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Gaining rational control over bottom-up device fabrication processes is necessary to achieve high-
performance devices and overcome technical obstacles. Among these is the need for activation of metal
oxide gas sensors (GSs) by an external heating source, which limits their miniaturization and integration.
A well-controlled, seedless, and position-selective hydrothermal method to fabricate high-performance
self-activated zinc oxide (ZnO) nano-needle (ZNN) GSs directly on a substrate was developed. The
morphology and position of the grown ZnO nanostructures were controlled by tuning the substrate
coating and growth reaction parameters such as the growth solution concentration and the growth
time, as well as introducing capping agents to the growth solution during the growth process.
Furthermore, the efficiency of the fabricated device structure was improved and subsequently enhanced
its performance substantially. Compared to other fabricated nanostructured ZnO GSs, the on-substrate

fabricated bridging ZNN (BZNN) GS demonstrated superior sensitivity and self-activation, which were
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Accepted 18th August 2022 attributed to the reduction in the sensing material dimensions and ultrahigh surface-to-volume ratio, as
well as the unique device structure with direct contact between ZnO and Au electrodes. This work paves

DOI-10.1039/d2na003009 the way for low cost, large scale, low temperature, seedless and position-selective fabrication of high-
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Introduction

Zinc oxide (ZnO) is a key material, and its nanostructures have
been studied extensively owing to their possible applications for
a wide range of devices including laser diodes, light-emitting
diodes, piezoelectric transducers and generators, ultraviolet
detectors, and gas sensors.”® Furthermore, ZnO has a wide
range of morphologies, such as nanowires (NWs), nanodiscs
(NDs), nanoleaves, nanorings, nanoflowers, nanobrushes, and
many other hierarchical nanostructures.”** They have been
produced by various techniques, which can be broadly divided
into solution and gaseous phase techniques. Among the solu-
tion phase techniques is the hydrothermal synthesis, which is
very attractive due to its simplicity, relatively low cost, large-
scale production, and wider range of substrates that can be
used.” ™ In the literature, most of the reports on hydrothermal
synthesis of ZnO nanowires (ZNWs) are seed layer assisted
methods.* Nonetheless, the seed layer may have a negative
impact on the final device in many applications due to the poor
contact between the ZNWs and the substrate. Moreover, from
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performance self-activated nanostructured ZnO GSs on flexible and transparent substrates.

the device fabrication point of view, ZNW gas sensors were
fabricated by one of the two techniques. The first technique
basically depends on picking and placing a single ZNW followed
by depositing electrical contacts to it using electron-beam
lithography. This technique is costly, complicated, and time
consuming.” The second technique consists of several steps
starting with growing the ZNWs followed by isolating them and
finally distributing them on substrates with pre-patterned
electrodes.* These fabrication techniques are complicated to
a level limiting the use of nanostructured devices in many
practical applications.

