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ABSTRACT
Hydrogen (H,)-induced resistive response of palladium (Pd)-decorated zinc oxide
"nanosponge” (Pd/ns-ZnO) film was studied at different operation temperatures with and
without UV illumination. The as-deposited ns-ZnO film, fabricated using a supersonic cluster
beam deposition system, was highly porous and composed of ~5 nm nanoclusters embedded
in an amorphous matrix. After annealed at 500 °C for 1 hr, the film was found to contain
loosely connected 13 nm crystallites and had a porosity of 73 %. The Pd/ns-ZnO film sensor
at 20 °C showed a sensor response of 82 and a response time of 1 s for 2 % H,. After heated
slightly to 80 °C, the sensor response was increased by 43 times, and the response and
recovery times dropped to 0.3 s and 18 s, respectively. This performance is superior to those
of many other metal oxide nanomaterials operating at temperatures > 200 °C. The sensing
properties of the Pd/ns-ZnO film showed little degradation when UV illumination was
applied, but the sensing stability was improved. A reaction model was proposed to give an
explanation to the gas sensing process. The influences of increasing the operation

temperature and UV illumination are discussed.
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1. Introduction

As a clean and renewable energy source, hydrogen is considered to be an important part
of future energy landscape [1,2]. Because H; is highly explosive, stringent standards of H,
sensors used for monitoring H, leakage have been proposed by many governmental
departments and professional bodies, like the US Department of Energy and manufacturers of
H, powered vehicles [3-6]. In particular, new sensors are required to have a response time < 1
s, which is far beyond the capability of many existing commercialized H, sensor products [3].
A new trend is to further require new gas sensors to have low power consumption [5-7], such
that they can be used to build up a large-scaled monitoring system like a wireless sensor
network with individual sensor elements to be operated for a long time by being powered
with small batteries. This means that other than having good sensing properties, the sensor is
required to be workable at ambient temperature without needing a heater as in the case of a
conventional metal oxide (MOy) sensor which is required to be operated at an elevated
temperature usually above 200 °C [8].

MOy nanomaterial is considered to be a promising candidate for making new advanced
H, sensors [9-14]. Based on the present consensus, MOy nanomaterial suitable for gas sensor
development should have (i) a large porosity to enlarge the contact area with the detected gas
so as to enhance the sensor response and accelerate the reaction rate [15-20], and (ii) small
crystallite size to achieve a large fractional volume change of the depletion layer compared to
the nano grain size such that a large sensor response can be obtained [20-24]. These two
features are often not achievable in a single nano-MOy material according to the published
research articles. For example, zero-dimensional MOy nanoparticles with small crystallite
size showed large sensor response even at room temperature [25,26], but the response time is

long because the nanoparticles agglomerate to form a dense matrix in which the detected gas



species can only migrate slowly. Another example is that a one-dimensional MOy
nanomaterial provides a large surface for the reaction such that a fast response rate is
achieved [27-29], but the output signal is relatively small because the particle size is
relatively large compared to that of zero-dimensional nanoparticles. Therefore, how to make
nano-MOy gas sensing materials having both of high porosity and small average grain size
becomes a challenging problem.

Supersonic cluster beam deposition (SCBD) is a powerful technique to be used for
producing thin films composed of MOy nanoclusters [30]. In this work, we attempted to use
this technique to produce nanosponge-like zinc oxide (ns-ZnO) thin films. They are expected
to have a highly porous structure composed of loosely packed genuine ZnO nanoclusters.
This is an ideal structure to be pursued for gas sensing research. In addition, investigation on
the influences of a slight increase in the operation temperature and UV assist on the hydrogen
sensing properties of the film material is also a focus of the study. A reaction model is

proposed to give qualitative explanation for the findings.

