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Abstract

In this work, we investigated performances of individual and multiple networked Au
nanoparticles (NPs)-functionalized ZnO nanowires (NWSs) integrated into nanosensor devices
using dual beam focused ion beam/scanning electron microscopy (FIB/SEM) and tested them as
gas sensors at room temperature. Such important parameters as diameter and relative humidity
(RH) on the gas sensing properties were investigated in detail. The presented results demonstrate
that thin Au/ZnO NWs (radius of 60 nm) have a gas response of lgas/lair ~ 7.5 to 100 ppm of H:
gas which is higher compared to lgas/lair ~ 1.2 for NWs with a radius of 140 nm. They have a low
dependence of electrical parameters on water vapors presence in environment, which is very
important for practical and real time applications in ambient atmosphere. Also, the devices based
on multiple networked Au/ZnO NWSs demonstrated a higher gas response of lgas/lair ~ 40 and a
lower theoretical detection limit below 1 ppm compared to devices based on an individual NW
due to the presence of multiple potential barriers between the NWs. The corresponding gas sensing
mechanisms are tentatively proposed. The proposed concept and models of nanosensors are
essential for further understanding the role of noble metal nanoclusters on semiconducting oxide

nanowires and contribute for a design of new room-temperature gas sensors.

1. Introduction

The demand for new room-temperature nanosensors has come from different fields and
requirements, such as rapid detection of explosive and hazardous gases, compounds and various
risky nanomaterials. Due to their high surface-to-volume ratio and crystallinity, the one-
dimensional (1-D) semiconducting oxide nanostructures, such as nanowires, nanobelts, nanofibers
and nanotubes, have attracted great interest toward their integration in high performance sensing

devices and nanodevices [1-8]. A lot of attention has been paid especially on devices based on
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individual 1-D nanostructures due to their unique opportunity to develop high sensitivity at room
temperature, being one of the best candidates for realizing ultrasensitive gas sensors with ultra-
low power consumption [2]. For example, Zhang et al. reported on the fabrication of a gas sensor
based on an individual In,O3 NW able to detect NO> down to the ppb level at room temperature
[9]. Another huge advantage of individual 1-D nanostructures arises from their diameter
comparable with the Debye length, which gives the possibility for an efficient modulation of the
conduction channel under adsorption/desorption of gas molecules [3, 10, 11]. Therefore, several
studies demonstrated that in the case of individual 1-D nanostructures the size is the key factor
which determines the performances of the devices [7, 10, 12-17]. Yang et al. demonstrated that
smaller palladium NWs show accelerated response and recovery rates to Hz gas [18]. Tonezzer
and Hieu characterized SnO2> NWs with different diameter sizes as NO; sensors and observed that
thinner NWs show higher gas sensing performances, i.e. a higher gas response, a smaller detection

limit and faster response and recovery times [19].

Previous studies demonstrated that individual ZnO and Ag- or Cd-doped ZnO NWs,
integrated into nanosensors using the same procedure, possess a good selectivity to hydrogen gas
at room temperature compared to other reducing gases [14, 20-22]. The highly efficient approach
to further increase the gas sensing properties and to improve the specificity of individual 1-D
nanostructures is surface functionalization with noble metal nanoparticles [3, 15, 23]. In this case,
nanoscale Schottky barriers are formed at the interface of metal oxide nanostructures and noble
metal NPs, which greatly improve the modulation of the conduction channel under
adsorption/desorption of oxygen species, i.e. lead to a higher gas response [3, 15, 23]. This gas
sensing mechanism is widely attributed to electronic sensitization [3, 24]. On the other hand, the
chemical sensitization is another mechanism which greatly improves the quantity of the adsorbed
oxygen species via the spillover effect, because noble metal NPs are far better oxygen dissociation
catalysts than metal oxides [3]. For example, Kolmakov et al. demonstrated that Pd-functionalized