GSs play a critical role in numerous areas, such as industrial
process control, safety systems, disease diagnoses, and envi-
ronmental monitoring.®™® For instance, acetone gas in the
human breath is considered a significant marker for non-
invasive diagnosis of diabetes. For this, relatively low concen-
tration levels of it must be detected.' Metal oxide nano-
structured GSs have many great advantages such as high
sensitivity, short response time, and self-refreshability. Owing
to their infinitesimal size, any chemical variations on the
surface of the nanostructures can cause an intense change in
their electrical conductivity because the length scales of surface
interactions are comparable to their dimensions.' The working
principle of metal oxide nanostructured GSs depends on acti-
vating atmospheric oxygen on their surfaces at relatively high
temperatures. Subsequently, the chemical reactions at the
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surface of the nanostructure between gas molecules and oxygen
ions transfer charges between the surface and the bulk,
changing the electrical conductivity of the nanostructure.'**®
Despite the numerous advantages of metal oxide nano-
structured gas sensors, it is still challenging and dangerous to
sense gases with sensors that are thermally activated. Thermally
activated gas sensors would be bulky and energy consuming,
requiring additional components that are difficult to incorpo-
rate such as heating elements, temperature controllers, and
signal processing elements on a single electronic platform.*
Another disadvantage of this situation is the negative impact of
high temperature operation on the device durability. Hence, an
alternative to the thermal activation mechanism is strongly
required. Some productive efforts were reported, applying
photo-activation of metal oxide films by exposure to ultraviolet
(UV) radiation, making gas sensing at room temperature
possible.* Also, self-heated nanostructured metal oxide GSs
have been reported, but with high cost and complexity.*
Herein, we report a seedless and position-selective hydro-
thermal technique to fabricate high-performance self-activated
bridging ZnO nano-needle (BZNN) GSs directly on a substrate.
We show that controlling the morphology, structure, and posi-
tion of the ZNWs, by tuning the experiment parameters, can
improve the efficiency of the device structure to significantly
increase its sensitivity and eliminate the need of an external
heating source. Using this fabrication technique, the BZNN
sensor was fabricated directly on a Si substrate, which is then
compared with other ZnO nanostructured GSs with different
morphologies and device structures, including a ZNW array
(ZNWA) sensor, single ZNW (SZNW) sensor, ZnO nanodisc
(zND) sensor, and bridging ZNW (BZNW) sensor. BZNN sensors
were also fabricated on flexible and transparent substrates but
are not shown in this manuscript. All these devices are grown
and fabricated in the same lab using the same chemicals and
equipment and are tested and compared using the same gas
chamber and gases, making these results more reliable.

Results and discussion

The SEM images of a ZNWA and a SZNW connecting two gold
electrodes are depicted in Fig. 1(a) and (b), respectively. These
SEM images clearly show the excellent uniformity and compact
nature of the ZNWs. Fig. 1(c) presents the corresponding
selected area electron diffraction (SAED) pattern of the ZNWs. It
was found that the ZNWs are single crystals that grow along the
[0001] direction, and their side surfaces are composed of
nonpolar {1010} planes. Furthermore, the XRD pattern of the as-
grown ZNWs is shown in Fig. 1(h), wherein the observed peaks
confirm that the ZNWs are highly crystalline and can be rep-
resented by the hexagonal wurtzite-type ZnO structure (JCPDS
no. 36-1451). The SEM image, the corresponding SAED pattern,
STEM image, and XRD pattern of a single ZND are shown in
Fig. 1(e) to 2(h), respectively. As indicated, the majority of the
exposed facets in the ZND morphology are polar [0001] facets,
while the XRD pattern and the STEM image indicate that the
produced ZNDs are highly crystalline and can also be
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Fig.1 (a) An SEM image of a ZNWA, (b) an SEM image of a single ZNW,
(c) the corresponding SAED pattern of the ZNWs, (d) the TEM image of
a single ZNW, and (e) the XRD pattern of ZNWs; (f) an SEM image, (g) an
STEM image, (h) the corresponding SAED pattern, and (i) the XRD
pattern of a single ZND.

represented by the hexagonal wurtzite-type ZnO structure
(JCPDS no. 36-1451).

The amount of zinc nitrate in our growth recipe in this work
is twice that of HMTA, greatly increasing the degree of super-
saturation regarding ZnO or Zn(OH),. This growth environment
allows ZnO solids to be formed homogeneously in the solution,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 GS response vs. operating temperature curves of the four
sensors at an acetone concentration of 200 ppm.

which can easily contaminate the substrates degrading the
device performance in many applications. To suppress the
homogeneous nucleation and ZnO solid formation in the
growth solution, ammonium hydroxide is added to the reaction
to coordinate with free Zn>" and subsequently decrease their
concentration.?*** Afterwards, the Zn*' ions are buffered and
released gradually by the complexes lowering the supersatura-
tion degree. Otherwise, precoated substrates with a ZnO seed
layer can allow the growth of ZNWs without the initial nucle-
ation. Nevertheless, the high concentration of ammonium
hydroxide in the growth solution could decelerate the growth
severely due to the low degree of supersaturation. Therefore,
a growth supporting element to increase the aspect-ratio of the
ZNWs is needed. PEI is a great candidate because it has the
ability to attach to the nonpolar sides of the ZNWs forcing them
to grow in the ¢ direction.? It also stops any new nuclei from
forming homogeneously and only improves the length of the
ZNWs growing from preexisting seeds (5-20 nm) on the
substrate.>*>*