2. Experimental methods

ns-ZnO films were deposited using an SCBD system (Tethis, Italy) [30]. In an SCBD
process, 1 % O,-Ar gas was pulsed on a rotating Zn metal rod target at a frequency of 4 Hz.
Electric pulses of -800 V were applied to the rod with a time lag of 220 us to generate
microplasma plumes. The ablated species from the Zn rod were oxidized in the
oxygen-containing atmosphere and were condensed to become ZnO nanoclusters. They were
then carried by the gas flow to enter an expansion chamber. After passing through a set of
aerodynamic lens, the nanoclusters were aligned and collimated in a single direction. They

finally entered a deposition chamber in high vacuum condition and were deposited on



Corning 7059 glass substrates and Si wafers. A film on Si wafer is suitable to be used for
cross-section transmission electron microscope (TEM) analysis. The as-deposited films were
annealed in an oxygen atmosphere at 500 °C for 1 hr using a rapid thermal annealing furnace
to further stabilize the film structure. X-ray diffraction (XRD with Cu Ka source, Bruker D8
Advance), scanning electron microscope (SEM, Hitachi SU8010) and TEM (FEI, Tecnai
G2F20) were used to characterize the film structure.

Fig.1 shows the structure of a film sample. A 5 nm palladium (Pd) layer was sputtered
on top of the annealed ns-ZnO film to work as a catalyst layer. Pd is known to be capable of
dissociating H, molecules into atoms so as to lower the energy barrier for subsequent surface
reactions [19]. Two silver paste electrodes are made on the film surface. They are separated
by a distance of 5 mm. The Pd/ns-ZnO film sensor thus produced was mounted in the test
chamber of a homemade measurement system [31]. The structure and working principle of
the system are shown in Fig. 2. The chambers, electromagnetic valves V1-V12 and pipeline
form a vacuum compatible system. The automation of measurement process is realized using
a LabVIEW program through an analog-to-digital (A/D) interfacing module (NI, Model
USB-6343). In brief, the A/D module records the signals of two pressure sensors, a relative
humidity (RH) sensor and thermocouple. The LabVIEW program compares the measured
valves with the set points and generates control signals to operate the electromagnetic valves,
heaters and the mass flow controllers (MFC). More details are reported in Ref. [31] and the
supporting information document.

A normal test circle contains three steps. Step 1 — preparation of a sample gas: The
mixing chamber (Fig. 2) is first evacuated by a vacuum pump. 2 % H»-air admixture from a
gas cylinder is then admitted into the mixing chamber via an MFC. The partial pressure of

this gas is recorded by two absolute pressure sensors P1 and P2 calibrated to work at different



ranges. After reaching the target value pu,, synthetic air from another cylinder is then

admitted into the mixing chamber for the total pressure pyta to reach 1.1 bar. The hydrogen
concentration is equal to pu,/Prota*2 %. Step 2 — measurement of sensor response: The test
chamber is evacuated by the vacuum pump. Valves V9 and V11 are then opened for the
sample gas charged up in the mixing chamber to be released to the measurement chamber.
Equilibrium is reached shortly, whereas the pressures in the two chambers (with a volume
ratio of 10 to 1) are all equal to 1 bar. Step 3 — observation of recovery: The test chamber is
evacuated by the vacuum pump and then filled with synthetic air by opening valves V1, V4,
V8 and V11. These valves will close automatically when the chamber pressure reaches 1 bar.
To our knowledge, quick gaseous exchange technique in gas sensing measurements is seldom
applied, but the response and recovery times detected with this method are closer to the real
ones, because the error due to the slower diffusion process can be diminished.

The relative humidity of the sample gas was controlled by the temperatures of water
chamber (Fig. 2) and opening time of valves V3 and V4. The Pd/ns-ZnO film sensor was
heated up by two cartridge heaters inserted in a stainless steel block, which also held the
sample, test pins and thermocouple. Two settings of measurement temperature, i.e. 20 °C and
80 °C with an accuracy of 0.1 °C were used in the tests. The electrical resistance of the
Pd/ns-ZnO film was measured using a Keithley 617 electrometer (input impedance > 2x10*
Q). The methods used for noise suppression are summarized in the supporting information.
Data were acquired and recorded using the LabVIEW software. To study the effect of
ultraviolet (UV) illumination on the hydrogen sensing behaviors of Pd/ns-ZnO film sensor, a
365-nm light emitting diode (LED) was used to generate UV light to shine on the sample.