SnO2 nanobelts exhibit a dramatic improvement in sensitivity toward oxygen and hydrogen due to
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the enhanced catalytic dissociation of the molecular adsorbate on the Pd nanoparticle surfaces and
the subsequent diffusion of the resultant atomic species to the oxide surface [3]. Liao et al.
fabricated a gas sensor based on individual Pt-functionalized CeO, NWSs, demonstrating that Pt
incorporation can significantly increase the sensor response [25]. However, the main disadvantage
in all cases is the necessity of an additional technological step to functionalize the 1-D
nanostructures with noble metal NPs. Recently, our group demonstrated the possibility to grow
Au NPs-functionalized ZnO NW arrays via a single-step electrodeposition approach [26]. In this
case, the surface functionalization with Au NPs is performed in the same step of NWs growth by
electrodeposition, which simply excludes the necessity of additional steps for surface
functionalization. Moreover, while the gas sensing properties of sensors based on networks of Au-
functionalized nano- and microstructures were widely reported [27-29], the gas sensing properties
of an individual Au-functionalized nanostructure or nanowire have not been reported. Although,
the technological concept of individual functionalized nanowire integration was reported by Lupan
et al., as well as the combination of Au NPs with ZnO nanostructures, we consider that detailed
gas sensing properties of individual Au/ZnO NWs reported in this work are completely new and
will be of high interest for the scientific community due to the lack of information in literature on
a single functionalized semiconducting oxide nanowire covered with nanoscale-Schottky contacts
at the Au NPs/ZnO NW interface. In this field it is important to identify an updated concept and
models of nanosensors, which are essential for understanding the role of noble metal nanoclusters
on semiconducting oxide nanowires and contribute to a design of fiable room-temperature gas

Sensors.

In this work, the individual and multiple networked Au NPs-functionalized ZnO NWs with
nanoscale-Schottky contacts were integrated into gas sensing devices using a dual beam FIB/SEM
system. The influence of the diameter and the effect of relative humidity on the room temperature
gas sensing properties were investigated in detail. Moreover, the comparison of gas sensing

characteristics for individual and multiple networked NWs was carried out in order to find out
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which configuration is more suitable for fabrication of high performance gas micro- and

Nanosensors.

2. Experimental part

The synthesis of ZnO NW arrays, modified by Au, was performed by electrochemical
deposition in a classical three-electrode electrochemical cell, as was already reported in our
previous works [26, 30, 31]. In this study, only the samples grown using 0.9 uM of HAuUCI4
(Sigma-Aldrich, >99.9%) in an electrochemical bath were used for nanosensor fabrication. The
detailed morphological, structural, optical and chemical characterization of Au-modified ZnO NW
arrays are presented in our previous work [26]. In the present paper, only the gas sensing properties

of the synthesized Au/ZnO NWs will be investigated.

The individual Au-modified ZnO NWs were integrated into nanosensor devices using a
FIB/SEM system by a method developed by Lupan et al. [20, 32]. The nanosensors device
represents a SiO2 (350 nm)-coated Si substrate (SiO2/Si) with pre-patterned Au/Cr electrodes. The
size of the chip is 10 mm x 10 mm. The configuration of the electrodes and optical images of the
chip are presented in our previous work [32], as well as schematically illustrated in Figure Sla-c.
On the same chip, maximum eight devices based on a single nanowire or multiple structures can
be integrated (see Figure S1b) and measured using the two probes method. The integration of
individual or multiple nanowires can be described as follows. The Au/ZnO NWs are released from
the initial substrate by sonication in ethanol, followed by a transfer by touching an intermediate
SiO./Si substrate in order to obtain the lower density of NWs [20, 32]. This allows the connection
of multiple networked NWs to the Au pads by deposition of a Pt complex. In order to integrate the
individual nanostructures, further dispersion to a lower density of NWs is necessary, which was
used also for the integration of individual CuO, MoO3z and Fe;Os NWs with a diameter down to

20-30 nm [20, 32, 33]. The lower density and uniform distribution of Au/ZnO NWs can be
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obtained by transfer to the SiO/Si chip using a direct contact technique and a micro-manipulator,
described in detail in our previous work [32]. The respective SEM images of networked and

individual Au/ZnO NWs is further presented in this work.

The gas sensing measurements were performed at room temperature (RT, ~ 25 °C) and in
normal ambient air (relative humidity, RH of ~ 25 %) as was already reported in our previous
works [21, 34, 35]. The RH was continuously monitored using a standard hygrometer, while the
bubbling system was used in order to generate different values of RH [34]. The gas response (S)
is defined as the ratio between the current under exposure to gas (lgas) and the current under
exposure to ambient air (lair), i.e. S = lgas/ lair. The theoretical detection limit was estimated as

reported in details by Dua et al. and Lu et al., i.e. using the signal-to-noise ratio [36, 37].

