fields, large electron saturation

rates, high resistance and efficient luminescence as well’.

A variety of methodologies, such as thermal evaporation®, and hydrothermal methods®,
have been reported for the synthesis of ZnO nanostructured in one-dimension such as
nanowires (NWSs). A recent report presented the use of randomly oriented ZnO NWs as
gas sensors for NO,, ethanol (EtOH), and H, among others™. Also, EtOH sensing
properties of randomly oriented ZnO over silicon substrates have been investigated at
different temperatures and concentrations and the high response was attributed to the

high electron donating effect of EtOH compared to that of other gases like CO™.



Regarding the photoluminescence spectra (PL spectra) of ZnO, there are different
emission bands which are located in the ultraviolet and the visible (green, yellow and
red/orange bands) regions. The first one is typically attributed to the characteristic
emission of ZnO, whereas the visible part is normally attributed to a variety of donor

defects such as oxygen vacancies, zinc interstitials and zinc vacancies®®.

In this work, the relationship between the type and quantity of defects present in the
material and the gas sensing characteristics was investigated by means of
photoluminescence (PL). More precisely, the aim of this paper is to study the effects of
the orientation of the ZnO NWSs grown over sapphire substrates and their detailed

nanostructures on the gas sensing properties.

Experimental

ZnO NWs were synthesized via the vapour-liquid-solid (VLS) process using a chemical
vapor deposition (CVD) furnace'. It consists of three main steps: 1) Creation of the
liquid alloy of the Au catalyst and the material to deposit; 2) nucleation of the material
at the liquid-solid interface; and 3) growth of the NWs. The nucleation and growth of
the solid ZnO NWs occur due to supersaturation of the liquid droplet. A schematic view
of the VLS process can be observed in Fig 1. Previously to the growth of the metal
oxide NWs, a 3 nm Au thin layer that will act as a catalyst was deposited by sputtering
onto the sapphire substrates. The precursor was a powder of ZnO and graphite (125
mg), and Ar was used as carrier gas. Both the precursor and the substrate were placed
on a quartz boat into the horizontal CVD furnace. The substrate was placed 1 cm away
from the precursor and samples were grown in different batches. Then, the temperature
was raised to 900°C and kept constant for 30 minutes. The optimum Ar gas flow was
400 ml/min. To synthesize ZnO NWs via VLS, it is essential to decompose the ZnO
powder, and to enable this decomposition to occur at 850°C, the ZnO powder is mixed
with graphite. All the process was carried out under atmospheric pressure. It goes
without saying that the relative humidity has no influence on the growth of the ZnO
NWs. Moreover, the temperature at which the growth takes place (900°C) the relative

humidity present can be neglected.
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Fig. 1: Schematic view of the VLS process. First, at high temperatures, the Au thin layer turns into
droplets. Then, Zn atoms condense and attach to the Au droplet. Finally, when the Au droplet becomes
supersaturated, the bottom-up growth of the ZnO NW takes place.

Three different types of sapphire (Al,O3) substrates were used, with different
crystallographic directions in order to grow ZnO NWSs oriented along the c-plane
(0001), r-plane (1-102) and a-plane (11-20). The match between the lattice parameter of
the ZnO and that of the sapphire will allow us to epitaxially grow the ZnO NWs. The
structural characterization was carried out by a field-emission scanning electron
microscopy (FESEM, Hitachi H-4100F) and by X-ray diffraction (XRD, Bruker-AXS
D8-Discover diffractometer). For obtaining the PL spectra, a He-Cd laser at 325 nm was
used in order to overcome the band gap barrier of the ZnO NWs. The luminescence was
dispersed by an Oriel Instruments 74000 monochromator and detected with a
Hamamatsu H8259-02 with a socket assembly E717-500 photomultiplier. All sources of
noise were removed with a Stanford Research System SR830 DSP lock-in amplifier. In
order to measure the resistance of our sensors, silver (Heraeus, AD1688-06) parallel
electrodes were deposited on top of the active layer. Substrates were glued to a hotplate
in order to measure at different operating temperatures (i.e. sensors could be operated
from room temperature up to 250°C). Gas mixing and delivery were performed

employing a computer controlled mass-flow system.

Results and Discussion

FESEM images of the ZnO NWs grown over the three sapphire substrates (c-, r-, and a-
planes) are presented in Fig. 2. In all cases, the diameter of the NWs was about 70 nm
and the length was about 1 pm. The dimension of the NWs was dependent on the
deposition time and also the thickness of the Au layer, being deposited prior to the
synthesis and working as a catalyst during the ZnO NW growth™®. Hence, these two



parameters were kept the same for the three samples. As evident from Fig. 2, distinct

orientations of the ZnO NWs were observed for the different sapphire substrates used.