The light intensity reaching the film surface was measured to be 10 mwW/cm?.



Three H, sensing performance indices were derived from the resistive response of the
Pd/ns-ZnO film sample. They are the sensor response S, response time ts and recovery time

trec, respectively. S is defined as Rair/RHz, where Ry and RH2 are saturated film resistance in air

and Hy-air admixture respectively. tes and trec are defined as the duration for the sensor’s

resistance to drop and recover by 90 % of the total resistance change, i.e. Rair-Rp,.

3. Results and discussion
3.1 Structure of ns-ZnO film

The XRD spectrum of the as-deposited ns-ZnO film (Fig. 3) only shows the diffraction
peaks associated with crystalline ZnO (JCPDS card, No. 36-1451), but no any sign from the
Zn metal. This confirms that the film has already been well oxidized during deposition. The
average crystallite size estimated from the XRD data using the Scherrer equation is ~5 nm.
The presence of nano-sized clusters in the as-deposited film is clearly seen in the SEM image
as shown in Fig. 4a. More importantly, the as-deposited ns-ZnO film is highly porous, with
the presence of numerous pores of a few tens of nm in diameters. The porosity of an ns-ZnO
film is 0 = (1-Zmass/Zreal)*100 %, Where zmass IS the mass equivalent thickness of ns-ZnO film
measured with a quartz monitor during deposition (16.1 nm), and z., is the real thickness
measured by surface profiler (89.3 nm), which is estimated to be 82 % for an as-deposited
film.

The as-deposited ns-ZnO film was annealed at 500 °C in O, for 1 hr aiming to stabilize
the film structure. After annealing, the XRD spectrum shows much stronger and sharper
diffraction peaks (Fig. 3). The calculated average crystallite size is ~13 nm. We propose that
at the time when crystallites grow at the post-oxidation temperature, the film also shrinks

concomitantly but mainly in the out-of-plain direction. The thickness z., reduced from 89.3
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to 59.9 nm, but the porosity remained as high as 73 %. Furthermore, the original pores were
not eliminated by the heat treatment (see Fig. 4b). This feature is expected to facilitate fast
diffusion of detected gas species in the film and favorable for the achievement of strong and
fast sensor response.

The cross-section TEM image of the 500 °C post-oxidized ns-ZnO film as shown in Fig.
5a confirms that the film is composed of loosely connected nanoclusters with diameter in the
range of 10-15 nm. Nano sized pores and voids are clearly seen in the intra-cluster regions.
High resolution TEM image (Fig. 5b) further reveals the single-crystal structure of the
annealed clusters. The lattice spacing is determined to be 0.258 nm, which is consistent with
the d-spacing of (0002) lattice planes of hexagonal ZnO and agrees well with the XRD result.
Now, we assert that the annealed ns-ZnO film is highly porous and composed of loosely
connected 13-nm crystallites. Such a structure is expected to exhibit fast and strong resistive
response to H, due to fast diffusion rate of the gas in the film and a large surface-to-volume

ratio of the film structure.

3.2 Effect of operation temperature

We investigated the resistive response of the Pd/ns-ZnO film to 2 % H, in air at 20 °C, to
examine how the nanosponge-like structure favors the realization of low-temperature gas
detection. Results are shown in Fig. 6a. The resistance of the Pd/ns-ZnO film decreased from
3.41x10° Q t0 3.7x10® Q in 1 s, and was quickly stabilized at ~4x107 Q. After waiting for 15
s, the test ambient was switched to air. The film resistance was restored to its initial value in
70 s. The response and recovery time were determined to be 1 s and 52 s respectively. It
should be noted that the response time of the Pd/ns-ZnO film is shorter than those of many

other MOy-based H, sensors operated at room-temperature, which is mostly in the range of



minutes [32-36]. The fast response rate of the ns-ZnO film at 20 °C leads us to assert that the
highly porous structure makes the supersonic cluster beam deposited (SCBD) ns-ZnO to be
an excellent candidate of gas sensing material in the applications requiring fast detection of a
hazardous gas.