3. Results and discussions

3.1. Influence of the Au/ZnO NW diameter and relative humidity on gas sensing properties

Figure 1a and Figure S1 show SEM images of Au/ZnO NWs with different radius (140,
115, 90 and 60 nm), used in this study in order to investigate the influence of the NW diameter on
the gas sensing properties. All NWs were grown using 0.9 uM of HAuCl4 in electrochemical bath,
which was demonstrated to be the optimal concentration in order to achieve the highest gas sensing
performances [26]. On the surface of all NWs, the Au NPs could be observed (see Figure S2). The
gas response at room temperature versus the diameter of the Au/ZnO NW to 100 ppm of hydrogen
gas, ethanol, acetone and methanol is presented in Figure 1b. As was demonstrated in our previous
work [26], the Au/ZnO NWs are highly selective to hydrogen gas, which can be also observed for
NWs in a wide range of radius (from 60 to 140 nm, see Figure 1b), i.e. the selectivity does not
depend on the diameter of the NWs. Also, it must be mentioned that for all individual NWs, the

number of Au NPs was practically the same (5 £ 3 NPs), in order to exclude the influence of the



NP density on the gas response (see Figure 1a and S2). The gas response to 100 ppm of ethanol,
acetone and methanol vapors for Au/ZnO NW with 150 nm diameter is presented in Figure S3a,
showing no deviation in current values. The gas response of Au/ZnO NWs with radius of 60, 75,
90, 115 and 140 nm to 100 ppm of Hz gas is 7.5, 4.7, 2.4, 1.4 and 1.2, respectively (see Figure

1b).

Figure 1c shows the dynamic gas response at room temperature to 100 ppm of Hz gas of
individual Au/ZnO NWs with different radius (60, 90 and 140 nm). The calculated response and
recovery times versus diameter of individual Au/ZnO NW is presented in Figure 1d. A decrease
in recovery time with the decrease of the NW diameter can be observed, which is in agreement
with other experimental results based on individual semiconducting oxide NWSs nanosensors [15,
19]. In the case on Au/ZnO NW with a radius of 60 nm the response and recovery times are 140 s

and 300 s, respectively (see Figure 1d).

The rise in H2 gas response by decreasing in NW diameter can be explained based on
increased impact of surface phenomena (adsorption/desorption of gaseous species) on electron
transport through the conduction channel of NW [10, 13, 15, 38, 39]. The thinner the NWs, the
higher is modulation of surface electron depletion region under adsorption/desorption of oxygen

species and then it results in a higher gas response (S) [15]:

2
D D
S= = 1
( D-2L, J qVS(air) v @
D-21,| ——
KT

Assuming that Lgas << D, where D is the diameter of NW, Lair and Lgas are the width of electron
depletion region under air and gas, respectively. /p is the Debye length, T is the absolute

temperature, K is the Boltzmann’s constant, and Vsair) iS the band bending induced by adsorption
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under ambient air. According to Eq. (1), the gas response was calculated assuming that Lair is 15
nm [40]. The results in comparison with experimental data are presented in Figure S3b, showing
that for relatively thick NWs the experimental data are comparable with theoretical calculations.
However, for NWs with radius smaller than 100 nm the experimental data considerably deviate
from theoretical results, which may be of high interest for further scientific investigations and new
nano-physics. This can be explained based on gas sensing mechanism elaborated in previous work
[26], which is based on formation of nanoscale-Schottky contacts at Au NPs/ZnO NW interface
due to higher work function of Au (pau = 5.1 €V) compared to that of ZnO (pau = 4.1 eV) [41, 42].
This will lead a to narrower conduction channel (dair) under exposure to ambient air, and therefore
to higher modulation of the conduction channel width (dgas) after exposure to H. gas (see Figure

2).