Fig. 2: SEM images of the ZnO NWs grown over a) c-, b) r-, and c) a-planes of sapphire

For the c-plane substrate (Fig. 2a), the NWs grew tilted at 51 and 129°, relative to the
substrate. For the r-plane (Fig. 2b), the NWs showed a conical shape; they did not
exhibit a well-defined orientation and many wire-to-wire junctions were present. This
could be explained by the generation of stress during the initial stage of growth, thus
joining together to make thicker structures along the growth™. Finally, for the a-plane
(Fig. 2c), the NWs grew vertically aligned. It is well known that NWs grow following

the exposed crystalline structure of the substrate.

Nucleation at the initial stage has a crucial role in in-plane alignment of the NWs. It is
known that ZnO nuclei grow with an epitaxial relationship with, in this case, c-, a- and
r-plane sapphire due to the lattice match between them'. The c- a- and r-planes of
sapphire and the c-plane of ZnO are related by a factor of 4, with a mismatch of less
than 0.08% at room temperature. This relationship leads to vertical epitaxial growth on
ZnO NWs on top of a-plane sapphire substrates’. The reduced lattice mismatch
between ZnO and sapphire is generally attributed to homogenous (isotropic)
orientations™®. The visual inspection shows that the lattice matching is more significant
between ZnO NW and c- and a-plane sapphire substrates as evidenced by strong

preferential orientation of the NW growth directions.

XRD measurements were performed and the patterns showed ZnO NWSs with a
hexagonal crystalline structure (Fig. 3) in accordance with ICDD card 00-036-1451.
The major peaks can be indexed to the (002) as well as the (101) among other crystal
planes. The intensities of the two peaks differ drastically, indicating strong preferential
orientation of ZnO NWs grown along specific crystal plane(s). Notably, the 101



reflection was fully diminished for NWs grown over the r-plane. This implies preferable
orientation in the <001> direction of NWs. Also, it should be noticed that the peak at
33°%in the r-plane XRD pattern (see Fig.3) is originated from the substrate.
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Fig. 3: XRD patterns of ZnO NWs grown on c-, r- and a-plane sapphire substrates.

Furthermore, these three ZnO NWs were subject to gas sensing tests using an oxidizing
gas (NOy) and reducing vapour (EtOH) by means of DC resistance measurements at
different operating temperatures (150-250°C). All sensors were exposed to 30 min of a
given concentration of a species, followed by a 60 min cleaning phase in dry air. All
sensors experienced an increase or decrease in resistance under exposure to oxidising or
reducing gases, respectively. This implies that ZnO behaves as an n-type
semiconductor. Fig. 4 shows representative response/recovery cycles for the three
sensors operated at 250°C against ethanol and nitrogen dioxide. The intensity of the
response increased with gas concentration. Responses were reproducible in all cases.
The baseline resistance could be fully recovered when cleaning in air after a sufficiently
long time. The response time for all sensors is about 5 minutes and, even though the
recovery time is longer, these times are still is in the same range than those reported for
nanowire gas sensors’®?°. Although every sensor response does not reach complete
stabilization (r-plane and c-plane), it is observed that the a-plane sensor does reach such
stabilization. Taking this sensor as a reference the response and recover times have been
calculated as the time that the sensor takes to achieve 90% of the total value of the

response.

Fig. 5 shows the dependence of sensor response as a function of the operating
temperature at a fixed concentration of EtOH (500 ppm) and NO, (100 ppm). All three
sensors showed the highest response when operated at 250°C. Interestingly, for EtOH,
the highest response was achieved by the a-plane sensor, whereas for NO, the highest

response was that of the c-plane sensor.
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Mechanistically, at first oxygen is physisorbed on the surface of the ZnO NW. Then, it
becomes chemisorbed by attracting electrons of the conduction band, which forms a
depletion region on the surface of the ZnO NWs and consequently a potential barrier
between each nanowire, resulting in an increase in the resistance. It has been reported
that EtOH can undergo various reactions such as dehydration and dehydrogenation.
However, since ZnO is a basic oxide, dehydrogenation is favoured. In this case, the
ethanol sensing mechanism is controlled by the change (i.e. lowering) in the equilibrium
concentration of chemisorbed, negatively charged oxygen species, which results in a
change in the width of the depletion region at the surface of the NWs,

In the case of NO; detection, either the equilibrium concentration of chemisorbed
oxygen species is raised or NO; is directly chemisorbed on the surface of the n-type
ZnO NWs %2, These oxidizing molecules extract free electrons from the conduction band
of ZnO and thus, the width of the depletion region is further extended, which increases

the resistance of NWs.
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Fig. 4: Responses of the three ZnO NW sensors to different gases: a) EtOH, b) and c) NO,.

According to the results presented in Fig. 5, the c-plane sensor presented the best
response to NO, while the a-plane sensor exhibited the best response to EtOH vapours.
In chemo-resistive sensors, there are many factors that influence sensor response. In
addition to the morphology of the active surface structure, the presence of defects and
their types can influence the electronic properties of materials and thus gas sensing
properties. As a matter of fact, it is accepted that the overall response of gas sensors is a
contribution both from the morphology of the material and the crystalline properties of
the material itself?®. Due to our set-up, we cannot increase the temperature further than
250°C. Most likely at higher temperatures (i.e. >300°C) the response will decrease. The
reason behind such behaviour could be that the oxygen would not chemisorb on the

active sites anymore and thus, the response of the sensor will dramatically decrease?”.
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Fig. 5: Temperature-dependent responses of the three ZnO NW sensors to a) EtOH and b) NO,. Response
was defined as R,il/Rgon and Ryoa/Rair, respectively.