However, when operated at room temperature, the resistive response is easily affected
by presence of water vapor and/or the temperature fluctuation. Therefore, the sensor should
be heated up slightly in real applications to eliminate the effect of temperature and humidity
variation. Fig 6b compares the resistive response of the Pd/ns-ZnO film to 2 % H, in air
measured at 20 °C and 80 °C respectively. We first note that the base resistance R, of the
film measured at 80 °C is higher than that measured at 20 °C. Considering that the film sensor
is composed of a metal Pd layer and a semiconducting ZnO layer, when temperature
increases, the resistance of the Pd metal layer would increase due to stronger electron
scattering and mild thermal stress-induced degradation of the continuity of the Pd layer.
Though the semiconducting ZnO layer becomes more conducting concurrently, the former
two factors prevail to result in a drop of the overall resistance of the bilayer structure.
However, its influence is minor compared to that associated with the gas sensing effect
(Table 1). In summary, (i) S increases from 82 to ~3540, corresponding to a 43 times increase
compared to the one detected at 20 °C; (ii) tres and tyec decrease from 1 s and 52 s to 0.3 s and
18 s respectively, namely about 1/3 of the ones detected at 20 °C. The overall improvement of
sensing performance at 80 °C can be attributed to the faster reaction rates of the chemical
processes responsible for the gas sensing effect, which include dissociation of H, at Pd
surface, diffusion and spilling over of H species to the ZnO layer, surface reaction between H

and adsorbed O;", and re-adsorption of O, etc.



Fig. 7 shows the effect of changing the relative humidity (RH) in the detected
environment on the sensor’s performance measured at 80 °C. As the RH value increased from
0 % to 50 %, the response curves are almost unchanged. When it was further increased to 90
%, the film resistance in air decreased slightly, but the resistance in the presence of hydrogen
still remained unchanged. This is because that at this temperature physisorbed H,O molecules
are basically removed [37,38], while chemisorbed H,O molecules are not present yet [39]. As
such the sensor appears to be insensitive to the water vapor contained in the detected area.

Furthermore, compared to room temperature, a slightly elevated operation temperature of 80

o

C helps to stabilize the sensor’s output signal against the influence of ambient temperature
fluctuation.

We further compare the H; sensing performance of the Pd/ns-ZnO film with those of
other nano MOy-based materials reported in literatures. Fig. 8 shows the resistive response of
the Pd/ns-ZnO film to H, measured in air at 80 °C, with the H, concentration varying in the
range of 0.1-2 %. The sensor response and response rate were found to increase with
increasing H, concentration. The values of S and t.s derived from the data are plotted in Fig. 9
as functions of H, concentration. The published data for zero-dimensional [40-44] and
one-dimensional [45-47] MOy nanomaterials are labeled with solid and hollow symbols
respectively, where all of them are claimed to be obtained from measurements conducted at
temperatures > 200 °C. Note that the published data falling in the shaded area are interior to
that of ours (either smaller S or longer t.s), that those lying outside are superior to ours.
Comparison shows that S of our Pd/ns-ZnO film is higher than most of these reported results
in the H, concentration range of 0.1-2 %. Exceptions are the Pt activated TiO,:WO3
nanocrystalline film working at 200 °C [40] and Pd activated WOj3 nanocrystalline film

working at 350 °C [41], which exhibit larger S values. However, their t..s values are at least 5
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times longer than our present result. One also sees that ts of the Pd/ns-ZnO film is shorter
than most reported values of the materials working at temperatures > 200 °C. Exceptions are
the carbon nanotube and tin oxide nanoparticles hybrid thin film (CNT-SnO;) working at 250
°C [42] and SnO, nanofibers working at 320 °C [46], which have shorter t., but their S
values are about 1/10 to 1/3 of our sample. The superiority of the H, sensing properties of

Pd/ns-ZnO film is thus confirmed.