Previous studies demonstrated that individual ZnO and doped ZnO NWs (Ag- and Cd-
doped) possess a good selectivity to hydrogen gas at room temperature [14, 20-22]. In our case,
the surface functionalization with Au NPs induced no changes in the selectivity from hydrogen
gas to other tested gases (ethanol, acetone and methanol, see Figure 1b). Thus, we can conclude
that the main mechanism responsible for enhancement of gas sensing properties is an additional
modulation of the conduction channel due to formation of nanoscale Schottky contacts at the
interface of Au NPs and ZnO NWs (or so called electronic sensitization), while catalytic properties
of Au NPs do not increase the rate of oxidation of ethanol, acetone or methanol molecules.
According to other results, the electronic sensitization does not induce the changes in selectivity

and is only responsible for increasing the gas response [43, 44].



3.2. Influence of relative humidity on gas sensing properties of individual Au/ZnO nanowires

In normal ambient conditions, the value of relative humidity can vary over a wide range, it
is thus an important parameter which can reduce the gas sensing properties of metal oxide based
gas sensors [45]. Figure 3a shows the dynamic gas response at 30% and 85% RH to 250 ppm of
H> gas at room temperature for an individual Au/ZnO NW with 75 nm radius. The higher values
of RH were generated using a bubbling system, while the RH value was continuously monitored
using a standard hygrometer [34]. It is found that at higher value of RH, the value of the electrical
baseline in the absence of H2 gas, was not clearly modified and that the gas response was slightly
reduced from 35.7 for 30% RH to 32 for 85% RH. In the case of unmodified ZnO NWs (radius of
90 nm) the gas response to 100 ppm of Hz was essentially reduced from 2.3 for 30% RH to 1.2 for
85% RH (see Figure S4). We also observed longer response (~ 190 s) and recovery times (~ 151
s) in the case of exposure in 85% RH, compared to exposure in 30% RH (response time of ~ 76

s and recovery time of ~ 128 s).

The much lower influence of RH on the gas response of a Au-modified ZnO NW can be
explained based on a smaller change in resistance under increase in the RH compared to an
unmodified ZnO NW. Figure S5 shows the change in resistance of individual Au-modified and
unmodified ZnO NWs under the change of the RH value from 30% to 85%. Figure 3b shows the
response to RH for devices based on an individual Au-modified and unmodified ZnO NW, based
on measurements from Figure S5. The response was defined as (Rrn — R30%)/R30%) - 100%, where
Rrr and Raso are the resistance under different values of RH and at 30% RH, respectively. It can
be observed that in the case of the Au-modified ZnO NW the change in resistance by a rise in the
RH value is much smaller compared to an unmodified ZnO NW (see Figure 3b), which can
explain the lower influence of water vapors on the gas response for the Au-modified ZnO NW. In
general, the decrease in resistance of semiconducting oxide under a rise in the RH value can be

explained based on hydroxyl poisoning, which was already discussed in other works [34, 45, 46].



The influence of water vapors on the gas sensing mechanism of the ZnO NW and Au/ZnO NW
(presented in cross-section) is tentatively proposed in Figure 4. Under exposure to dry air the
diameter of the conduction channel will be narrowed due to adsorption of oxygen molecules (O2()
+ & — O2ad) -, See Figure 4a,d) [14, 21]. By exposure of NWs in atmosphere with high
concentration of water vapors, the H.O molecules are adsorbed on the surface of metal oxides in
the molecular or hydroxyl form with donor effect and can replace the previously adsorbed oxygen
species by generation of free electrons (see Figure 4b). This leads to a decrease in resistance and
to a widening of the conduction channel (drn) in the case of a ZnO NW (see Figure 4b) [15, 45].
However, in the case of a Au/ZnO NW we can tentatively propose that Au NPs play the role of
hydroxyl adsorbers on the surface of NPs, thereby providing an oxygen adsorption site for surface
reactions in humid atmosphere (see Figure 4d,e), which do not lead to the change in the
conduction channel (dair = dru) [47]. The same effect was observed for Fe,Os-functionalized ZnO
tetrapods [48], Al-doped SnO2 NPs [47], Sb-doped SnO; [49], CuO-loaded SnO> hollow spheres
[50], and NiO-doped SnO> [45]. However, the interactions of water vapors with gold have been
studied by many methods [51-53]. For example, Wells and Fort studied the adsorption of water on
clean gold by means of measurement of work function changes, demonstrating that water
chemisorbs on the gold with an activation energy of 3 to 9 kcal/mole [51]. Sharma and Thomas
measured the adsorption/desorption isotherms of water on the porous plate gold using the quartz
crystal sorption (is that correct ??) monitor, showing no strong dependence on the temperature in

the range from 22 °C to 60 °C [53].