As previously reported, hydrothermally grown ZnO nano-
structures tend to adopt a 1D form due to the high crystal
growth rate in the [0001] direction." In addition, from a former
report, we learned that the counter-ions of zinc in the hydro-
thermal growth environment play a key role in shaping the final
morphology of the grown nanostructure.*® In the current case of
the ZNDs, the charge on the top and bottom facets consists of
the positive Zn>" ions, and so it adsorbs the counter-anions (e.g.,
SO4>7) preferentially instead of the hydroxyl anions. Subse-
quently, the [Zn(OH),]*~ species required for growth are pre-
vented from reaching the top and bottom facets, forcing the
nanostructure to grow sideways instead of the expected intrinsic
anisotropic growth along the (0001) direction.*

First, four nanostructured ZnO GSs with different
morphology and device structures, ZNWA, SZNWs, ZNDs, and
BZNWs, were fabricated using hydrothermal synthesis, and
their gas sensing properties were tested and compared. The
operating temperature has a key influence on the performance
of ZnO GSs. Therefore, all fabricated GSs were tested at different
operating temperatures to find the optimum value for acetone
gas sensing. Fig. 2 depicts the responses of the four tested GSs
to 200 ppm acetone as a function of the operating temperature.
The GS response, Sg, is defined as Sy = (I; — I,,)/1,, where Iy and I,
are the GS current values in gas and pure air environments,
respectively. The behaviors of all GSs were generally similar. For

© 2022 The Author(s). Published by the Royal Society of Chemistry
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all of them, as the temperature increases, the sensitivity
increases, up to a certain point, and afterwards, the sensitivity
starts to decrease with further increases in the temperature. The
optimum operating temperatures of ZNWA, SZNW, ZND and
BZNW sensors were 375, 325, 375 and 275 C, respectively. ZnO
as a metal oxide requires sufficient heat to activate and sense
gases. When acetone molecules for example, land on the ZnO
surface, the adsorbed oxygen participates in oxidizing acetone.
This reaction will generate electrons that can find its way to the
conduction band of ZnO. When the sensor is operated at low
temperature, its sensitivity is low, due to insufficient chemical
activation.' Ionized oxygen is chemisorbed onto the surface of
ZnO in its molecular form, O, , which is less reactive."* At
higher temperatures around the optimum, oxygen ion mole-
cules are dissociated into oxygen ions with singly, O, or doubly
negative electric charges, O, by attracting an electron from the
conduction band of the ZnO. These adsorbed oxygen ions on
the surface deplete the ZnO and reduce its electrical conduc-
tivity, enhancing it gas sensitivity.""®* As the temperature
increases, thermal excitation of electrons and chemisorption of
oxygen species will continue until oxygen species cover the
whole ZnO surface, reaching the sensor optimum operating
temperature. Beyond this point, any increase in temperature
will have a negative impact on the sensor sensitivity as seen in
Fig. 2; chemisorption of oxygen species will stop while electron
thermal excitation continues and prevails. Operating at rela-
tively very high temperatures boosts the activation substantially
forcing the adsorbed gas molecules to leave the nanostructure
surface quickly without exchanging charges.®

Fig. 3(a) and (b) present the schematic and the sensitivity
characteristics of the ZNWA GS, respectively. The sensor
response to 200 ppm of acetone gas at 375 °C is about 2.7. The
sensor took around 42 s to respond and reach 90% of its
maximum value and 56 s to recover to 10% of its original state.

Operating at 375°C b

4 Gas out
3
Se,
1
0
0 500 1000 1500 2000 2500 3000
Time (s)

Fig. 3 (a) A schematic diagram and (b) the gas sensing characteristics
of the ZNWA sensor to 200 ppm of acetone operated at 375 °°C.
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The ZNWA GS structure is based on two gold electrodes con-
nected by the seed layer under the ZNWA. This ZnO seed layer is
a polycrystalline thin film with ZnO nanoparticles ranging
between (300-400 nm) in size. The device response (the ratio of
I, to I,) is stable, but the sensitivity is low with relatively long
response and recovery times. The stability we are referring to
here is the ability of the ZNWA GS to generate this value every
cycle. The increasing offset after each sensing period of the
ZNWA GS could be a result of trapped gas residuals on its
surface. The only solution we could think of at this stage is to
give it more time to allow the current to come back to its starting
level (I,), and this process may take a very long time. Further-
more, there is a disadvantage in the fabrication procedure; the
seed-layer required to be annealed at a relatively high temper-
ature (400 °C), which prevents the use of flexible substrates.