3.3 Effect of UV irradiation and the reaction model

It is often reported that the use of UV illumination can enhance the gas sensing
performance of a nanoclustered direct band-gap semiconductor metal oxide, e.g. ZnO [48-51],
SnO; [52,53] and TiO, [54,55]. This is usually manifested by simultaneous increase of sensor
response, S, and reduction of recovery time, t.. However, results of the present study exhibit
substantial discrepancies from the published results, leading us to suggest that the diversity
among different nanostructured nanomaterial could result in different combinations of
various physiochemical mechanisms and eventually determine their overall gas sensing
performance. As such, the impact of UV illumination on the gas sensing properties would
vary from one to another.

Let us summarize the related findings first. Figs.10a and b show the sensor response of a
Pd/ns-ZnO film measured at 20 °C and 80 °C, respectively, with UV illumination applied in
each case. The values of S, t,.s and t.c derived in the two cases are listed in Table 1. At 20 °C,
the use of UV illumination just increased S slightly from 82 to 85, but t.. became much
longer to exceed 24 hours. On the other hand, at 80 °C, the use of UV illumination caused S to

decrease significantly from ~3540 to ~580, and t.,c only increased slightly from 18 s to 22

11



s. The following discussion is performed to interpret and seek deeper insights on the observed
gas sensing properties of the Pd/ns-ZnO film.

(1) In the dark and at zero H, concentration, the oxygen molecules chemisorbed on ZnO
surface extract electrons from the conduction band and become O, ions (Eq. (1)) [22]. A
built-in electric field pointing from the interior of a nanocluster to its surface is established. A
highly resistive electron depletion region is formed on the nanocluster’s surface. At this
moment, the resistance of the Pd/ns-ZnO film is high.

02 (gas) + € — 02 (aq) (1)

(i) After turning on the UV light, photo electron-hole (e™-h") pairs are generated (Eq.
(2)). Part of them would recombine directly through band-to-band recombination. The
remaining e-h" pairs are separated by the built-in electric field, where holes are driven to
migrate towards the nanocluster surface [56-58]. Meanwhile, the holes could be captured by
the deep or shallow recombination centers to recombine and consume electrons present
around the nanocluster surface [58]. Once the holes reach the surface, they will react with the
chemisorbed O, and release O, gas molecules (Eg. (3)). Electrons are released to the
nanoclusters and contribute to the electrical conduction process. The film resistance drops as
a consequence [56-58].

hv —e +h" 2
h" + Oz (ag) — Oz (gas) €©)

Concurrently, O, molecules in the surrounding would continuously be adsorbed on the
ZnO oxide surface and capture free electrons. It is generally believed that O, ) ions are
created (Eq. 4)) [50,51]. The UV photons could further dissociate O, ions to produce more
reactive O ions (Eq. (5)), [54]. These ions are referred to as photo-induced oxygen ions in

literatures.
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Oz (gas) + € — O2'h) 4)
Oy +€& — 20"y )
In addition, some e" are trapped in shallow states near the bottom of the conduction band.
The trap states form an electron storehouse for capturing and releasing free e” throughout the
sensing process (Eq. 6). The trapped electrons can be re-excited to the conduction band via
thermal activation process [58], such that the recovery time at low temperature is very long.
e + shallow e’ trap <> €'yrap + heat (6)
(ii1) With the presence of H; gas, the catalytic Pd dissociates the molecules into H atoms
(Eq. 7) [19], which diffuse onto the ZnO surface and react with chemisorbed oxygen ions
(Egs. 8-9). When they react with the adsorbed oxygen ions, electrons are released to the
nanoclusters to result in an increase in conduction electron concentration and reduction of the
thickness of the depletion layer on the nanocluster surfaces. The film resistance would drop

as a consequence.