After introduction of Hz gas in the test chamber, the oxidation of H> molecules will occur

[15, 45]:

2H, +O,q) > 2H,0 +€" 2

Therefore, the electrons will be released back to the NW and will widen the conduction channel

(dgas, see Figure 4c,f). However, in the case of a Au/ZnO NW the modulation of conduction
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channel (dgas - drr) Will be higher due to the non influence of water vapors on the conduction
channel in humid atmosphere. Thus, addition of Au NPs can significantly decrease the influence
of water vapors on the gas sensing properties of ZnO NWSs, which is very important for practical

applications in ambient atmosphere.

3.3. Individual and multiple Au/ZnO NWs based micro- and nanodevices

Figure 5a shows the SEM images of devices based on multiple networked Au/ZnO NWs,
while Figure 5b shows the current — voltage (I — V) characteristics of devices based on individual
(radius of 60 nm) and multiple networked Au/ZnO NWs, demonstrating the formation of double
asymmetric Schottky contacts. Figure 5a shows that the multiple networked Au/ZnO NWs are
connected between the two Au/Cr electrodes using Pt complex contacts deposited in a FIB/SEM
system. In the case of multiple NWs the higher current value can be explained based on increased

channels for current flow, which was also observed in other experimental results [9, 54].

Figure 5c shows the gas response to 100 ppm of Hz gas at room temperature for single
(with a radius of 60 nm) and multiple Au/ZnO NWs (device from Figure 5a). In the case of
multiple NWs higher response value of ~ 40 was obtained, compared to 7.5 for an individual NW.
Figure 5d shows the dynamic gas response at room temperature to different concentrations of H;
gas. The gas response to 30, 50, 100, 150, 175 and 300 ppm is 4.9, 9.6, 40, 50, 55 and 120,

respectively (see Figure 5e). The gas response follows a power law relationship on gas
concentration S oc pﬁz , Where f ~ 1.1 is the curve slope of the dependence [34]. The theoretical
detection limit of ~ 1 ppm was estimated using signal/noise ratio?, as was reported by Dua et al.
[36], which is smaller value compared to an individual Au/ZnO NW, reported previously [26]. In

order to check the reproducibility of a device based on multiple Au/ZnO NWs, three pulses of 300

ppm H2 gas were applied (see Figure 5f), which showed a deviation in response smaller than 5%.
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The better gas sensing properties (higher gas response and lower detection limit) of
multiple NWs compared to an individual NW were also observed by Zhang et al. for In,Oz NWs
[9], as well as by Khan et al. for ZnO NWs [54]. We tentatively attribute these improved gas
sensing properties to the formation of potential barriers at NW/NW junctions, which is missing in
the case of an individual NW [9, 17, 35, 48, 55]. A proposed gas sensing mechanism is presented
in Figure 6. In this case, the modulation of the potential barriers height (qVs1) between Au/ZnO
NWs has the main role in enhancement of the gas sensing properties (see Figure 6) [9, 48, 56, 57].
Under exposure in ambient air, due to adsorbed oxygen species (as was already described in the
gas sensing mechanism for individual Au/ZnO NWs in Figure 2) on the surface of Au/ZnO NWs
the electron depletion region will be formed, leading to the formation of potential barriers (qVs1,
see Figure 6a). Under exposure to Hy, the width of the electron depletion region is narrowed,
leading to a decrease in the potential barriers height (qVs2, see Figure 6b). In the case of exposure
to H2 gas molecules of the device based on networked NWs the decrease in the barrier height

occurs due to arelease of electron after oxidation of the hydrogen molecules [15, 21, 48]:
H2+%Oz‘(ad)—>H20+e‘ (3)

Consequently, the formed additional potential barrier leads to a more efficient modulation in the
device resistance [9, 39, 48, 54]. In this case the gas response exponentially depends on the

variation of the potential barriers height (QAVs = qVs1 - qVs2) [58, 59]:

|
gAV, = —2kT -In [g—j (4)

air

Thus, the device based on multiple networked Au/ZnO NWs demonstrates a more sensitive Hz gas

response compared to the individual NW device.