The SZNW GS was also tested at its optimum operating
temperature. A schematic diagram and gas sensing character-
istics of the SZNWs GS are shown in Fig. 4(a) and (b), respec-
tively. The sensitivity of this device to acetone has been
significantly improved relative to the previous ZNWA sensor.
The device response to 200 ppm concentration of acetone is
about 26 as shown in Fig. 4(b). The response time and recovery-
time are 6 and 8 s, respectively. The improvement in the
performance of the SZNW sensor over the ZNWA sensor was
anticipated because of the reduced size of the active sensing
part in the SZNW GS and the increased surface to volume
ratio."®

Another nanostructured ZnO GS was fabricated based on the
ZNDs, which have different morphology. A schematic diagram,
and the gas sensing characteristics of the ZNDs GS are pre-
sented in Fig. 5(a) and (b), respectively. The sensitivity of this GS
to acetone has been further improved in comparison to the
previous ZNWA and SZNW GSs. At its optimum operating
temperature, the response to 200 ppm concentration of acetone
is about 38, and the response time and recovery time are 11 and

a
Ny
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Nonpolarsurfaces %
Sides of ZNWs

Gas out
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0 50 100 150 200

Time (s)

250 300 350

Fig. 4 (a) A schematic diagram and (b) the response characteristics of
the SZNW sensor to 200 ppm acetone gas operated at 325 °C.
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Fig. 5 (a) A schematic diagram and (b) the response characteristics of
the ZND sensor to 200 ppm acetone gas operated at 375 °C.

13 s, respectively. The enhancement in this device performance
over the ZNWA and SZNW GSs was anticipated due to the
increased proportion of the exposed polar facets of the ZND over
the other 1D nanostructures. The oxygen ion and gas molecule
absorption capability depends greatly on the surface atomic
structures. ZnO polar facets, that are terminated with the
positive Zn>* ions, attract atmospheric oxygen (O,) better
because of unsaturated oxygen coordination.' Different surface
analysis techniques including Photoluminescence (PL) spec-
troscopy and X-ray photoelectron spectroscopy (XPS) (not
shown here) performed previously support this conclusion. This
is a clear example of the possible impact of the morphology and
structure on the gas sensing properties of the ZnO nano-
structured GSs.>**

One of our goals in this work is to improve the device
structure efficiency to enhance its performance and fabricate it
on flexible and transparent substrates. In order to reach these
goals, we must be able to achieve the following: (1) create better
contact between the ZNWs and the electrodes by growing the
ZNWs on the pre-patterned electrodes without any seed layer in
between, (2) control the charge transport more efficiently by
creating a ZNW-ZNW junction since the impact of gas presence
at the potential barrier is the highest, and (3) reduce the size of
the active sensing material.

To achieve our goals, our hydrothermal growth technique
was modified to allow the growth of ZNWs directly and selec-
tively on the pre-patterned Au electrodes as shown in the SEM
images in Fig. 6. These ZNWs are grown directly on the elec-
trodes without the need for a seed layer. The growth solution
consisted of Zn(NO3),-6H,0 (25 mM), HMTA (12.5 mM), and
NH;-H,0 (0.35 M).

From our previous studies and the literature, increasing
the concentration of ammonium hydroxide in the growth

22-24

solution improves the heterogeneous nucleation of ZnO on Au

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a)—(d) SEM images at different magnifications of ZNWs grown
on prepatterned Au electrodes on a Si/SiO, substrate.

surfaces and consequently the ZNW density at the expense of
a slow growth process. However, including PEI can help accel-
erate and improve the ZNW growth. Nevertheless, we found out
that including PEI in the growth solution from the beginning of
the growth process prevents any nucleation and disrupts the
whole growth process.?>** Thus, we decided to add PEI gradu-
ally after 30 min from the beginning of the growth process to
allow the nucleation to occur.

