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on the nanosensor template with Al contacts as external
electrodes.

In the in-situ process [25], we developed that attaching a
single intermediate nanorod on the FIB necedle (Fig. 3a)
allows an easy pick-up of the branched nanorod for further
handling. This intermediary nanorod can greatly enhance
the nanofabrication capability and reduce the number of
steps in the procedure and the total time for nanodevice
fabrication, respectively.

The next step in our procedure is to scan the surface of
the intermediate Si/SiO, substrate for convenient placed
ZnO nanorod-tripod. Then the needle was lowered and
bringing into the FIB focus and its tip positioned at the
close end of the branched nanorod as shown in Fig. 3a.
Before attaching of selected branched nanorod, it is
recommended to push it in order to make sure that it is
not attached firmly to the substrate and the branches are
strong enough to be transferable. Then the needle was
lowered until it touched the tripod and was attached to the
end of the FIB needle as shown in Fig. 3b using Pt
deposition of 0.5um thickness. Following this step
(Fig. 3b), the needle and specimen was moved away from
the substrate.

Fig. 3c shows the nanorod on the substrate using
micromanipulator on the nanodevice substrate/template
(see inset in Fig. 3b) with pre-deposited Al external
electrodes. In this step, the needle was lowered and
repeatedly swept across the substrate until nanorod
brushes against the support and becomes attracted to it.
If the nanorod does not initially lie flat on the substrate
then it will be extremely difficult to realize good contacts
with external electrodes. This situation will often happen in
the case without using of an intermediate nanorod or if
selected nanorod is not flat to the intermediate Si/SiO,
substrate (Fig. 3a). The last step consists of positioning of
tripod nanorod, then fixed to the one of the predeposited
external electrodes. Then the nanorod has been cutted and
needle raised away from the substrate. Fig. 3¢ shows the
single ZnO branched nanorod-based sensor fabricated by
our nanotechnology. The typical time taken to perform this
in-situ lift-out FIB nanofabrication is 30—45 min. Taking in
the account that nanorod synthesis was done in 10 min, we
overcome the conception that single nanorod/nanowire are
not convenient [20] for sensor production. In details,
described technique makes easier to learn and apply
nanofabrication steps using easy transferable nanorod
(avoiding nanorods agglomerations) fabricated by our
method, especially for new users/operators and will permit
the highest success rate. Our success rate using this route is
>90%. This minimizes the total time to machine time
using FIB/SEM for the nanodevice fabrication and can be
applied in other specific devices.

3. Gas sensing properties and discussions

For gas sensing characterizations, the fabricated single
ZnO branched nanorod sensor were placed in a 1000 cm?

gas chamber and investigated sensitivity to H, and also O,,
CH,, CO, CO; and LPG gases at room temperature in the
concentrations up to 2000 ppm. The readings were taken
after the gases have been introduced in the test chamber. It
was found that resistance change |AR| = [Rgys—Rairl
increased linearly with H, gas concentration and is
constant for other gases at room temperature.

The room temperature sensitivity of the self-assembled
ZnO branched nanorod at 150 ppm H; is shown in Fig. 4
for three different possible connections. The relative
resistivity changes after 50-80s H, exposure becomes
stable, on the other hand, were not restored to the 90%
of the original level within 5min suggesting a relatively
longer recovery time, in comparison with the response time
of ~1 min.

We repeat the sensor experiment for gas sensitivity to
several common gases O,, CHy, CO, CO, and LPG under
the same conditions and found that |[AR/R| is less than
0.02% for these gases. Therefore, we establish that the ZnO
nanosensor has certain degree of selectivity.

The multiple pure ZnO nanorod-based sensor presented
in Ref. [3] has a sensitivity of ~0.25% at 500 ppm H, in N,
after 10min exposure. However, the Pd-coated ZnO
nanowires gas sensors showed a higher H, sensitivity
(4.2%) and fast response and recovery time at concentra-
tion up to 500ppm at the room temperature [3].
Furthermore sensor based on ZnO multiple nanorods
and exposed under 10% H, in N, at 112°C, showed
high sensitivity ~18% of current change which are quite
good [5].

By comparison, our single ZnO branched nanorod
sensor exposed to 150 ppm H, shows a relative response
~2% in 50-80s, while Rout et al. [18] showed that single
ZnO nanowires has a sensitivity of ~3 for 100 ppm H, at
room temperature. The sensitivity AR/R of our sensor is
attractive for further investigation for practical H, sensor
applications.

The adsorption—desorption sensing mechanism is pro-
posed on the base of reversible chemisorption of the
hydrogen on the ZnO nanorod. It produces a reversible
variation in the resistivity with the exchange of charges
between H, and the ZnO surface leading to changes in the
depletion length [26]. Thus, one way to improve sensitivity
is to increase the change in the surface/volume ratio [27]. It
is well known that oxygen is adsorbed on a ZnO nanorod
surface as O~ or O*~ by capturing electrons [28-30].
Hydrogen atoms react with these oxygen ions and produce
H>O molecules (0O7)z,0+2H — H,O(g)+¢~ and the
released electrons contribute to current increase through
the nanorod. The reaction is exothermic in nature
(1.8kcalmol™") [30] and the molecular water desorbs
quickly from the surface [31].

4. Conclusion

In summary, an in-situ lift-out technique has been
presented to fabricate single ZnO branched nanorod H,
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Fig. 4. The room temperature relative response |AR/R| of the single ZnO branched nanorod H, nanosensor at different current values and directions:
(a) between branches 1 and 2; (b) between branches 1 and 3; and (c) between branches 2 and 3.

sensor. Self-assembled ZnO branched nanorod was synthe-
sized through a low-temperature aqueous solution route.
The main advantage of the proposed synthesis is its
simplicity and fast growth rates (10 min versus several
hours). Also showed an easy transfer of ZnO architectures
to any substrate and pick-up by using in-situ lift-out FIB,
opening the possibility of reproducibly fabrication and
studying novel nanosensor and nanodevices.

The typical time taken to perform this in-situ lift-out FIB
nanofabrication is 30-45min. Also taken in the account
that nanorod synthesis takes about 10 min, we contribute
to overcome some obstacles for nanorods/nanowires sensor
production. In details described technique makes easier to
learn and apply nanofabrication steps using easy transfer-
able nanorod (avoiding nanorods agglomerations) fabri-
cated by our method, especially for new users/operators
and will permit the highest success rate. Our success rate
using this route with detailed described steps is >90%.
This minimizes the total time to use FIB/SEM for the
experimental nanodevice fabrication and can be extended
for other specific devices. The relative resistivity changes
after 50-80s of H, exposure becomes stable, but did not
restore to the 90% of the original level within 5min
suggesting a relatively longer recovery time, in comparison
with the response time of ~1min. The fabricated single
ZnO branched nanorod sensor has a relatively higher H,
sensitivity (~2%) comparable to the multiple ZnO
nanorods-based sensors. Also we found gas selectivity to
several common gases like O,, CHy, CO, and LPG
considering that relative response |AR/R| is less than
0.02% in the same conditions. This selectivity was found

to be useful for further development of H, nanosensor at
room temperature. The single ZnO branched nanorod
sensor can operate at low power conditions.
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