4. Conclusions
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In summary, the individual and multiple networked Au nanoparticles (NPs)-functionalized
ZnO nanowires were integrated into nanosensors using a dual beam FIB/SEM system. These
devices were studied systematically as gas sensors at room temperature at different RH values.
The nanowire diameter strongly influences the H gas sensing properties and we demonstrated that
thinner NWs show a higher gas response and faster response and recovery times at room
temperature, which is very important for practical applications. Also, the low impact of water
vapors on the sensing properties of an individual Au/ZnO NW was observed, which is very
important for operation under ambient conditions. While an individual Au/ZnO NW demonstrated
the response of ~ 7.5 to 100 ppm of H: gas, the multiple networked NW device showed a higher
gas response of ~ 40. The multiple NWs also demonstrated a smaller theoretical detection limit of
~ 1 ppm at room temperature, compared to ~ 5 ppm for the individual nanowire device. The higher
gas response was explained based on a gas sensing mechanism which includes the modulation of
a potential barrier height at the interface of different Au/ZnO nanowires bridging external contacts.
These results provide useful information for the fabrication of high performance and highly

selective H2 gas sensors.
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Figure 1. (a) SEM image of an individual Au/ZnO nanowire with a radius of 140 nm. (b) Gas
response at room temperature versus diameter of Au/ZnO NWs to 100 ppm of H> gas and different
volatile organic compounds. (c) Dynamic gas response for Au/ZnO nanowires with a radius of 60,

90 and 140 nm to 100 ppm of H: gas. (d) The calculated response and recovery times to 100 ppm

of Hz gas for Au/ZnO NWs with different diameters.
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Figure 2. Illustration of the gas sensing mechanism for an individual Au/ZnO nanowire under
exposure to ambient air and Ha gas in the case of a relatively smaller diameter (a); and a relatively

bigger diameter (b).
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Figure 3. (a) Dynamic gas response at 30% and 85% RH to 250 ppm of H; for a Au/ZnO nanowire

with 75 nm radius. (b) The response to RH for an unmodified and a modified individual ZnO

nanowire.
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Figure 4. Schematic illustration of the water vapors influence on the gas sensing mechanism of a
ZnO (a-c) and a Au/ZnO NW (d-f) at room temperature: (a,d) exposure under air; (b,e) exposure
under atmosphere with high concentration of water vapors RH; (c,f) introduction of H> gas

molecules.
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Figure 5. (a) SEM image of a device based on multiple Au/ZnO nanowires. (b) Current — voltage

characteristics for a single Au/ZnO nanowire and multiple Au/ZnO nanowires. (¢) Room

temperature gas response for single and multiple Au/ZnO NWs. (d) Dynamic response of a device

based on multiple NWs to different concentrations of H> gas at room temperature. (e) Dependence

of the gas response on the H> gas concentration for multiple nanowires. (f) Room temperature gas

response to 300 ppm of H: gas.
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Figure 6. lllustration of the gas sensing mechanism for multiple networked Au/ZnO nanowires

under exposure to ambient air (a); and H: gas (b).
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Figure S1. Schematic illustration of the chip used for the fabrication of the nanosensors: (a) overall
view, (b) top view (with red dotted circles the regions where the structures can be integrated are
indicated) and (c) front view.
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Figure S2. (a) Comparative SEM images of a small area of individual Au/ZnO NWs with different

diameters integrated into the devices. SEM images of the devices based on individual Au/ZnO

NWs with a radius of: (b) 125, (c) 90 and (d) 60 nm.
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Figure S3. Dynamic response at room temperature of a Au/ZnO NW with 75 nm radius to different

vapors of VOCs. (b) The experimental and calculated gas response (using Eq. 1) versus the

diameter of the Au/ZnO NW.
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Figure S4. Dynamic gas response at 30% and 85% RH to 100 ppm of H. gas for an individual

unmodified ZnO NW with 90 nm radius.
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Figure S5. The dependence of resistance for individual unmodified and Au-modified ZnO NWs

on relative humidity.
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