The modified hydrothermal synthesis technique was applied
to fabricate BZNW GSs on a substrate. The SEM images at
different magnifications of the BZNW GS are presented in Fig. 7
showing nano-junctions created between the BZNWs. A sche-
matic and the gas sensing performance characteristics are
presented in Fig. 7(e) and (f), respectively. The sensor response
to 200 ppm acetone is around 63. The response-time and the
recovery-time of the BZNW GS are 0.42 and 0.90 s, respectively.
It is 105, 15, and 26 times faster than the ZNWA, SZNW, and
ZND GSs, respectively. The enhancement in the BZNW sensor
performance stems from several factors including the more
efficient device structure with nano-junctions between the
BZNWs and the stronger contact between them and the
electrodes.

One advantage of our fabrication method is the ability to
modify the growth solution during the growth process to design
and control the morphology of the final products. For example,
in the fabrication process of the BZNW GS described previously,
we delayed the introduction of the capping agent PEI to the
growth solution by 30 minutes to allow the heterogeneous
nucleation of the initial ZNWs on the pre-patterned Au elec-
trodes to occur. Similarly, here we decided to alter the concen-
trations of the growth solution and the PEI in the second growth
phase to control the density and reduce the diameter of the
BZNWs, respectively. In fact, we were able to transform the
shape of the grown ZNWs into ZNNs with a 20-40 nm diameter
as shown in the SEM image in Fig. 8(a). On the other hand, the
length of the ZNNs was controlled by the growth time. Fig. 8(b)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a)—(d) SEM images at different magnifications, (e) response

characteristics of the BZNW sensor operated at 275 °C, and (f)
a schematic diagram.

and (c) present the SEM images of the BZNN GS where ZNNs are
connected from both sides and create nano-junctions between
them. Due to the influence of the operating temperature on the
performance of GSs, the BZNN GS was tested at different
temperatures in order to find its optimum operating tempera-
ture. However, the performance was not what we expected since
the sensitivity is supposed to show a substantial increase as the
nanostructure size approaches the Debye length.'® The sensi-
tivity of the BZNN GS was relatively too low. Nevertheless, it was
noticed that at lower operating temperature, the sensitivity was
much higher than at higher temperatures. So, we decided to
expand the operating temperature range and test the BZNN GS
at room temperature, where it was higher than all the other
tested GSs in this study. A schematic and the performance
characteristics of the BZNN GS are shown in Fig. 8(d) and (e),
respectively. The GS response to 200 ppm acetone is around 94.
The response-time and the recovery-time of the BZNW GS are 81
and 236 s, respectively. Fig. 8(f) compares the sensitivity values

Nanoscale Adv., 2022, 4, 4481-4489 | 4485
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Fig. 8 (a) A high magnification SEM image of a single ZNN, (b) and (c)
SEM images of BZNNs, (d) a schematic diagram of the BZNN sensor, (e)
response characteristics of the BZNN sensor operated at 25 °C, and (f)
sensor response as a function of acetone concentration of the five
GSs.

of the different fabricated GSs as a function of gas concentra-
tion. The order of sensitivities was as follows: BZNNs > BZNWs >
ZNDs > SZNWs > ZNWA along the whole concentration range.
The BZNN sensor was the most sensitive, while the ZNWA
sensor displayed the lowest sensitivity. When the concentration
of acetone exceeded 900 ppm, all sensors started to show a sign
of saturation at different levels.