H2 (ad) — 2Hatom (ad) (7)
4Hatom (ad) + 0y (ad or hv) — 2H,0 (gas) +e (8)
2Hatom (ad) + O (v) — H20 (gas) + € (9)

The values of Ry, and R, and hence the sensor response defined as the ratio of S =

Rair/Ru, are jointly determined by some combinations of the above processes. In particular,

the value of R, is dominated by reactions (1-6) at the steady state. It generally drops when
UV illumination is turned on, because reactions (2-3) prevail. This can be referred to as a
mechanism of photo-induced net increase of electron concentration. On the other hand, Ry, is
affected by all the reactions (2-9) at the steady state. It also drops when UV illumination is
turned on (at any temperature), because the photo-induced oxygen ions (O v and O )

generated by UV photons are more reactive than the chemisorbed oxygen ion (O2" (ag)) Which
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are the only reactive species existing in the dark environment. This can be referred to as a

mechanism of UV enhanced reactivity of chemisorbed oxygen ions. These two mechanisms

compete with other to determine the values of Rair and Ry, and finally the value of S.

Consider the case at 20 °C. When UV light is turned on, Rg only reduced to 1/4.4 of the

value in dark, but Ry, is reduced by a factor of 1/4.6. This means that the mechanism of UV

enhanced reactivity of photo-induced oxygen ions prevails at 20 °C [49,53,54], and the S
would be increased as a consequence.
Next, consider the case at 80 °C. When UV light is turned on, Ry, reduced significantly

to 1/14 of the value in dark, but Ry, only decreased slightly by a factor of 1/2.3. As such, the

value of S decreased prominently from ~3540 to ~580. The abrupt decease of Ry caused by
UV illumination may be due to the effective release of electrons from the shallow trap states
and results in a substantial increase in conduction electron concentration. This conjecture is
further supported by the shorter t,. observed at 80 °C, both with and without UV irradiation.

Noticing that t.. detected at 20 °C and 80 °C are minute-long, we believe that reaction (6)
is always taking place. After turning off the UV light, the trapped electrons require to go
through a thermal activation process for the residual photocurrent to extinct. This takes a
longer time at a low temperature environment, explaining why the decaying rate is so slow at
20 °C.

Even though the S and t. achieved under UV illumination seem to be inferior to those
achieved in dark, UV irradiation improves the stability of Pd/ns-ZnO film sensor. Figs. 11a-b
show typical results of two stability tests performed on the same sample without and with UV
illumination, respective. Without UV assist, the Ry, value of the Pd/ns-ZnO film drifts

progressively to exhibit some increase in the course of measurement, whereas the value of
Ry, remains unchanged. To explain this phenomenon, we consider that the Pd/ns-ZnO film is
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a bilayer structure where the oxide layer has a very high resistance in air. Hence the overall
film resistance is greatly affected by the presence of the Pd capping layer. Since Pd is brittle
and could be cracked to some extent when repeatedly exposed to high concentration H;
[59,60], the drift of R, could therefore be attributed to the fragmentation of the Pd layer. The
use of UV assist seems to alleviate this drawback. As shown in Fig. 11b, the R, value
measured under the UV light is overwhelmed by the photocurrent, which is clamped at a
constant level ~2 GQ. The sensor response of the Pd/ns-ZnO film sensor appears to be highly
repeatable. An additional advantage of applying UV assist is to ease the measurement of a low

Rair Without requiring the use of an expensive high-input-impedance electrometer.