In order to verify this statement for these ZnO NW sensors, PL experiments were
performed at room temperature (Fig. 6). Two different zones in the spectra can be
clearly identified. The first one, which corresponds to the high peak located at the lower
wavelength (around 380 nm), is associated to the near-band edge emission of the
material. This strong emission corresponds to the recombination of electrons from the
minimum of the conduction band with holes of the valence band of the semiconducting
ZnO*' %°, Additionally, by zooming in the visible light region of the spectra (see the
inset in Fig. 6), the presence of an emission band that ranges from 440 to nearly 820 nm
is revealed, related to the large surface-to-volume ratio of the ZnO NWs. The exact
origin of such a broad emission band has remained controversial; nevertheless it has
been generally attributed to defects and impurities referred to as a deep-level, trap-state
or impurity-related radiative recombination process (such as oxygen vacancies, Zn
interstitials, oxide antisite defect’’, and zinc vacancies). Therefore, the low intensity of
this visible emission indicates the high crystalline quality of the different samples
grown (i.e. NWs have a low density of defects).

The spectra also show a shift in the position of the maximum of the visible light
emission. For the ZnO NWs grown over the c-plane the maximum is located at 550 nm
(i.e., yellow luminescent band), while for those grown over a- and r- planes, the

maximum is located near 520nm (i.e., green luminescent band).
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Fig. 6: Room-temperature PL spectra of the three ZnO NW sample.

Typically, defects responsible for the yellow luminescent band (YL) have been excess
of oxygen and the presence of oxygen interstitials (Oi). Nevertheless, for the green
luminescent band (GL), it has been reported to be originated from oxygen vacancies
(Vo). However, the presence of both GL and YL in the same samples suggests a
common origin for them?®. We will assume that the formation of such defects occurs
during the growth process. Thereby, the initial Vo will form at the surface. Then, as Zn
and O atoms are supplied, by adsorption, the ZnO layer will be created. By deposition
of more atoms, the created defect will be overgrown and will become a Vo inside the
lattice®®. Consequently, if the orientation is different, the Vo will form from a different
kind of surface.

If we correlate now the PL spectra to the gas response to NO,, the c-plane sensor, i.e.
the one that shows the highest response to NO,, employs the material with the most
intense visible emission band in its PL spectrum, centred at 550, which corresponds to
the YL. This means that the sensor with the maximum number of oxygen interstitials is
the most sensitive to NO,. Sensor response to NO; can be explained as follows; NO;
molecules adsorb on the material surface. Then, this adsorbed molecule acts as an

acceptor according to the following reactions™:

NO,(gas) - NO,(ads)
e™ + NO,(ads) — NO; (ads)

Furthermore, the tilted morphology of ZnO NWs in the c-plane sensor favours the
presence of many nanowire to nanowire junctions, the space charge regions of which
are modulated upon NO, chemisorption. This further enhances the response towards
nitrogen dioxide of the c-plane sensor as shown in Fig. 5 b.

However, this does not seem to be the case for EtOH sensing. Fig. 5(a) shows that the
most sensitive sensor for EtOH sensing is the a-plane sensor. In this particular case, as
the maximum in the PL spectra corresponds to the GL, the origin for this visible band is
related to oxygen vacancies. As mentioned above, oxygen vacancies are most likely
responsible for the YL band. These vacant points would act as active sites in which
oxygen will chemisorb during gas sensing®’. The more numerous the active sites, the
more oxygen will be chemisorbed and consequently, more molecules of target gas

(EtOH in this case) will react and the sensor response will be dramatically affected.



This suggests that the engineering of defects in single crystalline metal oxides could be

a viable approach to ameliorate selectivity.

Conclusions

To sum up, it has been shown that the morphology and orientation of ZnO NWs, CVVD-
grown on sapphire substrates are highly dependent on the crystalline plane of the
substrate. By employing room-temperature PL studies, it has been possible to establish
that the crystalline plane of the substrate has also an impact in the number of defects and
in the nature of these (i.e., defects located at the surface or deep-levels within the ZnO
NWs). Sensors have been fabricated and tested employing ZnO NWs with different
orientations. For the detection of nitrogen dioxide, it was found that the response of
ZnO NWs was directly correlated to the overall amount of defects. The higher the
number of defects is (c-plane), the higher the response to nitrogen dioxide is. On the
other hand, for the detection of ethanol, ZnO NWs with an intermediate number of
defects (i.e. a-plane) in which surface defects were dominant led to the best results.
These significant differences revealed by this study suggest that engineering the amount
and nature of defects in metal oxide NWSs deserves further research, since it may
become an effective strategy for enhancing and tuning the selectivity of metal oxide

sensors upon demands.
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