Gas molecule adsorption and desorption on the surface of
ZnO nanostructures at the required operating temperature may
cause an intense change in their electrical conductivity
depending on their size and exposed facets, and this represents
the basis of the sensing mechanism of ZnO nanostructures. The
schematics in Fig. 9 explain and compare charge generation
and transportation in the SZNW, BZNW, and BZNN GSs. The

4486 | Nanoscale Adv, 2022, 4, 4481-4489
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schematics explain the sensing mechanism of ZnO nano-
structures by the depletion region modulation model.*®*® At
room temperature in ambient air, oxygen species are adsorbed
on the surface of the ZnO, which is considered as an n-type
semiconductor due to the presence of oxygen vacancies (Vo)
that donate electrons to its conduction band. In the cases of
a ZNWA, ZNDs, and SZNWs, the oxygen species on their
surfaces attract free electrons from the conduction band and
become chemisorbed oxygen species as shown in the first rows
of Fig. 9(A)—-(C). Depending on the operating temperature, there
are different oxygen species including molecular (O,”) and
atomic (O~ and O”7) ions on the surface. The attraction and
capture of the conduction band free electrons expands the
depletion layer width near the surface. Subsequently, the
conductivity of the nanostructure is reduced greatly as repre-
sented in the second rows of Fig. 9(A)-(C). Once acetone gas
molecules enter the gas chamber as shown in the third rows of
Fig. 9(A)-(C), they participate in oxidation reactions with the
chemisorbed oxygen species on the surface and release
captured electrons back to the conduction band. The reaction is
summarized in eqn (1):*

CH3COCH3 + 8O(ads)7 Aad 3C02 + 3H20 + 8e” (1)

This oxidation process decreases the width of the depletion
layer near the surface of the SZNW enhancing its conductivity.
Upon gas expulsion and air refreshing in the gas chamber, the
oxygen molecules are re-adsorbed on the SZNW surface. As
a result, electrons are recaptured, the depletion layer is
widened, and the conductivity of the SZNW is reduced again.
The conductance of the SZNW can be expressed as:

G = npeur(D — 2t.)/4] (2)

where n, is the free charge carrier density, u is the charge
carriers’ mobility, D is the ZNW diameter, ¢, is the thickness of
the surface charge region, and [ is the length between the two
electrodes. The thickness of the depletion region ¢, is expressed
as:

te = Lp(eVs/kT)'? ®)

where Ly is the Debye length, Vg represents the adsorbate
induced band bending, k is the Boltzmann constant and 7'is the
absolute temperature. The Debye length is expressed as:

Lp = (seok Tle*ng) "> (4)

where ¢ is the relative dielectric permittivity.**

Importantly, the conductivity of the BZNW GS is controlled
by a mechanism that does not exist in the SZNW GS, since the
former conduction channel contains nano-junctions between
the BZNWs. As a result, the electrons are required to overcome
the junction barrier to allow a current to flow. These barriers are
formed by the surface depletion layers of the BZNWs. Thus, for
BZNWs with diameters greater than the Debye length, the major
modulator of charge flow in the sensors is the junction between

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 A schematic diagram explaining the sensing mechanism of the (A) ZNWA GS, (B) ZND GS, (C) SZNW GS, (D) BZNW GS, and BZNN GS.

the BZNWs as shown in Fig. 9(D). The improvement in its
response-time and recovery-time can be ascribed mainly to the
domination of the ZNW-ZNW junction barrier over the charge
transport. The conductance of the BZNWs GS is controlled more
efficiently by the ZNW-ZNW junction barriers, where the flow of
charges across the junction barrier is exponentially related to
the barrier height, causing the flow of charges to be very

© 2022 The Author(s). Published by the Royal Society of Chemistry

sensitive to changes in the barrier. On the other hand, oxygen
diffusion and adsorption again to deplete the SZNW channel
takes a relatively long time. Consequently, if the GS conduc-
tance is controlled by the SZNW conductance only, then it will
take too long for the charge to recover. Moreover, the creation of
these junctions between the BZNWs may be the reason behind
the lower operating temperature of the BZNW GS in comparison
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with the other GSs. The dissipating heat from the electrical
current passing through the ZNW-ZNW junction may have
contributed to the activation of the BZNW GS.