4. Conclusion

A nanosponge-like ZnO film with an overall porosity of 73 % composed of loosely
connected 13-nm nanoclusters was produced by supersonic cluster beam deposition (SCBD)
method and subsequent post-annealing. Attributed to the highly porous structure, the

Pd/ns-ZnO film exhibited a short response time ~1 s for the detection of 2 % H, in air at 20

(o]

C. The sensor performance was further improved substantially by slightly heating the film
sensor to 80 °C. Its sensing performance acquired at 80 °C is better than those of many other
nano-MOy based H, sensors operating at temperatures > 200 °C. UV irradiation showed
negative effect on S and trec While ts was effectively unaffected. The decrease of S is mainly
due to the decrease of Ry under UV light. The retardation of the unloading process, namely
long recovery time, can be attributed to the prolonged thermal release of electrons captured by
shallow e’ traps. Furthermore, UV irradiation clamps the value of Ry at ~2 G, which helps

to improve the sensor stability by covering up the drift of Ry, associatewith the
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fragmentation of the Pd capping layer, and to ease the measurement of resistive sensing

signal without requiring the use of an expensive high-input-impedance electrometer.
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Figure captions:

Fig. 1. Schematic structure of Pd/ns-ZnO film sensor.

Fig. 2. Schematic design of gas sensing measurement system. V: electromagnetic valve;
MFC: mass flow controller; P: pressure sensor; RH: relative humidity sensor; TC:
thermocouple; A/D: analog digital converter; FET: field effect transistor for valve control;
SSR: solid state relay for heater control.

Fig. 3. XRD spectra of as-deposited and 500 °C annealed ns-ZnO films.

Fig. 4. SEM images of (a) as-deposited and (b) 500 °C annealed ns-ZnO films. Insets are
images at higher magnification.

Fig. 5. Cross-section TEM images of 500 °C annealed ns-ZnO film.

Fig. 6. Resistive responses of Pd/ns-ZnO film to 2 % H, in air at (a) 20 °C and (b) 80 °C. Fig.
7. Resistive response of Pd/ns-ZnO film to 2 % H, in air measured at 0, 50 % and 90 %
relative humidity. Data were recorded at 80 °C.

Fig. 8. Resistive response of Pd/ns-ZnO film to 0.1-2 % H, in air measured at 80 °C.

Fig. 9. Comparison of (a)S and (b)t,s of a Pd/SCBD ns-ZnO film measured at 86C with the
published data of various H, sensors composed of zep-dimensional (solid symbols) and one-
dimensional (hollow symbols) MOy nanomaterials measured at temperatures > 200 °C. xour
sample at 80 °C <« Pt-WO3-TiO, [40] ¥ Pd/WO; [41] % CNT- Sn@[42]

» Au/WQO; [43] € CNT-WO;3[44] 0 MgZnFe,04[45] 5Sn0, [46] 0SnO, [47]
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Fig. 10. Comparison of resistive responses of Pd/ns-ZnO film to 2 % H; in air with and
without UV irradiation measured at (a) 80 °C and (b) 20 °C. The power density of UV
illumination is 10 mW/cm?,

Fig. 11. Accelerated stability test of resistive response of Pd/ns-ZnO film to 2 % H, in air
performed at 80 °C (a) without and (b) with UV irradiation. The power density of UV

illumination is 10 mW/cm?.
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Table 1 Comparison of sensing parameters to 2 % Ho/air admixture measured at 20 °C and 80

0

C with and without UV irradiation respectively. The power density of UV illumination is 10

mW/cm?.
Test condition Rair Ry, Lair I, S tres trec
(GQ) MQ) (nA) (nA) (s) (s)
UV Off, 80 °C 15.6 441 0.06 227 ~3540 0.3 18
UV On, 80 °C 1.11 1.91 0.90 523 ~580 0.3 22
UV Off, 20 °C 341 41.6 0.29 24.0 82 1 52
UV On,20 °C 0.77 8.99 1.30 111 85 2 > 24 hrs
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Fig. 1. Schematic structure of Pd/ns-ZnO film sensor.
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Fig. 2. Schematic design of gas sensing measurement system. V: electromagnetic valve;
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Fig. 3. XRD spectra of as-deposited and 500 °C annealed ns-ZnO films.
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200 nm

Fig. 4. SEM images of (a) as-deposited and (b) 500 °C annealed ns-ZnO films. Insets are

images at higher magnification.
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Fig. 5. Cross-section TEM images of 500 °C annealed ns-ZnO film.
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