Metal oxide GSs require activation thermal energy, and they
normally operate at relatively high temperatures (200-400 °C)
which are usually provided by external heating sources.
However, the BZNN GS was operated at room temperature
without any external heating source. The activation thermal
energy needed to operate was generated by the dissipating heat
from the electrical current passing in the ZNNs that have
dimensions comparable to the Debye length as shown in the
second row of Fig. 9(E). This intense reduction in dimension-
ality of the ZNNs allowed a complete depletion of the ZNNs
minimizing the influence of the nano-junctions between the
BZNNs on the BZNN GS conductivity. Subsequently, the sensi-
tivity of the BZNN GS improved substantially, and the response
and recovery times increased in comparison with the other
tested GSs.

Conclusions

We herein report the successful development of a facile, cost-
effective, seedless, and position-selective hydrothermal
synthesis technique for the fabrication of high-performance
ZnO nanostructured gas sensors (GSs) on a substrate. The
ability to rationally control the morphology and structure of the
produced nanostructure was demonstrated by tuning the
experimental parameters employed during the growth process.
Furthermore, the efficiency of the fabricated device structure
was improved and subsequently enhanced its performance
substantially. Compared to other fabricated nanostructured
ZnO GSs, the on-substrate fabricated BZNN GS demonstrated
superior sensitivity (~94) and self-activation, which were
attributed to the unique ZNN-ZNN junction barrier dominated
resistance and the direct contact between ZnO and Au elec-
trodes, and the reduction in the sensing material dimensions as
well as the ultrahigh surface-to-volume ratio. This work paves
the way for low cost, large scale, low temperature, seedless and
position-selective fabrication of high-performance self-
activated nanostructured metal oxide GSs on flexible and
transparent substrates.

Experimental details

The reagents in this work are analytical grade. For the synthesis
of the ZNWA, a silicon (Si) substrate was spin coated with zinc
acetate solution and cured at 400 °C for 30 minutes to form
a seed layer on it. The Si substrate was an n-doped Si wafer
(150 mm thick) covered with a SiO, layer (230 nm + 10 nm
thick). The prepatterned electrodes were composed of a 30 nm
Au layer on top of a 10 nm high work function adhesion layer.
The coated substrate was then immersed in a vial of a growth
solution of 25 mM zinc nitrate, 12.5 mM hexamethylenetetra-
mine (HMTA), 0.35 M ammonium hydroxide, and 5 mM poly-
ethylenimine (PEL, end-capped, molecular weight 800 g per mol
LS, Aldrich).
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Afterwards, the vial was sealed and heated in an oven at 90 °C
for 24 hours. Upon growth termination, the substrate was
washed with water and dried at 150 °C for 30 min. In order to get
a suspension of isolated SZNWs, ZNWA was placed in a DI water
vial and was vibrated in an ultrasonic bath.

For the reparation of the ZNDs, the growth solution was
a mixture of 100 mM zinc sulphate (ZnSO,) and 100 mM HMTA.
The growth solution was heated in an oven at 75 °C for 3 hours.
The prepared ZNDs were filtered and washed with DI water.

ZNWA, SZNW, and ZND GSs were fabricated for comparison.
SZNW and ZND GSs were fabricated by drop casting a solution
containing ZNWs and ZNDS, respectively, on substrates with Au
pre-patterned electrodes. The substrates were annealed at
200 °C for 2 h for better contact between the ZNWs and ZNDs
and the electrodes.

The morphology and crystal structure analysis of the grown
ZnO nanostructures was performed by scanning electron
microscopy (SEM) using a Philips XL-20 microscope at 10 kV.
The crystal structure analysis of the grown ZnO nanostructures
was performed by powder X-ray diffraction (XRD) using a Pan-
alytical X'Pert diffractometer with Cu Ko radiation. Scanning
transmission electron microscopy (STEM) and electron diffrac-
tion analyses were performed using a Hitachi HD2300A
microscope, operating at 200 kV.

The electrical conductivity of the prepared nanostructured
GSs was observed by using a Keithley 4200 semiconductor
analyzer with a probe station. The GS response, Sg, is defined as
Sy = (I — L,)/1,, where I, and I, are the GS current values in gas
and pure air environments, respectively. The response time, ¢,
is the time needed for the current to reach 90% of the equilib-
rium value after the tested gas is injected. On the other hand,
the recovery time, ¢4, is the time needed for the current to return
to 10% of the equilibrium current value in fresh air after
releasing the gas from the gas chamber.
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